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ABSTRACT 

Type 2 diabetes (T2D) is characterised by increased insulin resistance in tissues such as skeletal 

muscle, adipocytes, and liver, and a progressive loss of pancreatic beta cells throughout the 

development of the disease. This results in high blood glucose levels that if left untreated lead to serious 

health complications. To date, many single nucleotide polymorphism (SNP) variants linked to the risk 

of T2D have been identified via multiple genome wide association studies. However, T2D is challenging 

to study due to difficulties in getting fresh pancreatic tissue and the absence of disease models that 

reflect human genetics. Thus, the underlying mechanisms for most T2D-associated variants are unclear 

and remain to be investigated. 

The SNP rs7903146 that is located within the TCF7L2 gene confers the strongest risk to T2D to date, 

with its T-allele implicated in increased TCF7L2 expression. This has led to the notion that rs7903146 

is located within an enhancer that regulates TCF7L2 transcript levels in beta cells. In this study, we 

aimed to investigate the role of rs7903146 in beta cell development and function using induced 

pluripotent stem cell (iPSC)-derived pancreatic beta cells. In order to accomplish this aim, we first 

derived and characterised two iPSC lines, called MANZ2-2 and MANZ4-37. We confirmed that both 

MANZ lines were successfully reprogrammed back to a pluripotent state, while retaining their genomic 

integrity. Next, we utilised gene editing approaches to generate various genetically modified iPSC lines 

that: (1) lacked the rs7903146 locus (rsKO), (2) displayed doxycycline-inducible TCF7L2 expression 

(TR) and (3) carried a heterozygous deletion in TCF7L2 (TCFKO). In parallel, we developed a novel in 

vitro protocol that converts iPSCs into glucose responsive insulin producing cells that express key beta 

cell markers. 

The genetically modified iPSC lines were differentiated using our optimised protocol revealing that 

rsKO-derived beta cells displayed altered expression of ACSL5 and INS compared to isogenic controls. 

However, contrary to prior reports, TCF7L2 expression was not affected by loss of the rs7903146 region, 

arguing against this locus containing an essential enhancer element. Unfortunately, the TR lines failed 

to show inducible expression of TCF7L2 and were abandoned. The TCFKO lines gave rise to pancreatic 

progenitor cells with weak marker expression that subsequently displayed poor beta cell differentiation. 
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This result adds further evidence that TCF7L2 acts during the development of the pancreas to promote 

beta cells maturation. 

Over the course of developing our protocol, it became apparent that TGFβ signalling also plays an 

important role in beta cell maturation. To investigate this, single-cell RNA sequencing was performed 

on the cells generated from our protocol in the presence and absence of an inhibitor (ALK5ill) of TGFβ 

signalling. This analysis identified several differentially expressed genes including ribosome and 

proliferation genes, members of the ID family, encoding proteins that competitively inhibit basic helix-

loop-helix (bHLH) transcription factors and the non-coding RNA NEAT1, that were downregulated in 

ALK5ill-treated cells. Based on these findings, we propose a model in which TGFβ signalling 

downregulates ID gene expression thereby promoting the activity of key beta cell bHLH factors, such 

as NEUROD1 and E proteins, enhancing beta cell maturation and reducing proliferation.  

Overall, this work has pioneered iPSC technologies in New Zealand and combined state-of-the-art beta 

cell differentiation, gene editing and scRNA-Seq techniques to further our understanding of T2D and 

TGF signalling in beta cells. More broadly, our platform adds new research capabilities to New Zealand 

researchers, ensuring we remain internationally competitive, and provides new tools to explore the 

genetic basis of T2D risk. 
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Chapter 1: Introduction 

Type 2 diabetes mellitus (T2D) is one of the biggest threats to public health in developed countries. It 

accounts for around 90% of total diabetic cases, while the other 10% are primarily due to Type 1 

diabetes and gestational diabetes (rivScully 2012; American Diabetes 2013). It is widely known that the 

risk of getting T2D is closely associated with a combination of both genetic and environmental factors 

(Kahn 2003; Cantley and Ashcroft 2015). Disease development progresses slowly and is driven by 

resistance to insulin, a major glucose homeostatic hormone produced by pancreatic beta cells in the 

Islets of Langerhans. Insulin resistance arises when the insulin that is produced becomes less effective 

due to defects in signalling in target tissues such as muscle, liver and fat.  Initially, insulin is able to be 

produced at levels that overcome resistance and in some people this compensation can be maintained 

for very long periods of time (Cantley and Ashcroft 2015). However, eventually the defect in insulin 

production and/or secretory mechanisms results in an inability to secrete enough insulin to sufficiently 

respond to the levels of glucose that are present in the blood.  At this stage, blood glucose rises to 

abnormal levels and a diagnosis of diabetes is made.  There is intense effort to understand the biology 

of beta cells and how genetic influences affect beta cell number, differentiation and function (Kwak and 

Park 2016). In recent years, genome-wide association studies (GWAS) have identified multiple common 

single nucleotide polymorphism (SNP) variants associated with the risk of T2D (Wheeler and Barroso 

2011). 

Understanding the effect of T2D-associated SNPs on beta cell function in humans has been significantly 

hindered by several issues. Firstly, the very limited repertoire of human beta cell lines available for study 

are only useful for basic studies of beta cell function. It is better to study beta cells in vivo, but this is 

challenging as the Islets of Langerhans are large multicellular bodies with mixed cell types (Murtaugh 

2007). In addition, as most donated pancreatic tissue is used for transplantation for T2D patients, it is 

very difficult to obtain human pancreatic beta cells with sufficient quality and quantity to be used for 

research. Secondly, many of the T2D-asociated SNPs in humans are located within introns that are not 

well conserved in other animals (Billings and Florez 2010), this making them difficult to study in standard 

laboratory models like rodents.  Thirdly, the effect sizes of individual T2D-associated SNPs are 

generally small (Nair and Baier 2015) and therefore detecting their effects above person-to-person 
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variation may require a comparison of cells with the same genetic background (isogenic) that carry 

either the ‘safe’ or ‘risky’ form of the DNA variant. As a results of these issues, there is a clear need for 

better human-based models of beta cells that can be used to assess the functional consequences of 

putative T2D-associated SNPs. Recent advances in stem cell and gene editing technologies have 

provided new tools to tackle these problems. Specifically there are now protocols to convert induced 

pluripotent stem cells (iPSC) into beta cells while CRISPR/Cas9 can be used to engineer single base 

changes into cultured cells. 

The major goals of this thesis were to develop an improved method to convert human iPSC into beta 

cells and then use CRISPR/Cas9 to investigate how the T2D-associated SNP (rs7903146) in the 

TCF7L2 gene influences the formation and function of beta cells. 

1.1 Beta cell development and function 

1.1.1 Overview of pancreas structure and function 

The pancreas is a leaf-like organ in humans that is located in the abdomen behind the stomach and 

connects to the small intestine via the common bile duct. Pancreatic cells can be categorised into two 

major cell types: endocrine (EN) cells and exocrine cells (Murtaugh 2007). EN cells are clustered in the 

Islets of Langerhans, which are composed of insulin-producing beta cells, glucagon-producing alpha 

cells, somatostatin-producing delta cells, pancreatic polypeptide-producing PP cells, and ghrelin-

producing epsilon cells. The primary role of EN cells is to regulate blood glucose levels via the secretion 

of insulin. Exocrine cells consist of acinar cells that play a role in the digestive system by secreting 

pancreatic juice containing both acid neutralising agents and digestive enzymes. 

1.1.2 Beta cell function 

A critical property of beta cells is to secrete insulin in response to an increase in plasma glucose 

concentration (following a meal) in order to adjust glucose levels back to a normal range (3.9 – 7.1 mM) 

(Danaei et al. 2011), thereby preventing hyperglycemia. Beta cells secrete insulin in a glucose 

concentration-dependent manner, covering the physiological range of 5 – 20 mM glucose in which the 

steepest slope of the dose-response curve is observed between 5 – 8 mM glucose (Prentki et al. 2013). 
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Beta cells also respond to other nutrients including amino acids, free fatty acids and ketone bodies. In 

addition, neurohormones such as acetylcholine and glucagon-like peptide-1 can stimulate beta cells, 

but in a completely glucose-dependent manner (Prentki et al. 2013). In order for beta cells to secrete 

adequate amounts of insulin in response to changing cellular environments, beta cells must display 

three functional traits: 1) Insulin granule biogenesis, 2) nutrient-secretion coupling and 3) insulin 

exocytosis (discussed in detail below). 

1.1.2.1 Insulin granule biogenesis 

Insulin is composed of two polypeptide chains (A- and B-chains) linked to each other via disulfide bonds. 

Initially, insulin is produced as a single polypeptide called pre-proinsulin that is directed to the rough 

endoplasmic reticulum (ER) (Dodson and Steiner 1998) (Figure 1.1). Pre-proinsulin is processed into 

pro-insulin by removal of its N-terminal signal sequence while being transported into the lumen of the 

rough ER (termed co-translational transport), where it folds into its correct confirmation. Subsequently, 

pro-insulin is transferred to the trans-golgi network and enters the regulated secretory pathway (Dodson 

and Steiner 1998). It remains largely unknown how pro-insulin is accurately sorted into immature 

secretory granules (a process called “sorting for entry”). It is known that there are specific interactions 

between pro-insulin and trans-golgi membranes where specific sorting receptors that recognise the 

specific features of pro-insulins are present (Rhodes and Halban 1987; Hou et al. 2009). 

Maturation of pro-insulins is thought to take place within the immature secretory granule itself (Orci et 

al. 1986). During exit from the trans-golgi network, immature secretory granules lose their clathrin 

coating and accumulate pro-insulin and other insoluble components via a process called “sorting by 

exit”. Simultaneously, the lumen of the secretory granule is acidified, followed by conversion of pro-

insulin to insulin and C-peptide through the action of endoproteases, pro-protein convertase 1 (PCSK1) 

and pro-protein convertase 2 (PCSK2), as well as trimming of its C-terminus by carboxypeptidase E 

(CPE) (Orci et al. 1986). As pro-insulin hexamer converts to insulin hexamer, the solubility of the 

hexamer is significantly decreased, resulting in crystallisation within the vesicle that leads to formation 

of the dense-core granule (termed “sorting by retention”) (Dunn 2005). By the end of these events the 

maturation of immature insulin granules is considered complete and the mature insulin granules are 

transported to two different pools for storage: 1) a storage-granule pool and 2) a readily releasable pool 

(RRP) (Bratanova-Tochkova et al. 2002; Rorsman and Renstrom 2003). 
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Figure 1.1 Schematic displaying the process of insulin granule biogenesis. Pre-proinsulin is synthesised in rough 
endoplasmic reticulum and converted to proinsulin. Proinsulin enters the trans-Golgi network, where it gets packed into immature 
secretory granules. Secretory granules then undergo maturation steps where proinsulin gets processed and converted to insulin. 

 

1.1.2.2 Nutrient metabolism coupled to insulin secretion 

Insulin secretion from beta cells depends on several regulatory networks that include the metabolic 

status of beta cells (Prentki et al. 2013). When nutrients such as glucose, amino acids and free fatty 

acids are transported into beta cells they are metabolised into substrates for the Krebs, pyruvate, and 

glycerolipid/free fatty acid cycles (Figure 1.2). Glucose enters beta cells via glucose transporters, such 

as SLC2A1/Glut-1 in humans or SLC2A2/Glut-2 in rodents (Schuit 1997). Glucose transporters are 

abundantly expressed by beta cells and this allows them to rapidly equilibrate to fluctuating extracellular 

glucose levels (Coppieters et al. 2011). 

At the first step of glycolysis, glucose gets phosphorylated into glucose-6-phosphate by the rate-

determining enzyme glucokinase, and then eventually turns into pyruvate at the end point of glycolysis. 

As beta cells significantly lack pyruvate dehydrogenase (Srinivasan et al. 2010), which converts 

pyruvate into lactate, most pyruvate from glycolysis forms acetyl-CoA and this enters the Krebs cycle. 

Glycolysis and the Krebs cycle are both involved in glycolytic ATP production as well as the production 

of reducing equivalents, such as FADH and NADH, which enter the mitochondria and act as electron 

donors in oxidative phosphorylation (Matschinsky et al. 1986). A critical step in the ability of beta cells 

to secrete insulin in response to changes in glucose levels is the fact that an increased intracellular 

ATP/ADP ratio closes ATP-sensitive KATP/SUR1 channels, resulting in membrane depolarisation that in 
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turn leads to opening of voltage-dependent Ca2+ channels (Prentki et al. 2013). The resulting Ca2+ influx 

triggers exocytosis of insulin-containing granules.  Insulin exocytosis is also promoted by NADPH 

through either the reduction of glutaredoxin (Reinbothe et al. 2009), which is involved in the post-

translational modification of exocytosis proteins, or by reactive oxygen species (ROS) generated by 

NADPH oxidase (Newsholme et al. 2009). Thus, insulin secretion is modulated by factors that are 

related to the metabolic status of the beta cell. 

 
Figure 1.2 Schematic displaying the relationship between the Krebs, pyruvate and glycerolipid/free fatty acid cycles 
coupled to insulin secretion. Abbreviations: glycerolipid/FFA (GL/FFA); glutamate dehydrogenase (GDH;, a-ketoglutarate (a-
KG); CoA esters (FA-CoA); acyl-CoA synthase (ACS); acetyl-CoA (Ac-CoA); glucokinase (GK); glucose-6-phosphate (G-6-P); 
dihydroxyacetone phosphate (DHAP); Glycerol-3-phosphate (Gro3P); malonyl-CoA (MalCoA); mitochondrial electron transport 
chain (e-TC); glutamine (Gln); leucine (Leu); glutamate (Glu); reactive oxygen species (ROS); free fatty acids (FFA). Modified 
from (Prentki et al. 2013) 

 

1.1.2.3 Biphasic insulin exocytosis 

Nutrient-induced insulin secretion occurs in a biphasic manner in vitro (Curry et al. 1968). It is composed 

of two secretion phases: 1) transient and acute insulin release phase, followed by 2) prolonged and 

steady insulin release phase. The “storage-limited” model is currently the most accepted model 

explaining this phenomenon (Henquin et al. 2002). In this model, two different phases of insulin 

exocytosis represent two functionally distinguishable populations of insulin-containing granules. The 
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first phase consists of insulin granules either pre-docked or newly recruited to the plasma membrane, 

which are termed the “readily releasable pool” (RRP). The second phase of insulin exocytosis is 

mediated by non-releasable insulin granules (termed the “storage-granule pool”), which are located 

further away from the plasma membrane and are mobilised to replenish the RRP after the first phase. 

The biphasic response is specific to nutrient secretagogues, as second phase release cannot be evoked 

by KCl nor other non-nutrient secretagogues (Wilson et al. 2001; Thurmond et al. 2003). The second 

phase of insulin secretion is of more clinical importance as a much greater amount of insulin comes 

from the second phase (Wang Z and Thurmond 2009). 

Early studies of pancreatic beta cells reported that insulin-containing granules co-sediment with F-actin, 

whereas the addition of Ca2+ decreased this interaction, implying the participation of actin filaments in 

the regulation of insulin secretion (Howell and Tyhurst 1979). F-actin was also implicated in forming a 

dense network/web beneath the plasma membrane, which prevents the access of insulin granules to 

the cell periphery (Wang Z and Thurmond 2009). In support of this, F-actin-disrupting agents such as 

clostridial toxins and cytochalasins lead to increased stimulus-induced insulin secretion (van 

Obberghen et al. 1973; Malaisse et al. 1975; Li G et al. 1994). The addition of latrunculin A, a G-actin 

binding agent, also yields a similar result (Thurmond et al. 2003), supporting the notion that disruption 

of the cortical F-actin network allows redistribution of insulin vesicles to the cell periphery. In the current 

model of biphasic insulin secretion (Wang Z and Thurmond 2009), nutrient-stimulation induces a 

transient remodelling of F-actin, making the plasma membrane accessible for granule docking and 

insulin release. Simultaneously, granules are transported along microtubules from the interior of the cell 

to the cortical F-actin web at the cell periphery, allowing sustained (second phase) insulin secretion. 

1.2 Type 2 Diabetes 

T2D constitutes 90% of cases of diabetes (the other 10% largely comprising type 1 diabetes and 

gestational diabetes)(Scully 2012). Hyperglycaemia is a defining characteristic of T2D and is caused 

by a combination of beta cell dysfunction and insulin resistance, with the proportion of these two 

conditions varying between individuals. Beta cell dysfunction is associated with lower levels of insulin 

release, whereas insulin resistance occurs when cells in the liver, muscle and fat tissue fail to 

adequately respond to normal levels of insulin (Kahn 2003; Cantley and Ashcroft 2015). For instance, 
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hepatic glucose production fails to be suppressed by insulin under conditions of insulin resistance, 

leading to an inappropriate release of glucose into the blood. To compensate, sufficient quantities of 

insulin need to be released from beta cells. However, when beta cells fail to ‘keep up’, T2D will manifest. 

At the moment it is debated as to whether insufficient insulin secretion is due to beta cell dysfunction or 

loss of beta cell mass. The uncontrolled hyperglycaemia seen in T2D can lead to multiple long-term 

complications, including cardiovascular disease, stroke, diabetic retinopathy, nephropathy and impaired 

wound healing, associated with higher mortality rate. 

1.2.1 Genetic contributors to type 2 diabetes: Role of rs7903146 

In recent years, genome-wide association studies have identified SNPs that are associated with T2D 

risk (Wheeler and Barroso 2011). Of these, rs7903146, located within an intronic region of  the 

transcription factor 7-like 2 (TCF7L2) gene, encoding a member of the high mobility group box (HMG-

box) transcription factor family, has shown the strongest effect on T2D among the most common SNPs 

(Grant et al. 2006). Specifically, a T-allele at rs7903146 is associated with increased risk of T2D (1.5 

fold for heterozygotes and 2.4 fold for homozygotes) compared to non-carriers with two C-alleles (Pang 

et al. 2013). In addition, the T allele is widely regarded as the causal variant (rather than being in linkage 

dysequilibrium with another variant that is causal) based on Bayesian modelling of association signals 

in multiple ethnicities (Xia Q et al. 2015).  

As rs7903146 does not reside in the coding sequence of TCF7L2, it is thought to be involved in 

regulating gene expression and may lie within an enhancer element for TCF7L2. Indeed, the T-allele at 

rs7903146 is associated with increased mRNA expression of TCF7L2 (Lyssenko et al. 2007). In support 

of this, chromatin profiling of pancreatic islets showed that rs7903146 is positioned in open chromatin 

in a pancreatic specific manner, with genetic variation at this locus altering chromatin accessibility 

(Gaulton et al. 2010).  

Furthermore, transcriptional regulatory factors such as high-mobility group protein B1 (HMGB1) and 

poly (ADP-ribose) polymerase 1 (PARP-1) physically interact with the rs7903146 locus (Xia Q et al. 

2015; Zhou Y et al. 2016). In the case of HMGB1 (Zhou Y et al. 2016), binding affinity is altered by 

allelic differences at rs7903146 with greater binding seen with the T allele. Downregulation of HMGB1 

causes a decrease in expression of TCF7L2 in human HCT116 cells while in rat INS1 832/13 cells it 
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also leads to a severe reduction in glucose stimulated insulin secretion (GSIS), as well as Tcf7l2. 

However, the rs7903146 locus is not conserved in INS1 832/13 cells, indicating that some of these 

activities of HMGB1 may be occurring at other unrelated loci. In the case of PARP-1 (Xia Q et al. 2015), 

binding to rs7903146 occurs as part of a larger complex containing DNA topoisomerase I and ATP-

dependent RNA helicase. Both of these accessory proteins, which are involved in DNA winding, showed 

a preferential binding to the T-allele of rs7903146. Interestingly, the symptoms of T2D can be alleviated 

by the administration of PARP-1 inhibitors and PARP-deficiency protects mice from streptozotocin-

induced diabetes. 

In a study using the human intestinal HCT116 cell line (Xia Q et al. 2016), the genomic region containing 

rs7903146 was deleted to identify candidate genes influenced by the putative enhancer. The nearby 

ACSL5 gene was identified, which encodes an enzyme involved in fatty acid metabolism.  Expression 

of ACSL5 was reduced by ~30-fold in cells lacking the rs7903146 region (as was TCF7L2, but by one 

third). A physical interaction between rs7903146 and the ACSL5 promoter region was found, consistent 

with TCF7L2 and ACSL5 existing within the same topologically associating domain, and suggesting 

that an enhancer at rs7903146 may dually regulate TCF7L2 and ACSL5. In the same study it was also 

shown that ACSL5 expression is upregulated ~1.3 fold in cells with the T-allele at rs7903146 compared 

to cells with a C-allele.  Given that fatty acids are an important source of metabolic signals that regulate 

insulin secretion and K+ channels (Prentki et al. 2013), these observations raise the possibility that 

changes in ACSL5 levels in carriers of the T-allele at rs7903146 may contribute to T2D risk. 

In summary, the observations above have led to a model in which the T-allele of rs7903146 alters an 

enhancer element within the TCF7L2 gene, causing increased binding of transcriptional regulators such 

as HMGB1 and PARP-1 and increasing the expression level of TCF7L2 and possibly other nearby 

genes such as ACSL5.   

1.2.2 Wnt signalling and TCF7L2 

TCF7L2 participates in the canonical Wnt pathway (Ip et al. 2012), a conserved signal transduction 

system that involves secreted Wnt ligands, cell surface Frizzled and LRP5/6 receptors, and the 

intracellular mediator β-catenin. In the absence of Wnt binding, β-catenin is phosphorylated and 

degraded. Under these conditions, TCF7L2 binds to Wnt-reponsive elements and recruits 
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transcriptional repressors to inhibit expression of Wnt target genes. In the presence of Wnt binding, β-

catenin accumulates in the cytoplasm, translocates to the nucleus and complexes with TCF/LEF family 

transcription factors (such as TCF7L2) to activate downstream target genes. 

The role of Wnt signalling and TCF7L2 in beta cells has been extensively investigated and canonical 

Wnt signalling pathway is required for both beta cell proliferation and survival (Rulifson et al. 2007). 

TCF7L2 is likely to mediate some of these effects as forced expression of a dominant-negative form of 

TCF7L2 in the insulin secreting INS1E cell line leads to a downregulation of functionally important beta 

cell genes including Mafa, Inl1 and Pdx1 (Shao et al. 2015). An optimal level of TCF7L2 in beta cells 

may be essential, as it has been also shown that overexpression of TCF7L2 also attenuated insulin 

secretion (Sorrenson et al. 2016). The notion that TCF7L2 expression must be tightly controlled in beta 

cells fits with the idea that the fine balance is disrupted by the T-allele at rs7903146, which acts to 

increase TCF7L2 transcription. 

Despite evidence for a critical role for TCF7L2 in beta cells, the constitutive knockout of Tcf7l2 in adult 

mice has no effect on beta cell function (Boj et al. 2012). This raises questions about when TCF7L2 is 

required in beta cells. Xavier et al. conditionally ablated Tcf7l2 in the developing mouse pancreas using 

a Cre-lox approach with Pdx1-Cre, and found that the resulting beta cells were dysfunctional with 

glucose intolerance (da Silva Xavier et al. 2012). Collectively, these findings suggest that TCF7L2 is 

needed during a pancreatic development for beta cell formation, while any adult role may be masked 

by redundancy with other related TCF/LEF factors. 

1.3 Embryonic development of the pancreas 

1.3.1 Pancreatic development 

In mammals, embryonic development begins with fertilisation of the egg to produce a zygote. Following 

a series of cell divisions, the zygote transforms into a ball of cells called the morula. The morula gives 

rise to the blastocyst, which contains an outer layer of trophoblast cells (that will contribute to the 

placenta) and an inner cell mass (ICM) that organises itself into a sheet of cells called the epiblast. The 

epiblast is pluripotent, meaning that it can give rise to all of the cell types in the embryo proper. Following 

the cell movements of gastrulation, the epiblast forms into 3 germ layers: definitive endoderm (DE), 
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mesoderm and ectoderm, from which all of the organs/tissues of the embryo will descend. Gastrulation 

also sets up the basic axes of the embryonic body e.g. dorsal to ventral, left to right and anterior to 

posterior.  

DE cells are the progenitors to multiple major organs including the thyroid, thymus, lungs, stomach, 

liver, gallbladder, duodenum, small and large intestines, and pancreas (Figure 1.3). The conversion of 

epiblast cells to a DE fate is induced by high levels of Nodal signalling, a secreted factor belonging to 

the TGFβ superfamily. Nodal induces the expression of a conserved network of transcription factors 

involved in the DE lineage such as MIXL1, FOXA2 and SOX17 (McLean et al. 2007). 

 

Figure 1.3 Schematic displaying the endodermal lineage. The pancreas originates from the developing foregut endoderm. 

During gastrulation, the would-be DE cells are located in close proximity with the source of Nodal, such 

as primitive streak. Nodal ligands signal through a complex of type I (Alk4 or Alk7) and type II (ActRIIA 

or ActRIIB) transmembrane serine-threonine kinase receptors and EGF-CFC family co-receptors. This 

results in the phosphorylation of cytosolic Smad2/3, followed by the binding of Smad4 and translocation 

into the nucleus, which initiates the transcription of genes involved in DE specification. Nodal activity is 

positively controlled by the canonical Wnt signalling pathway via β-catenin and TCF/LEF transcription 

factors (Payne et al. 2011). In parallel, deletion of β-catenin leads to the impairment of DE formation 

(Lickert et al. 2002). 

After gastrulation, the DE differentiates into the primitive gut tube (PGT) and is partitioned into foregut, 

midgut and hindgut domains, surrounded by mesenchyme. The pancreas originates from the posterior 
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region of the foregut and arises from the outgrowth of two distinct buds located on the dorsal and ventral 

surfaces of the PGT. The dorsal surface of the pre-pancreatic region [or posterior foregut (PFG)] 

receives instructive signals from the closely apposed notochord, whereas the ventral bud receives 

signals from the adjacent cardiac region (Gittes 2009). 

Transcription factors, such as FoxA2, Hhex, Sox2, Pdx1 and Cdx, play crucial roles in setting these 

regional identities in PGT; [foregut (marked by Pdx1, FoxA2, Hhex and Sox2), midgut (marked by Pdx1) 

and hindgut (marked by Cdx). Signaling factors, secreted by the surrounding mesoderm tissues, include 

FGF (Fibroblast Growth Factors), Wnt and BMP ligands. It has been reported that, in mice and chicks, 

mesodermal FGF4 promotes hindgut development by inducing Cdx expression and reducing the 

expressions of foregut genes Hhex and Foxa2 (Haremaki et al. 2003; Dessimoz et al. 2006). Foregut 

development was also inhibited by the activation of the canonical Wnt signaling pathway in frog and 

zebrafish (Zorn and Wells 2009). Moreover, BMP was shown to promote hindgut identity and suppress 

foregut identity at the posterior region of PGT (Zorn and Wells 2009). Interestingly, foregut, midgut and 

hindgut progenitor cells have been shown to have distinct developmental potentials based on several 

studies, one of which reported that in zebrafish Cdx4-expressing hindgut is less competent to receive 

permissive pro-pancreatic notochord signals than the foregut endoderm (Kinkel et al. 2008). 

The contact between the dorsal PFG and notochord at the midline is disrupted by the fusion of the two 

paired dorsal aortae. The mesenchyme cells continue to proliferate which widens the space between 

the dorsal PFG and the fused dorsal aorta for pancreatic compartmentalization, followed by the 

endodermal epithelium evaginating into its overlying mesenchyme. Approximately 26th day of gestation 

in humans, which is equivalent to around 9.5 days gestation in mice, is marked by the first morphological 

evidence of the pancreas appears at the dorsal aspect of the PFG. Approximately 6 days after dorsal 

bud evagination in humans (or 12 hours in mice), another bud emerges from the ventral aspect of PFG, 

which happens in a morphologically similar way as the previous evagination at the dorsal side. 

In both dorsal and ventral developments, the Sonic Hedgehog (Shh) signaling pathway plays a crucial 

role. Hedgehog ligands include Sonic, Desert and Indian, all of which bind to a patched (ptc) receptor. 

Upon ligand binding, ptc-mediated repression of membrane-bound smoothened (Smo) becomes de-

repressed, resulting in the upregulation of Gli family. The Shh ligand is ubiquitously expressed in almost 

all of the PGT in the early embryo but needs to become down-regulated in PGT cells fated to form the 
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dorsal and ventral pancreatic buds (Hebrok et al. 1998). Pancreatic progenitor cells expressing Pdx1 

(a marker for pancreatic progenitor cells) were shown to be not present in ptc receptor null mutant 

embryos whose hedgehog signaling is constitutively active (Hebrok et al. 1998). Similarly, mice with 

mutant hedgehog interacting protein (Hhip), which normally inhibits hedgehog signaling, were born with 

higher levels of hedgehog signaling accompanied with severe pancreatic hypoplasia due to a dramatic 

loss of endocrine and exocrine cells, further supporting the necessity of Shh suppression for proper 

pancreatic development (Kawahira et al. 2003). Therefore, Shh suppression plays a crucial role in 

expanding both dorsal and ventral pancreatic field (Pdx1+) in the gut. 

As suggested by the different spatial tissue interactions between both buds, dorsal and ventral 

evaginations occur via distinctive pancreas specification programs. For the dorsal bud, Shh 

downregulation occurs in response to the secretion of the ligand Activin from the notochord. In chicks, 

for instance, the removal of notochord led to improper formation of dorsal pancreas, leading to down-

regulation of pancreatic genes, whereas co-culturing with Shh inhibitors such as cyclopamine rescued 

dorsal pancreas budding (Hebrok et al. 2000). Moreover, activin receptor mutants were shown to have 

elevated Shh expressions and improper pancreas formation (Kim SK et al. 2000). For the ventral bud, 

in contrast, the default fate of the PGT cells in this region is to adopt a pancreatic identity, but they are 

restricted by fibroblast growth factor-induced expression of Shh (which promotes liver formation 

instead)(Deutsch et al. 2001). Additional cues for ventral pancreatic bid formation are provided by the 

adjacent cardiogenic mesenchyme (Deutsch et al. 2001). 

Other supporting evidence that dorsal and ventral programs are distinctive to each other comes from 

several knockout studies. For instance, Pdx1 and Tcf2 knockout studies led to dorsal bud evaginating 

into its overlying mesenchyme, in contrast to the complete absence of the ventral bud (Offield et al. 

1996; Haumaitre et al. 2005). This phenomenon was also seen in Ptf1a knockout mutants in which the 

dorsal pancreas, again, forms and expands, whereas the ventral region is integrated into intestinal 

lineage. Other differentially expressed genes that separately regulate dorsal and ventral bud 

development include bagpipe homeobox 1 (Bapx1), hematopoietically-expressed homeobox (Hhex), 

N-cadherin and homeobox gene B9 (Hlxb9). 

Retinoic acid (RA) signaling has also been shown to be necessary for pancreatic development in 

zebrafish (Stafford and Prince 2002). RA is produced by an enzyme called Aldh2a1, which is found in 
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the mesenchyme overlying the pancreatic bud (Gittes 2009). This role for RA is conserved in mouse 

although the impact of knocking out Aldh2a1 is limited to the dorsal pancreas (Martin M et al. 2005), 

consistent with distinct programmes driving the development of the dorsal and ventral pancreatic buds. 

Once formed, the pancreatic bud then undergoes outgrowth and elongation with branching 

morphogenesis occurring at the apical portion. In contrast to most other branching organs whose 

branches typically have the 90° outgrowth pattern, pancreatic buds undergo branching morphogenesis 

that accompanies with more acute angles. This unique branching pattern results in the close proximity 

of the branches that are adjacent to one another, allowing the exclusion of intervening mesenchyme 

within the clefts of the branched epithelium. 

Mesenchymal FGFs drive this growth and branching (Bhushan et al. 2001). FGFs family consists of 

more than 20 different ligands, all of which pass down its signal through tyrosine kinase FGF receptors. 

It was shown that, in humans, FGF7 and 10 are present within the pancreatic mesenchyme whereas 

its corresponding pancreatic epithelium expresses FGF receptor 2B (FGFR2B), which can bind to all of 

those ligands, which in turn enables the communication between the two cell types (Gittes 2009). The 

most well-known role of FGF ligands is to proliferate pancreatic epithelial cells, while maintaining their 

differentiation state. For instance, FGF10 KO mutant mice had a disrupted pancreatic branching 

morphogenesis, accompanied with suppressed endocrine differentiation, possibly because of 

insufficient number of pancreatic progenitors being proliferated during the branching process (Bhushan 

et al. 2001).    

Epithelial-mesenchymal interactions contribute to whether the pancreatic progenitor cells adopt either 

an EN or exocrine fate (Zertal-Zidani et al. 2007). For instance, pancreatic epithelium cultured without 

mesenchyme fails to proliferate and differentiate into acinar cells (Horb and Slack 2000). Instead, the 

absence of mesenchyme promotes endocrine differentiation, indicating that endocrine lineage is a 

default mode for multipotent pancreatic progenitor cells. Again, FGF signals from mesenchyme are 

involved in the exocrine acinar development as exogenous administration of FGFs significantly 

promoted the ratio of exocrine to endocrine cells (Dichmann et al. 2003). 

The transcription factor gene Neurogenin 3 (Ngn3) is a master regulator of EN differentiation and is 

required to convert pancreatic epithelial cell progenitors into all of the islet EN cell types (Gradwohl et 
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al. 2000). Ngn3 expression is negatively regulated by the notch receptor signalling pathway (Jensen, 

Heller, et al. 2000). Notch is a cell membrane-located receptor that promotes proliferation of pancreatic 

progenitor cells by delaying endocrine differentiation until when an unclear mechanism makes them 

competent to take one of endocrine cell lineages. Knockouts of the notch ligands such as delta-like-1 

(Dll1) or the target genes such as hairy enhancer of split 1 (Hes1) all showed pancreatic hypoplasia 

due to Ngn3 misexpression, leading to premature differentiation of pancreatic progenitor cells into 

endocrine α-cells (Jensen, Heller, et al. 2000). So far, there have been no clear findings of Notch 

inhibitors in vivo to induce endocrine differentiation. Interestingly, notch signaling has been shown to 

act down-stream of FGF10, secreted by mesenchyme which is excluded from the clefts of the branched 

epithelium (due to its 90° outgrowth branching pattern) from which endocrine cells arise (Gittes 2009). 

In addition, in mice, inhibition of TGFβ signaling also led to an increased number of Ngn3-expressing 

cells, supporting the idea of the complex endocrine regulatory network (Tulachan et al. 2007). 

While buds continue to elongate and produce more branches, the dorsal and ventral pancreatic buds 

also come in close contact with one another as a result of gut rotation. This contact then leads to the 

fusion of both buds, on approximately 40th day of gestation in humans (or 12th day in mice), to form a 

single multi-lobed pancreas with exocrine, ductal and endocrine tissues. Up to this stage, glucagon-

producing alpha cells have been the primary EN cell type (Gittes 2009). However, following bud fusion 

there is a 1000-fold increase in the number of insulin-producing beta cells, whereas the relative number 

of glucagon-producing alpha cells decreases as the pancreas matures (Clark and Rutter 1972). How 

beta cells arise and mature is still not clear. However, endocrine cells derived from Pdx1+ and Nkx6.1+ 

pancreatic progenitors have been shown to give rise to beta cells and transcription factors that have 

been implicated in beta cell maturation are UCN3 and MAFA (Blum et al. 2012; Nishimura et al. 2015). 

Ultimately, beta cells become the most prominent EN cell type, comprising 50 to 80% of the total EN 

population (depending on the species). 

1.3.2 Cellular anatomy of the endocrine pancreatic islets 

In mammals, the endocrine pancreas is made collectively by a number of islet of Langerhans scattered 

within the pancreas. Each islet is a round/ovoid mass with a diameter of 50 – 600 µm and is composed 

of 50 – 3000 cells, of which insulin-secreting beta cells make up about 60% of human pancreatic islets. 
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Beta cells are in direct contact with immediately adjacent endocrine cells, including beta cells 

themselves, other endocrine cell types and endothelial cells. These cell-cell interactions are mediated 

by a diversity of entities, including gap junctions (e.g. Cx36) and tight (e.g. claudin and occludin), and 

adherens (e.g. cadherins) junctions, and there is clear evidence that these mediators play a crucial role 

in the normal functioning of the islets. For instance, beta cells are metabolically and electrically coupled 

by small gap junctions (composed of Cx36) to enable intercellular synchronisation of the Ca2+ influx 

across beta cells, resulting in co-ordinated insulin secretion. Indeed, it has been report that Cx36 mutant 

mice display abnormal insulin secretion in response to glucose stimulation (Ravier et al. 2005). 

Cadherins regulate cell-cell adhesion and are therefore critical for the establishment and maintenance 

of islet structure. A lack of E-cadherin (the predominant form of cadherins in beta cells) in beta cells 

resulted in aberrant clustering of beta cells, while not affecting the structure of alpha cells (Dahl et al. 

1996). Tight junctions, composed of claudins and occludins, are generally located at points of focal 

contact between adjacent cell membranes, and their role is to block the transfer of proteins and lipids 

between the basolateral and the apical regions of the membrane. Therefore, the two regions become 

structurally and functionally separate entities, which contributes to beta cell polarity. Beta cells also 

interact with nearby alpha cells via cadherins such as neural cell adhesion molecule (NCAM). However, 

while both cells release hormones in a synchronized manner with their companion cells, glucagon 

release from alpha cells is asynchronous with insulin release from beta cells in both rodent and human 

islets (Nadal et al. 1999; Hellman et al. 2009), indicating lack of Cx36-mediated coupling between the 

two cell types. Beta cells are also attached to their basal laminae and to the endothelial cells of islet 

capillaries by various integrins. However, there is no direct evidence for integral membrane protein-

mediated interactions between beta cells and delta cells, epsilon cells or PP cells. 

1.4 Pluripotent Stem cells 

Pluripotent stem cells (PSCs) are defined as having the capacity to generate all ~200 different cell types 

in the body. In 1981, PSC lines called embryonic stem cells (ESCs) were first derived from mouse 

blastocyst embryos (Martin GR 1981). These cells retain their pluripotency in culture and can self-renew 

indefinitely. In 1998 the first human ESCs were created with the promise of developing new cell-based 

therapies for regenerative medicine (Thomson et al. 1998).  However, human embryos must be 
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destroyed in order to create ESCs and this raises serious ethical concerns for many people.  It was 

hoped that alternative approaches could be found that had fewer ethical issues. 

From work performed in 1962 by John Gurdon it was known that differentiated somatic cells could be 

‘reprogrammed’ back to a pluripotent state by somatic cell nuclear transfer (SCNT; also known as 

cloning; (Gurdon 1962). In this study, Gurdon isolated the nucleus from a cell from the frog intestine 

and transferred it to an enucleated egg. Subsequently, an embryo with the genetic makeup of the donor 

cell was formed. In the late 20th century, animals such as sheep and mice were also successfully cloned 

demonstrating that this phenomenon was broadly applicable to other vertebrates (Campbell et al. 1996; 

Kishigami et al. 2006).  It was postulated that the egg must contain reprogramming factors, potentially 

transcription factors that are responsible for inducing the cell fate conversion.  This notion was 

supported by other studies where cell fate conversion occurred following over-expression of a ‘master 

transcription factor’. For instance, expression of the myoblast determination protein gene in mouse 

fibroblasts causes these cells to trans-differentiate into myoblasts (Choi et al. 1990). These 

observations inspired Shinya Yamanaka in 2006 to identify a set of transcription factors (OCT3/4, SOX2, 

KLF4 and MYC; referred to as OSKM) that are capable of reprogramming mature adult cells into 

pluripotent stem cells (known as induced pluripotent stem cells; iPSCs)(Takahashi and Yamanaka 2006; 

Takahashi et al. 2007).  Key features of successful reprogramming include the capacity for prolonged 

proliferation and self-renewal, a normal karyotype, and the endogenous expression of pluripotency 

markers such as OCT4, SOX2 and NANOG. Pluripotent cells are unique, compared to other somatic 

cells, in that they actively suppress lineage specification while remaining sensitive enough to 

differentiate upon developmental cues (Smith et al. 2016). Differentiation accompanies both inactivation 

of the pluripotent genes and activation of lineage-specifying developmental genes.  Yamanaka’s 

discovery brought about a paradigm shift in biomedical research, as it meant that PSCs could be 

generated without the need for human embryos or complicated cloning techniques. The development 

of iPSCs paved the way for large numbers of researchers to being using these cells to model human 

diseases, develop new regenerative therapies and aid in drug and toxicology studies.   
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1.4.1 In vitro beta cell differentiation 

The development of PSC lines opened up the possibility of having access to an unlimited source of 

human beta cells that could be used in both medical research and regenerative medicine. In 2014, after 

10 years of effort, the Melton group published the first protocol for producing functional human PSC-

derived beta cells (Pagliuca FW et al. 2014). Their approach was developmentally informed, with the 

PSCs being exposed to a series of growth factors and chemical modulators that coaxed them to 

differentiate sequentially into DE, PGT, early and late pancreatic progenitors (termed PP1 and PP2, 

respectively), EN cells and beta cells. Each step was validated using representative markers of each 

cell type (Figure 1.4). Moreover, NRG-Akita diabetic mice transplanted with PSC-derived beta cells 

could survive better than control mice. 

 
Figure 1.4 Schematic showing different cell types that emerge over the course of beta cell differentiation. Markers used 
to define each cell type are shown below. 

While a major advance for the field, the Melton protocol was hugely expensive, due to large culture 

medium volumes, and did not replicate for every PSC line. As a result, a number of variant protocols 

have since been reported that have tried to overcome these short-comings (Rezania et al. 2014; 

Shahjalal et al. 2014; Russ et al. 2015; Massumi et al. 2016; Ameri et al. 2017; Velazco-Cruz et al. 

2019; Hogrebe et al. 2020). As in-vitro protocols were developed to reproduce what happens to cells 

in-vivo, all the existing protocols resemble one another in terms of which signaling pathways are being 

targeted, although different kinds of growth factors or chemical modulators might have been used. They 

have been summarised in Figure 1.5. However, a protocol that works for every PSC line still does not 

exist and therefore it generally requires modifications and optimisation for each PSC line used. 
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Figure 1.5 Summary of beta cell differentiation protocols in vitro. 

1.5 Gene editing technologies 

Gene editing technologies enable scientists to edit an organism’s DNA. Conventional gene editing 

works by introducing double-stranded breaks (DSBs), triggering two major cellular repair responses 

(Ryu et al. 2019): 1) non-homologous end joining (NHEJ), which normally results in insertion or deletion 

(indel) of a few nucleotides or 2) homology directed repair (HDR) in the presence of repair template, 

which introduces that repair template to the target site via homologous recombination. While NHEJ is 

the preferred pathway for generating knock-out lines, HDR is required for introducing precise insertions, 

deletions or point mutations at the target loci. NHEJ and HDR are two competing processes and the 

choice of the pathway is largely governed by the phase of cell-cycle (Liu M et al. 2018). NHEJ is usually 

more efficient than HDR, as NHEJ is active throughout cell cycle, while HDR is strongly restricted to 

late S and G2 phases (Liu M et al. 2018). 

Currently, TALEN (Transcription activator-like effector nuclease) and CRISPR/Cas9 (clustered regularly 

interspaced short palindromic repeats/CRISPR-associated protein 9) are the most commonly used 



28 
 

approaches for gene editing (Boch 2011; Cong et al. 2013). TALEN was developed by fusing TAL 

proteins to a nuclease (FokI). Through DNA binding domains in TAL proteins that recognise specific 

nucleotide sequences, its nuclease is delivered to target loci and induces DSBs. In the CRISPR/Cas9 

system, Cas9 protein acts as an endonuclease which is directed to a specific genomic sequence by a 

single guide RNA (sgRNA) and introduces a DSB at 3 bases upstream of the protospacer adjacent 

motif (PAM) site, thereby inducing DNA repair mechanisms. 

Unlike these two approaches, base editing can change nucleotides without having to introduce DSBs, 

and thus avoids inefficient HDR-mediated nucleotide changes. Currently, there are two types of base 

editors available: 1) cytosine base editors (Komor et al. 2016) and 2) adenine base editors (Gaudelli et 

al. 2017). Cytosine base editors are cytidine deaminases that are fused to either catalytically inactive 

Cas9 (dCas9) or Cas9 nickase (nCas9). Cytosine base editors convert cytosines positioned within a 

small range near the PAM site to uracils. Uracil is then converted to thymine through base excision 

repair, leading to a C to T substitution (or a G to A on the opposite strand). On the other hand, adenine 

base editors deaminate adenine into inosine, which is then translated as guanine by polymerases, 

thereby causing a A to G substitution (or a T to C on the opposite strand). However, the major issue 

with the base editing technology is that a locus of interest is often not positioned within the scope of the 

base editors due to limited PAM compatibility of SpCas9, the most widely used Cas9 variant. However, 

with the recent development of xCas9-based base editors with a greatly increased PAM compatibility 

(Hu et al. 2018), the scope of base editors has widened greatly.  

1.6 Hypothesis and Aims 

The hypothesis of this thesis is that NZ-derived iPSCs can be used to generate functional beta cells 

and that the rs7903146 locus is involved in regulating beta cell development and function via modulating 

the level of TCF7L2 and nearby loci such as ASCL5. 

Specific Aims: 

1. To reprogram somatic cells to iPSCs using the integration-free Sendai-based reprogramming kit. 

2. To characterise newly generated iPSCs.  

3. To develop an in-house protocol to convert our iPSCs into glucose-responsive beta cells. 
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4. To improve our understanding of the regulatory mechanisms (e.g. TGFβ signalling) of beta cell 

development. 

5. To investigate the effects of rs7903146 on beta cell formation and function using iPSC-derived 

beta cells and gene editing technologies. 
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Cell lines 

MIN6, INS1/832, HEK293T, Caco-2, Fibroblast2, Fibroblast 4, MANZ2-2 and MANZ4-37 were used in 

this study. 

2.1.2 Kits and chemicals 

All kits and chemicals were purchased from Life Technologies, Sigma-Aldrich, Invitrogen, Merck, Biorad 

and Cayman chemicals. 

2.1.3 Protease inhibitors for cell lysis 

All the protease inhibitors used in the Western blot lysis buffer are shown in Table 2.1. 

Inhibitor Function Vendor 
Final 
concentration 

ALLN Calpain inhibitor Sigma 15 µM 

Aprotonin Trypsin inhibitor Merck 4 µg/mL 

Leupeptin Serine, cysteine protease inhibitor Merck 4 µg/mL 

Pepstatin Aspartyl protease inhibitor Merck 1 µg/mL 

AEBSF Serine protease inhibitor Merck 1 mM 

Table 2.1 Protease inhibitors used for cell lysis. 

2.1.4 Primers 

Primers were designed using the “Primer 3” website. The qPCR primer design conditions were as 

follows: 1) if possible, forward and reverse primers on different exons, 2) amplicon size of 60 – 150 

base pairs (bps), 3) GC contents of 50 – 60%, 4) min length: 18 nucleotides (nt), max length: 24 nt and 

optimum length: 20 nt, 5) melting temperature: min 60 °C, max 63 °C, optimum 60 °C, 6) max Tm 

difference = 10 °C, 7) max 3' self-complementary = 1, 8) max poly-x = 3, 9) BLAST was performed for 

specificity screening and 10) Primer efficiency is between 90% and 110%. The used qPCR primers are 

detailed in Table 2.2. 
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Primer Name Gene Primer Sequences Use 
Primer 

Efficiency 
(%) 

PPIG F1_qPCR 
PPIG 

F GGACCGGGAAATCAACTCA 
qPCR 96 

PPIG R1_qPCR R TCCTCGTCCATTTCCTTCAC 

HPRT F1_qPCR 
HPRT 

F CATTATGCTGAGGATTTGGAAAGG 
qPCR 108 

HPRT R1_qPCR R CTTGAGCACACAGAGGGCTACA 

ACTB F1_qPCR 
ACTB 

F CTTCTACAATGAGCTGCGTGTG 
qPCR 102 

ACTB R1_qPCR R GATAGCACAGCCTGGATAGCA 

GAPDH F1_qPCR 
GAPDH 

F CAGCCTCAAGATCATCAGCA 
qPCR 106 

GAPDH R1_qPCR R TGTGGTCATGAGTCCTTCCA 

Oct4 F1_qPCR 
OCT4 

F GAGGAGTCCCAGGACATCAA 
qPCR 105 

Oct4 R1_qPCR R TGGCTGAATACCTTCCCAAA 

NANOG F1_qPCR 
NANOG 

F CAGTCTGGACACTGGCTGAA 
qPCR 109 

NANOG R1_qPCR R CTCGCTGATTAGGCTCCAAC 

cMYC F1_qPCR 
cMYC 

F CGGAACTCTTGTGCGTAAGG 
qPCR 110 

cMYC R1_qPCR R CTCAGCCAAGGTTGTGAGGT 

SOX2 F1_qPCR 
SOX2 

F GCTAGTCTCCAAGCGACGAA 
qPCR 91 

SOX2 R1_qPCR R GCAAGAAGCCTCTCCTTGAA 

Sox17 F2_qPCR 
SOX17 

F AGCAGAATCCAGACCTGCAC 
qPCR 108 

Sox17 R2_qPCR R CTTGTAGTTGGGGTGGTCCTG 

Foxa2 F1_qPCR 
FOXA2 

F CCGACTGGAGCAGCTACTATG 
qPCR 107 

Foxa2 R1_qPCR R TGTACGTGTTCATGCCGTTC 

Cxcr4 F1_qPCR 
CXCR4 

F ACCAACAGTCAGAGGCCAAG 
qPCR 90 

Cxcr4 R1_qPCR R GTCGGGAATAGTCAGCAGGA 

TBXT_qPCR 
TBXT 

F TGCTTCCCTGAGACCCAGTT 
qPCR 101 

TBXT_qPCR R GATCACTTCTTCCTTTGCATCAAG 

MIXL1_qPCR 
MIXL1 

F GGTACCCCGACATCCACTT 
qPCR 115 

MIXL1_qPCR R GCCTGTTCTGGAACCATACCT 

TBX6_F1_qPCR 
TBX6 

F CCATCCACGAGAATTGTACCC 
qPCR 106 

TBX6_F2_qPCR R ATCCAGTTTAGGGGTGTCCAG 

Nestin F1_qPCR 
NES 

F CCAAGACTTCCCTCAGCTTTC 
qPCR 109 

Nestin F2_qPCR R CTGGGAGCAAAGATCCAAGAC 

TUBB3_F1_qPCR 
TUBB3 

F GCGGATCAGCGTCTACTACAA 
qPCR 91 

TUBB3_F2_qPCR R GGCCTGAAGAGATGTCCAAA 

PDX1 F2_qPCR 
PDX1 

F GCCTTTCCCATGGATGAAGT 
qPCR 101 

PDX1 R2_qPCR R GAATAGGAACTCCTTCTCCAGCTC 

NKX6.1 F1_qPCR 
NKX6.1 

F GGCCTGTACCCCTCATCAA 
qPCR 112 

NKX6.1 R1_qPCR R GTCCGGAAAAAGTGGGTCTC 

MAFA F1_qPCR 
MAFA 

F CTTCAGCAAGGAGGAGGTCA 
qPCR   

MAFA R1_qPCR R GGCTCTGGAGTTGGCACTT 

NEUROD1 F1_qPCR 
NEUROD1 

F CAAGGTGGTGCCTTGCTATT 
qPCR 103 

NEUROD1 R1_qPCR R AAGCGTCTGAACGAAGGAGA 

NKX2.2 F1_qPCR 
NKX2.2 

F TCTACGACAGCAGCGACAAC 
qPCR 106 

NKX2.2 R1_qPCR R ACCGTGCAGGGAGTACTGAA 

MKI67 F1_qPCR 
MKI67 

F TACAGGCCACGCAAACTCTC 
qPCR 95 

MKI67 R1_qPCR R CATGTGCTTGTCAACTGCGG 

SST F2_qPCR 
SST 

F ACCCCAGACTCCGTCAGTTT 
qPCR 89 

SST R2_qPCR R GCATCATTCTCCGTCTGGTT 

JK_F1_STX1A_qPCR 
STX1A 

F AGGAGGAGCTGGAAGAACTCA 
qPCR 110 

JK_R1_STX1A_qPCR R CTTCCTCTTGCTCGATGGACT 

JK_F1_STX2_qPCR 
STX2 

F GTCTCGGAAGTTTGTGGAAGC 
qPCR 104 

JK_R1_STX2_qPCR R CTGTGGTGGTTCTCCCAGTTA 

JK_F1_STX3_qPCR 
STX3 

F ATGACCTAGAGCAGCTCACGA 
qPCR 112 

JK_R1_STX3_qPCR R AGGACAGAGTGCTGGGATTTC 

JK_F1_STX4_qPCR 
STX4 

F GTGGAGCTCATCAACAAGTGC 
qPCR 89 

JK_R1_STX4_qPCR R TCCAACTCCTCATCAGACACC 

TCF7L2 F2_qPCR 
TCF7L2_Set2 

F CTTTAAGGGGCCACCGTATC 
qPCR 106 

TCF7L2 R2_qPCR R AGTGGCCATTTCATCTGGAG 

GCG F1_qPCR 
GCG 

F GGCAACGTTCCCTTCAAGAC 
qPCR 91 

GCG R1_qPCR R ACTGGTGAATGTGCCCTGTG 

TCF7L2 F3_qPCR TCF7L2_Set3 F CGGGAGAGACCAATGAACAC qPCR 100 
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TCF7L2 R3_qPCR R TTAGGAGCGCTCAGGTCTGTA 

INS F1_qPCR 
INS 

F GCTTCTTCTACACACCCAAGACC 
qPCR 104 

INS R1_qPCR R CCACAATGCCACGCTTCT 

CCND1 F1_qPCR 
CCND1 

F CGCCCTCGGTGTCCTACTT 
qPCR 118 

CCND1 R1_qPCR R CCTCGCACTTCTGTTCCTCG 

SLC2A2 F1_qPCR 
SLC2A2 

F AATTGCTCCAACCGCTCTC 
qPCR 110 

SLC2A2 R1_qPCR R AGACAGGCCAAGCAGGATGT 

JK_F1_ESRRG_qPCR 
ESRRG 

F TCGCTTCTGGGTACCACTATG 
qPCR 99 

JK_R1_ESRRG_qPCR R GGCAGGGCAGCTGTATTCTAT 

GP2 F1_qPCR 
GP2 

F TGGAGGACAAGTGTGAGAAGG 
qPCR 95 

GP2 R1_qPCR R ACAGTCTAGCTGAGGCTGCAA 

Ngn3 F1_qPCR 
NGN3 

F AGTTGGCACTGAGCAAGCAG 
qPCR 101 

Ngn3 R1_qPCR R GTGCCGAGTTGAGGTTGTG 

JK_F1_ACSL5_qPCR 
ACSL5 

F AGGCATGATAGTTTCTGGGAC 
qPCR   

JK_R1_ACSL5_qPCR R ACCTGACATCCCATTGCTG 

SOX7 F1_qPCR 
SOX7 

F GAACGCCTTCATGGTTTGG 
qPCR   

SOX7 R1_qPCR R TCTTCTGGGACAGCGTCAG 

JK_F1_BARX1_qPCR 
BARX1 

F GAATCGGAGGATGAAGTGGA 
qPCR 86 

JK_R1_BARX1_qPCR R CTCGCTCGTTGGAATTGAGT 

SOX9 F1_qPCR 
SOX9 

F AGTACCCGCACTTGCACAAC 
qPCR   

SOX9 R1_qPCR R GTAATCCGGGTGGTCCTTCT 

CDH1 F1_qPCR 
CDH1 

F CTGATTCTGCTGCTCTTGCTG 
qPCR 111 

CDH1 R1_qPCR R CAGCTGGCTCAAGTCAAAGTC 

HNF6 F2_qPCR 
HNF6 

F CTTCCGGAGGATGTGGAAGT 
qPCR 104 

HNF6 R2_qPCR R ACGCTGGACATCTGTGAAGAC 

JK_F1_CDX1_qPCR 
CDX1 

F CTCCTCCCCAGCTCTTCTCT 
qPCR 93 

JK_R1_CDX1_qPCR R TCTTAGCTGCCTTTGGCTTC 

HNF1b F1_qPCR 
HNF1b 

F ATGCTCAGTGAGGACCCTTG 
qPCR 100 

HNF1b R1_qPCR R GACATCGACCACCTCCCTCT 

JK_GCK F1_qPCR 
GCK 

F CATGAAGAGGCCAGTGTGAAGA 
qPCR 107 

JK_GCK R1_qPCR R CACCCTGAAGTTAGTGCCACC 

JK_F1_HK1_qPCR 
HK1 

F GGCCACGATGTAGTCACCTTA 
qPCR 103 

JK_R1_HK1_qPCR R GCTCCTCATAAGCACAGGTCA 

JK_F1_GPI_qPCR 
GPI 

F GACCGCTTCAACCACTTCAG 
qPCR 90 

JK_R1_GPI_qPCR R CGTCACCAGGTTCTTGGAGTA 

JK_F1_PFKM_qPCR 
PFKM 

F GGTATGAATGCTGCTGTCAGG 
qPCR 100 

JK_R1_PFKM_qPCR R GATGTGATCTCCACCATCCAC 

JK_F1_ALDOA_qPCR 
ALDOA 

F GTGTTGTGGGCATCAAGGTAG 
qPCR 96 

JK_R1_ALDOA_qPCR R GAAGTCAGCTCCGTCCTTCTT 

JK_F1_TPI1_qPCR 
TPI1 

F GAAGCTGGCATCACTGAGAAG 
qPCR 91 

JK_R1_TPI1_qPCR R GCAGTCTTGCCAGTACCAATG 

JK_F1_PGK1_qPCR 
PGK1 

F CTTTCCAAGCTAGGGGATGTC 
qPCR 88 

JK_R1_PGK1_qPCR R TGTGGCAGATTGACTCCTACC 

JK_F1_PGAM1_qPCR 
PGAM1 

F GGAGGGGAAACGTGTACTGAT 
qPCR 90 

JK_R1_PGAM1_qPCR R AGGTTCAGCTCCATGATAGCC 

JK_F1_ENO1_qPCR 
ENO1 

F CTCCTGCTCAAAGTCAACCAG 
qPCR 93 

JK_R1_ENO1_qPCR R TATCTTCAGTCTCCCCCGAAC 

JK_F1_PKM_qPCR 
PKM 

F TAGGAAGGTCCTGGGAGAGAA 
qPCR 103 

JK_R1_PKM_qPCR R CAATGCCTAGATCACCACGAG 

JK_F1_PDHA1_qPCR 
PDHA1 

F CGATGCACATGTATGCCAAG 
qPCR 94 

JK_R1_PDHA1_qPCR R CAGGCAGACCTCATCTTTTCC 

JK_F1_PC_qPCR 
PC 

F CAAGCAGAGTGCTGGTAGCAT 
qPCR 98 

JK_R1_PC_qPCR R GGTGAGCACTGTTGTGACAGG 

JK_F1_CS_qPCR 
CS 

F CGAGCATATGCACAGGGTATC 
qPCR 102 

JK_R1_CS_qPCR R TTGCTGCAACACAAGGTAGC 

JK_F1_ACO1_qPCR 
ACO1 

F TATTACCCAGACAGCCTCGTG 
qPCR 107 

JK_R1_ACO1_qPCR R TCACCTGAGGAAGCACCATAC 

JK_F1_ACO2_qPCR 
ACO2 

F GATCCCCTGGGAGCTGAAGT 
qPCR 91 

JK_R1_ACO2_qPCR R ACATCTTTGGGTGAGGACCA 

JK_F1_IDH1_qPCR 
IDH1 

F CGTCATGCTTATGGGGATCA 
qPCR 91 

JK_R1_IDH1_qPCR R TCCGTCACTTGGTGTGTAGGT 

JK_F1_OGDH_qPCR OGDH F GATGTACTGTGCTTGGCTGGA qPCR 82 
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JK_R1_OGDH_qPCR R AGGGGACTCTGGTAGGCAGT 

JK_F1_SUCLA2_qPCR 
SUCLA2 

F GCCTCAAAGGAGGAGTGAAGA 
qPCR 109 

JK_R1_SUCLA2_qPCR R CCTTTTCTCCCGTTTGCTTG 

JK_F1_SDHA_qPCR 
SDHA 

F GGTCCATCCATCGCATAAGAG 
qPCR 104 

JK_R1_SDHA_qPCR R GCAGACGTGCAGCTGAAGTAG 

JK_F1_FH_qPCR 
FH 

F GAACTTGGCAGCAAGATACCTG 
qPCR 104 

JK_R1_FH_qPCR R GTGCATTGCTGTGGGAAAAG 

JK_F1_MDH1_qPCR 
MDH1 

F AGATGACAGCTGGCTCAAGG 
qPCR 98 

JK_R1_MDH1_qPCR R GCAGACATGGCACTGGATAGT 

JK_F1_LDHA_qPCR 
LDHA 

F ATGGCCTGTGCCATCAGTAT 
qPCR 93 

JK_R1_LDHA_qPCR R AAGGCTGCCATGTTGGAGAT 

JK_F1_ISL1_qPCR 
ISL1 

F GACCACGATGTGGTGGAGA 
qPCR 87 

JK_R1_ISL1_qPCR R GTCTTCTCCGGCTGCTTGT 

JK_F1_PROX1_qPCR 
PROX1 

F AAAGCAAAGCTCATGTTTTTTTATACC 
qPCR   

JK_R1_PROX1_qPCR R GTAAAACTCACGGAAATTGCTAAACC 

JK_F1_AFP_qPCR 
AFP 

F ACACAAAAAGCCCACTCCAG 
qPCR   

JK_R1_AFP_qPCR R GGTGCATACAGGAAGGGATG 

JK_F1_AMY2A_qPCR 
AMY2A 

F GCGATGGGTTGATATTGCTC 
qPCR   

JK_R1_AMY2A_qPCR R TTCCCACCAAGGTCTGAAAG 

JK_F1_IAPP_qPCR 
IAPP 

F GTGCTCTCTGTTGCATTGAACC 
qPCR   

JK_R1_IAPP_qPCR R CGCTTTTCCACCTGATGACT 

JK_F1_SNAP23_qPCR 
SNAP23 

F CGAGGAGAATCCTGGGTTTAG 
qPCR   

JK_R1_SNAP23_qPCR R GGTCCAAGCCTTCTTCTATGC 

JK_F1_SNAP25_qPCR 
SNAP25 

F ATGAGCTGGAGGAGATGCAG 
qPCR   

JK_R1_SNAP25_qPCR R CAACCAGTTGCAGCATACGAC 

JK_F1_VAMP2_qPCR 
VAMP2 

F CCCTCCAAACCTCACCAGTAA 
qPCR   

JK_R1_VAMP2_qPCR R CTCCGACAGCTTCTGGTCTC 

JK_F1_VAMP3_qPCR 
VAMP3 

F GGCAGTAATCGAAGACTTCAGC 
qPCR   

JK_R1_VAMP3_qPCR R CTGCACGGTCGTCTAACTCAG 

JK_F1_STXBP1_qPCR 
STXBP1 

F GTCACCCGGTCTCTGAAAGAT 
qPCR   

JK_R1_STXBP1_qPCR R CTTCAGCATCTGGGACAGGT 

JK_F1_STXBP3_qPCR 
STXBP3 

F GTGCTCTTACCCAGCTGATGA 
qPCR   

JK_R1_STXBP3_qPCR R AGTGCCAGGTCCTGTTCAGTT 

JK_F1_UNC13B_qPCR 
UNC13B 

F CGTGCACCACTCCTCATAACT 
qPCR   

JK_R1_UNC13B_qPCR R GAGCAGGCCTTCACACTCATA 

JK_F1_SYT7_qPCR 
SYT7 

F CAAGAAGCACAAGCTGGAGAC 
qPCR   

JK_R1_SYT7_qPCR R TCTGCACCACCTTCTCATAGG 

JK_F1_SYCN_qPCR 
SYCN 

F CAAGACGCACAAGTTCTCTGC 
qPCR   

JK_R1_SYCN_qPCR R ATAGCGTTGGACCAGTCTCCT 

JK_F1_CPLX1_qPCR 
CPLX1 

F AGGCCAAGTACGCCAAGATG 
qPCR   

JK_R1_CPLX1_qPCR R GCTCCTCCTTCTTCTTGATGC 

JK_F1_SMAD2_qPCR 
SMAD2 

F GCACCCTGCAACAGTGTGTA 
qPCR   

JK_R1_SMAD2_qPCR R ACAGACTGAGCCAGAAGAGCA 

JK_F1_SMAD3_qPCR 
SMAD3 

F GAGAAACCAGTGACCACCAGA 
qPCR   

JK_R1_SMAD3_qPCR R ATTCGGGGATAGGTTTGGAG 

JK_F1_MMP2_qPCR 
MMP2 

F CATGATGGAGAGGCAGACATC 
qPCR   

JK_R1_MMP2_qPCR R GTCCTTACCGTCAAAGGGGTA 

JK_F1_MMP9_qPCR 
MMP9 

F GACAAGCTCTTCGGCTTCTG 
qPCR   

JK_R1_MMP9_qPCR R TCGAGTACTCCTTACCCAGGAA 

Tbp F1_qPCR 
TBP 

F TTCGGAGAGTTCTGGGATTG 
qPCR   

Tbp R1_qPCR R GGCACGAAGTGCAATGGTC 

PAX6_F1_qPCR 
PAX6 

F CCATCCACGAGAATTGTACCC 
qPCR   

PAX6_R1_qPCR R ATCCAGTTTAGGGGTGTCCAG 

MNX1 F1_qPCR 
MNX1 

F GCACCAGTTCAAGCTCAACA 
qPCR   

MNX1 R1_qPCR R CTTCTGTTTCTCCGCTTCCTG 

TCF7L2 vector qPCR_F1 TCF7L2 
vector 

F ATCCGGGGATCCTCTAGTCA 
qPCR   

TCF7L2 vector qPCR_R1 R GGGAGGTGTGGGAGGTTTTT 

rtTA-M2 qPCR F1 
rtTA-M2 

F CTGGGAGTTGAGCAGCCTAC 
qPCR   

rtTA-M2 qPCR R1 R AGTGGGTATGATGCCTGTCC 

TCF7L2 F1_qPCR 
TCF7L2_Set1 

F ACCACAGCAAGGTCAACCAG 
qPCR   

TCF7L2 R1_qPCR R CCGTCGTGTGTAGCGTATGA 

JK_TCF7L2 F4_qPCR TCF7L2_Set4 F AAACAGCTCCTCCGATTCCG qPCR   
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JK_TCF7L2 R4_qPCR R CCAAACTTTCCCGGGATTTGTC 

JK_F1_RPS10_qPCR 
RPS10 

F GAGCTGGCAGACAAGAATGTG 
qPCR   

JK_R1_RPS10_qPCR R GGGGGCAGATGAAGGTAATC 

JK_F1_NEAT1_qPCR 
NEAT1 

F TCTCACCTACCCACCTGTTTG 
qPCR   

JK_R1_NEAT1_qPCR R GACCTGCCATTTCTCACACAC 

JK_F1_ID1_qPCR 
ID1 

F GGTAAACGTGCTGCTCTACGA 
qPCR   

JK_R1_ID1_qPCR R GAATCTCCACCTTGCTCACCT 

JK_F1_ID2_qPCR 
ID2 

F CTCGCATCCCACTATTGTCAG 
qPCR   

JK_R1_ID2_qPCR R CCACACAGTGCTTTGCTGTC 

JK_F1_PTPRN_qPCR 
PTPRN 

F ACTAGGGGATCGTGGAGAGAA 
qPCR   

JK_R1_PTPRN_qPCR R AGTAGCTGCAGCAGGGTCAG 

TP53_fwd1 
TP53 

F GTGACACGCTTCCCTGGAT 
qPCR   

TP53_rev1 R CAAGGGTTCAAAGACCCAAA 

TP53_fwd_sequencing 
  

  GAGGTTGGCTCTGACTGTAC 
 sequencing   

TP53_rev_sequencing   TCCGTCCCAGTAGATTACCAC 

AAVS1 insertion check F1 
  

  AAAAGGCAGCCTGGTAGACAG 
 PCR   

AAVS1 insertion check R1   TCCTGGACTTTGTCTCCTTCC 

AAVS1 TCF7L2 insertion check F1 
  

  CGTGAGGAAGAGTTCTTGCAG 
 PCR   

AAVS1 TCF7L2 insertion check R1   GCGATCTGACGGTTCACTAAA 

AAVS1 M2rtTA insertion check F1 
  

  GATTGTCTGTTGTGCCCAGTC 
PCR    

AAVS1 M2rtTA insertion check R1   TGCTCCCCGGGTAACTAAGTA 

F1_TCF7L2_NcoI 
  

  TATATACCATGGATGCCGCAGCTGAACGGCGGT 
 PCR   

R1_TCF7L2_AscI   ATTATAGGCGCGCCCTATTCTAAAGACTTGGTGAC 

F1_rs7903146 
  

  TTAGCCCAGGTTCTGTTTCTT 
  PCR   

R1_rs7903146   AAGCACACAGACTTGTTCAGG 

F2_rs7903146 
  

  AGTTTTATTGGAGGGTTGCAC 
  PCR   

R2_rs7903146   ACTGCTTAAGAGAGGCTGAGG 

F3_rs7903146 
  

  CTGCCTCAAAACCTAGCACAG 
  PCR   

R3_rs7903146   GGCCCCTCTAACCTTTTCCTA 

Sequencing F1 (TCF7L2 vector) 
  

  ACGGTGGGAGGCCTATATAAG 
Sequencing    

Sequencing R1 (TCF7L2 vector)   TGGCTGATTATGATCCTCTAGAG 

rs7903146 sgRNA1 fwd (Zhangs) 
  

  CACCGTATAATTTAATTGCCGTATG 
Cloning    

rs7903146 sgRNA1 rev (Zhangs)   AAACCATACGGCAATTAAATTATAC 

rs7903146 sgRNA2 fwd (Zhangs) 
  

  CACCGAAAACTAAGGGTGCCTCATA 
 Cloning   

rs7903146 sgRNA2 rev (Zhangs)   AAACTATGAGGCACCCTTAGTTTTC 

rs7903146 sgRNA3 fwd (Zhangs) 
  

  CACCGGGTTTCTCGTCTGAAAACTA 
 Cloning   

rs7903146 sgRNA3 rev (Zhangs)   AAACTAGTTTTCAGACGAGAAACCC 

rs7903146 sgRNA4 fwd (Zhangs) 
  

  CACCGCAGTAAATAACAGCTGTGCT 
Cloning    

rs7903146 sgRNA4 rev (Zhangs)   AAACAGCACAGCTGTTATTTACTGC 

JK_rs7903146 sg1 
(xCas9)_BbsI_F 

  

  CACCGATACTATATAATTTAATTGC 

 Cloning   
JK_rs7903146 sg1 
(xCas9)_BbsI_R 

  AAACGCAATTAAATTATATAGTATC 

JK_rs7903146 sg2 
(xCas9)_BbsI_F 

  

  CACCGTAGATACTATATAATTTAAT 

 Cloning   
JK_rs7903146 sg2 
(xCas9)_BbsI_R 

  AAACATTAAATTATATAGTATCTAC 

JK_rs7903146 sg1 
(xCas9)_BsaI_F 

  

  CCGGATACTATATAATTTAATTGC 

 Cloning   
JK_rs7903146 sg1 
(xCas9)_BsaI_R 

  AAACGCAATTAAATTATATAGTAT 

JK_rs7903146 sg2 
(xCas9)_BsaI_F 

  

  CCGGTAGATACTATATAATTTAAT 

Cloning    
JK_rs7903146 sg2 
(xCas9)_BsaI_R 

  AAACATTAAATTATATAGTATCTA 

TCF7L2-KO sgRNA1 fwd (Zhangs) 
  

  CACCGAAAATGCCGCAGCTGAACGG 
 Cloning   

TCF7L2-KO sgRNA1 rev (Zhangs)   AAACCCGTTCAGCTGCGGCATTTTC 

TCF7L2-KO sgRNA2 fwd (Zhangs) 
  

  CACCGCCGAAAACTCCTCGGCAGAG 
 Cloning   

TCF7L2-KO sgRNA2 rev (Zhangs)   AAACCTCTGCCGAGGAGTTTTCGGC 

TCF7L2-KO sgRNA3 fwd (Zhangs)     CACCGGGTCGGGGATCATGATGAAG   
 Cloning 

  

TCF7L2-KO sgRNA3 rev (Zhangs)     AAACCTTCATCATGATCCCCGACCC   

TCF7L2-KO sgRNA4 fwd (Zhangs)     CACCGGAGGTCTCCCCAACATCACG   
 Cloning 

  

TCF7L2-KO sgRNA4 rev (Zhangs)     AAACCGTGATGTTGGGGAGACCTCC   

Table 2.2 List of primers used in PCR, qPCR, cloning and sequencing.  
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2.1.5 Antibodies 

Antibody 
Catalogue 
Number 

Supplier 
Use Dilution 

goat anti-human PDX-1/IPF1 AF2419 R&D Systems 
Immunohistochemistry 1:100 

Flow Cytometry 1:300 

mouse anti-Nkx6.1 
F55A12-

supernatant 
Developmental 

Hybridoma Bank 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

rat anti-insulin (pro-)/C-
peptide 

GN-ID4 
Developmental 

Hybridoma Bank 
Immunohistochemistry 1:100 

Flow Cytometry 1:300 

mouse anti-glucagon ab82270 Abcam 
Immunohistochemistry 1:100 

Flow Cytometry 1:300 

goat anti-somatostatin sc7819 
Santa Cruz 

Biotechnology 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

mouse anti-insulin 
sc8033 

Santa Cruz 
Biotechnology 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

mouse anti-SOX17 
ab84990 Abcam 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

rabbit anti-CXCR4 
PA3-305 Life Technologies 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

goat anti-Brachyury 
AF2085 R&D Systems 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

rabbit anti-PAX6 
ab5790 Abcam 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

mouse anti-TUJ1 
MAB1195 R&D Systems 

Immunohistochemistry 1:100 

Flow Cytometry 1:300 

mouse anti-SSEA-1 SCR001-90230 Merck Millipore Immunohistochemistry 1:50 

mouse anti-SSEA-4 SCR001-90231 Merck Millipore Immunohistochemistry 1:50 

mouse anti-TRA-1-60 SCR001-90232 Merck Millipore Immunohistochemistry 1:50 

mouse anti-TRA-1-81 SCR001-90233 Merck Millipore Immunohistochemistry 1:50 

TCF7L2 C48H11 Cell Signalling Western Blot 1:1000 

β-actin 3024C Symansis Western Blot 1:1000 

Alexa Fluor 488 A-21206 Life Technologies Secondary staining 1:2000 

Alexa Fluor 594 A-10037 Life Technologies Secondary staining 1:2000 

Alexa Fluor 647 A-31571 Life Technologies Secondary staining 1:2000 
Table 2.3 List of antibodies used for flow cytometry, immunohistochemistry and Western blot analysis. 

2.1.6 Buffer recipes 

Buffer Components 

Lysis buffer 
1 M Tris pH 7.5, 5M NaCl, 0.5 M EDTA, 0.5 M EGTA, 10% Triton x-100, 0.25 M 
Na4P2o7, 0.2 M beta-Glycerophosphate, 0.1 M Na3VO4, 1 M NaF 

Krebs buffer 
128 mM NaCl, 5 mM KCl, 2.7 mM CaCl2, 1.2 mM MgCl2, 1 mM Na2HPO4, 1.2 mM 
KH2PO4, 5mMNaHCO3, 10mM HEPES, 0.1% BSA in deionized water 

PBST PBS and 0.1% Triton X-100 

TBS 80 g NaCl, 2g KCl, 30g Tris-Cl per 1 L of deionized water. Adjusted to pH 7.5 

TBST TBS plus 0.01% of Tween-20 

Blocking buffer (IHC) PBST plus 2% bovine serum albumin (BSA) and 10% horse serum (HS) 

Blocking buffer (Flow cytometry) PBST plus 5% HS 

Sorting buffer PBS plus 0.5% BSA 

Blocking buffer (Western blotting) TBST plus 3% BSA 

Transfer buffer (membrane) 300 mM Tris, 30mM Glycine, 20% SDS 

Transfer buffer (gel) 300 mM Tris, 30mM Glycine, 0.1% SDS 

5x Sample loading buffer 
7.5 ml 1M Tris pH 6.8, 3g SDS, 0.03 g Bromophenol Blue, 15 ml Glycerol per 50 ml of 
deionized water 

5x Running buffer 25 mM Tris-Cl, 250 mM Glycine pH 8.3, 0.1% SDS 

LB media 10 g tryptone, 5 g yeast extract and 10 g NaCl in 1 litre 

LB agar 10 g tryptone, 5 g yeast extract, 10 g NaCl and 15 g Agar in 1 litre 
Table 2.4 Recipes for buffer. 
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2.1.7 Micro-organism 

Escherichia coli 

ONE Shot TOP10 chemically competent E. coli (Life Technologies) was used as host for bacterial 

transformations. Its genotype is F- mcrA Δ( mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

Δ lacX74 recA1 araD139 Δ( araleu)7697 galU galK rpsL (StrR) endA1 nupG. 

2.2 Methods 

2.2.1 Cell culture 

All procedures related to cell culture work were carried out in class II laminar flow cabinet. Cells were 

maintained at 37°C inside an incubator with 5% CO2, 21% O2 and 100% humidity. Cell culture methods 

for each individual cell type are summarized in Table 2.5. 

Cell Type Growth Medium Plate coating 
Feedi
ng 

Passaging Method 

iPSC 
mTeSR1 (STEMCELL Technologies) 
supplemented with 1% P/S and 2.5 
μg/mL plasmocin (InvivoGen) 

Geltrex Matrix 
(STEMCELL 
Technologies) 

Daily 

At around 80% confluence, 
cells were passaged using 
Gentle Cell Dissociation 
Reagent (GDR) (STEMCELL 
Technologies) with a split ratio 
of 1:8 in its growth medium 
supplemented with 5 μM 
Y27632 for the first 24 hours to 
promote cell survival rate. 

Fibroblast 
Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 15% FBS 
and 1% P/S 

None 
Every 
3-4 
days 

Cells were routinely passaged 
using 0.25% trypsin. The split 
ratio used to passage cells was 
1:4. 

HEK293T 
DMEM supplemented with 10% FBS 
and 1% P/S 

None 
Every 
3-4 
days 

Cells were routinely passaged 
using 0.25% trypsin. The split 
ratio used to passage cells was 
1:8. 

INS-1 
832/13 

 RPMI 1640 medium supplemented with 
10% FBS, 100 units/mL penicillin, 100 
μg/mL streptomycin (Life Technologies, 
10 mM HEPES (Life Technologies), 2 
mM L-glutamine (Life Technologies), 1 
mM sodium pyruvate (Life 
Technologies), 50 μM 2-
mercaptoethanol  (Life Technologies) 

None 
Every 
3-4 
days 

Cells were routinely passaged 
using 0.25% trypsin. The split 
ratio used to passage cells was 
1:4. 

Table 2.5 Cell culturing methods for individual cell type 
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2.2.2 Cellular reprogramming of somatic cells 

Dermal fibroblasts from two donors were collected into tubes containing 0.5% trypsin/EDTA solutions. 

After sufficient washing with Dulbecco’s Phosphate Buffered Saline (DPBS) (Life Technologies), cells 

were plated and expanded in gelatin-coated plates containing fibroblast growth medium. For cellular 

reprogramming, the CytoTuneTM-iPS Sendai Reprogramming Kit was carried out, according to the 

manufacturer’s instructions. On day 7 post transfection, cells were replated using 0.05% trypsin into 

fibroblast growth medium on LDEV-free hESC-qualified geltrex-coated dishes. The medium was 

replaced by TeSR-E8 (STEMCELL Technologies) on day 8. Colonies with typical morphology of human 

PSC were picked 3 – 4 weeks post transduction for further expansion and characterisation. Established 

iPSC lines were tested for mycoplasma contamination.  

2.2.3 Karyotype analysis 

To perform karyotype analysis, iPSCs were treated with 0.3 mg/ml Thymidine for 2 days to synchronize 

cell cycle, then incubated with 100 nM 2’-Deoxycytodine for 5 hrs to release cell cycle, followed by 

treatment with 0.1 μg/ml colcemid for 10 mins to arrest cells in metaphase. Cells were then suspended 

in fresh fixative composed of methanol and glacial acetic acid in 3:1 ratio and kept at 4 ° C. Giemsa-

banding karyotype analysis was carried out at LabPLUS in Auckland City Hospital. At least, 10 

metaphase spreads, with an average banding level of 450 bph, were investigated ruling out major 

structural and numerical abnormalities. 

2.2.4 Short tandem repeat (STR) analysis 

Genomic DNAs (in 4 ng/μl), extracted from iPSCs using the DNeasy Blood & Tissue kit (Qiagen), were 

sent for STR analysis, performed by DNA diagnostics (Auckland, New Zealand). Tested loci included 

D8S1179, D21S11, D7S820, CSF1PO, D3S1358, TH01, D13S317, D16S539, D2S1338, D19S433, 

vWA, TPOX, D18S51, D5S818, FGA and Amelogenin. 
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2.2.5 Scorecard Assay 

Prior to embryoid body (EB) formation, iPSCs were cultured in 100 mm geltrex-coated plates. Once 

cells reach 50% confluence, they were washed twice with DBPS and treated with 2 ml of 1 mg/ml 

Dispase (STEMCELL Technologies) at 37 °C for 5 mins. Cells were then washed twice with DBPS, 

scraped with a cell scraper and evenly split into 6-well low attachment plates (Corning), containing the 

Scorecard medium (DMEM/F12 with 20% KOSR, 1% GlutaMAX, 1% MEM Non-Essential Amino Acid, 

0.1% β-mercaptoethanol, 1% P/S and 5 μM Y27632) for EB formation. Media were changed every other 

day. On day 7, EBs were plated on geltrex-coated 6-well plates and differentiated until day 14. RNAs 

were extracted from iPSCs and day 14 EBs, which were then analysed using the TaqMan hPSC 

Scorecard Assay (Applied Biosystems), according to the manufacturer’s instructions. 

2.2.6 Nutlin-3a assay 

Caco-2, fibroblasts and iPSCs were treated with 10 μM nutlin-3a (Sigma) or DMSO for up to 7 days. 

Phase-contrast images were taken using the EVOS XL inverted microscope (Invitrogen). Cell number 

was counted using a haemocytometer. 

2.2.7 Tri-lineage differentiation 

Prior to direct differentiation to three germ layers, cells were grown as a monolayer to adequate 

confluence for respective germ layers (definitive endoderm: 70%, mesoderm: 20%, ectoderm: 10%) on 

geltrex-coated plates. To induce DE differentiation, cells were cultured in MCDB131 medium 

supplemented with 100 ng/mL Activin A, 3 μM CHIR99021, 8 mM D-glucose, 2.46 g/L NaHCO3, 2% 

FAF-BSA, ITS-X 1:50,000, 2 mM Glutamax, 0,25 mM Vitamin C and 1% penicillin/streptomycin. Medium 

change was done on day 2 and cells were differentiated until day 4. To induce mesoderm differentiation, 

cells were cultured in Advanced RPMI (Invitrogen) supplemented with 8 μM CHIR99021, 1x Glutamax, 

1% P/S. The medium was changed on day 2 and cells were differentiated until day 4. To induce 

ectoderm differentiation, cells were cultured in DMEM/F12 supplemented with 500 ng/mL Noggin, 10 

μM SB431542, 1% Glutamax, 1% B27-Supplement, 2% N2-supplement. Differentiation was continued 

until day 7 (medium change every second day). 
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2.2.8 Immunohistochemistry (IHC) 

Cells were fixed by immersion in 4% paraformaldehyde (PFA) for 20 mins at room temperature (RT). 

Cells were washed 3 times with PBST (5 mins each) and permeabilised with PBST for 20 mins at RT. 

Samples were blocked with blocking solution for 1 hr at RT, followed by incubation in blocking solution 

containing primary antibodies (listed in Table 2.3) overnight at 4 °C. The next day, samples were 

washed 5 times with PBST (5 mins each), followed by incubation in blocking solution containing 

secondary antibodies (listed in Table 2.3) of appropriate target species for 2 hours at RT, covered in 

silver foil to be protected from light. Samples were washed 5 times with PBST, then stained for 5 mins 

with Hoeschst in PBST with a dilution factor of 1000. Samples were then briefly washed twice with 

PBST and mounted in ProLong Diamond Antifade Mountant with DAPI (Life Technologies). Confocal 

images were taken using a Zeiss LSM 710 inverted confocal microscope. 

2.2.9 Flow cytometry 

Cells were dissociated into single cells by treating them with 0.5% trypsin at 37 °C for 10 mins. Trypsin 

was deactivated by adding 3 – 4 volumes of culture medium, then centrifuged at 800 rpm for 5 mins. 

After washing cells once with PBS, cells were fixed by immersion in 4% PFA and incubated at 4 °C for 

30 mins. Cells were washed once again with PBS and blocked with blocking solution at 4 °C for 1 hr. 

Cells were then re-suspended in blocking solution containing primary antibodies (listed in Table 2.3) 

and incubated at 4 °C overnight. The next day, cells were washed twice with blocking solution, then 

incubated in blocking solution containing secondary antibodies (listed in Table 2.3) of appropriate target 

species at 4 °C for 2 hrs, covered in silver foil to be protected from light. After washing 3 times with 

sorting buffer, cells were re-suspended in 500 µl sorting buffer by pipetting gently up and down to ensure 

single cell suspension. Cells were then analysed on a LSR-II flow cytometer (BD Biosciences) with a 

maximum of 30,000 events recorded. 

2.2.10 Antibiotics kill curve (iPSC) 

iPSCs were subjected to increasing amounts of antibiotics (G418 or puromycin) to find the minimum 

antibiotic concentration required to kill all the cells over the course of 4 days. Cells were split at a lower 

split ratio as antibiotics work best when cells are actively dividing. The growth media containing a 
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various concentration of either G418 or puromycin, as shown in Tables 2.6 and 2.7, were changed on 

a daily basis. On day 4, the minimum antibiotics concentration with no cell colonies was determined. 

G418 (50 mg/ml) 
Final Concentration (µg/ml) 

Volume of Stock Solution Added (µl) 

0 0 

1 50 

2 100 

3 150 

4 200 

5 250 

Table 2.6 Concentrations of G418 used for antibiotic kill curve 

Puromycin (1 mg/ml) 
Final Concentration (µg/ml) 

Volume of Stock Solution Added (µl) 

0 0 

0.2 0.2 

0.4 0.4 

0.6 0.6 

0.8 0.8 

1 1 

Table 2.7 Concentrations of puromycin used for antibiotic kill curve 

2.2.11 Cell Transfection 

Lipofectamine 3000 

Lipofectamine 3000 (Life Technologies) was used to transfect HEK293T cells with plasmids. Cells were 

cultured in 24 wells to be 70 – 90% at the time of transfection. 1 μL of Lipofectamine 3000 reagents 

was diluted in 25 μL of Opti-MEM with reduced serum medium (Life Technologies) in Tube A. In Tube 

B, 500 ng of DNA and 1 μL of P3000 reagent were added to 25 μL of Opti-MEM, followed by mixing 

with Tube A and incubation for 10 – 15 mins at RT. The mixture was then added to cells in 500 μL of 

growth medium. Transfected cells were cultured for 2 – 4 days, prior to analysis. 
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Lipofectamine Stem Transfection Reagent 

Lipofectamine Stem Transfection Reagent was used to transfect iPSCs with plasmids. Cells were 

seeded in 24 wells to be 20 – 30% confluent in the following day. 3 μL of Lipofectamine Stem reagents 

was diluted in 25 μL of Opti-MEM in Tube A. In Tube B, 500 ng of DNA was added to 25 μL of Opti-

MEM. Then Tube A and B were combined and incubated for 10 mins at RT, before adding it to cells in 

500 μL of growth medium. Transfected cells were cultured for 2 days, prior to analysis or cell sorting. 

2.2.12 DNA/RNA quantification 

NanoDrop One Microvolume UV-Vis Spectrophotometer (Life Technologies) was used to quantify 

concentrations and purities of DNA or RNA. Total RNA was also ran on an agarose gel to assess its 

integrity. Clear 28s and 18s rRNA bands represent intact total RNA. 

2.2.13 Polymerase Chain Reaction (PCR) based approaches 

Standard PCR 

AmpliTaq Gold 360 Master Mix (Life Technologies) was used to validate insertion or deletion in genomic 

DNA of genetically modified cell lines. 10 μL of PCR reactions was comprised of 5 μL of master mix, 1 

μL of forward and reverse primer set (10 mM), variable x μL of template DNA and water (up to 10 μL). 

It was scaled proportionally for different reaction volumes.  The following setting was used to perform 

PCR; 10 mins at 95 ֯C  35 cycles (30 sec at 95°֯ C, 30 sec at 60 °C and 1 min/kb at 72 °C)  7 mins at 

72  °C  hold at 4°C. PCR products were ran on a 1% agarose gel to determine the size and quality of 

bands. 

Phusion High-Fidelity DNA polymerase (Life Technologies) with a lower error rate was used to amplify 

the PCR products for DNA sequencing or cloning. 20 μL of PCR reactions consisted of 4 μL of 5X 

Phusion HF Buffer, 0.4 μL of 10 mM dNTPs, 1 μL of forward and reverse primer set (10 mM), variable 

x μL of template DNA and water (up to 20 μL). It was scaled proportionally for different reaction volumes. 

The following PCR setting was used to run PCR; 30 sec at 98°C  35 cycles (10 sec at 98°C, 30 sec 

at 60°C and 30 sec/kb at 72°C)  10 mins at 72°C  hold at 4°C. For subsequent applications (e.g. 
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DNA sequencing and cloning), PCR products were ran on a 1% agarose gel and DNA bands were 

excised and purified using the QIAquick PCR purification kit (Qiagen). 

Real-Time PCR (qPCR) 

Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen), followed by additional DNase I 

treatment (Life Technologies) to eliminate genomic DNA. The qScript cDNA Super Mix kit (Dnature) 

was used for cDNA synthesis (reverse transcription) using approximately the same amount of RNA 

between samples. The cDNA synthesis condition was as follows; 5 mins at 25°C  30 mins at 42°C  

5 mins at 85°C  hold at 4°C. To perform qPCR, cDNA samples were loaded onto a 394 well PCR 

plate, as experimentally planned. The qPCR reaction volume was 10 µL, consisting of 5 µL of qScript 

cDNA Super Mix, 5 ng of cDNA (corresponding to RNA concentration) and 400 nM qPCR primers and 

water (up to 10 µL). qPCR with the standard curve method was performed using the Perfecta SYBR 

FastMix Rox (Quanta) on a QuantStudio 6 Flex instrument (Applied Biosystems). The qPCR reaction 

condition was as follows; 2 mins at 50°C  10 mins at 95°C  40 cycles (15 sec at 95°C, 1 min at 

60°C)  15 sec at 95°C  1 min at 60°C  15 sec at 95°C. DNase-free water was used as non-

template control (NTC). qPCR data was validated by confirming a single distinct peak in melt curve. 

Reference gene to which genes of interest were normalized was determined using NormFinder. Gene 

expression values were calculated using the equation of (1+1*primer efficiency)^-delta Ct (= Ct of gene 

of interest minus Ct of reference gene). 

Reverse Transcription PCR (RT-PCR) 

RT-PCR was performed using cDNAs of iPSC lines to confirm the clearance of Sendai reprogramming 

vectors. PCR was performed using AmpliTaq Gold 360 Master Mix. PCR products were analysed by 

2% agarose gel electrophoresis. 

2.2.14 Restriction enzyme digestion 

Restriction enzyme (RE) digestions were performed either to insert a DNA fragment into a cloning vector 

or to check for successful integration. The SnapGene software was utilized to select RE(s) to be used. 

Generally, 500 ng – 1000ng of DNA fragments were digested in a 30 μL reaction containing 1 μL of the 

chosen RE(s) with 3 μL of appropriate 10X reaction buffer solution. If double digestion was needed, 
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Double Digest on the NEB website was used to select the best buffer that works for both enzymes. 

Reaction tubes were incubated at 37 °C for 1 – 4 hrs, followed by DNA gel electrophoresis (1% agarose) 

to visualize or excise the digested DNA fragments of interest. 

Enzyme Buffer Sequence 

HpyCH4V CutSmart TG CA 

NcoI NEBuffer 3.1 C CATGG 

AscI CutSmart GG CGCGCC 

BstXI NEBuffer 3.1 CCANNNNN NTGG 

SalI NEBuffer 3.1 G TCGAC 

 Table 2.8 List of restriction enzymes used in the study 

2.2.15 Plasmid cloning by PCR 

PCR based cloning was used to insert the DNA of interest into a backbone vector. The DNA fragment 

of interest was amplified from templates (e.g. plasmid and genomic DNA) using Phusion High-Fidelity 

DNA polymerase (Life Technologies). Then both amplified PCR products and recipient plasmids (1 μg) 

were digested using the same RE(s). If only one RE was used, the digested plasmid was treated with 

Calf Intestinal Alkaline Phosphatase (Life Technologies) to prevent re-circularization of the plasmid. 

After RE digestion, both digested PCR products and recipient plasmids were ran on a 1% agarose gel 

to isolate the DNA with the anticipated size. Then a DNA ligation was conducted to fuse the DNA insert 

to the recipient plasmid. The 10 μL ligation reaction in a PCR tube contained DNA insert and plasmid 

DNA in a 3:1 molar ratio (calculated from http://www.insilico.uni-duesseldorf.de/Lig_Input.html) with 1 

μL of 10X buffer, 1 μL of T4 DNA ligase and water (to a total of 10 μL). 100 ng of total DNA was used 

in a ligation reaction. The ligation reaction was carried out at RT overnight and then proceeded to 

bacterial transformation. 

2.2.16 sgRNA-Cas9 plasmid construction (Golden gate cloning) 

The CRISPOR website (http://crispor.tefor.net/crispor.py) was utilised to design and evaluate sgRNA 

sequences for the CRISPR/Cas9 system. Heteroduplexes of primers for a sgRNA were generated by 

adding 2.5 μL of both forward and reverse primers into a PCR tube containing 2.5 μL of ligase buffer 

and 42.5 μL of water, which was then run in thermocycler with the reaction conditions as follows; 37 °C 

http://www.insilico.uni-duesseldorf.de/Lig_Input.html
http://crispor.tefor.net/crispor.py
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for 30 mins  95 °C (5 mins)  ramp down to 25 °C at 0.1 °C per sec. Heteroduplexes of a sgRNA 

sequence were inserted into plasmids, such as pSpCas9(BB)-2A-GFP (PX458) or pKLV-

U6gRNA(BbsI)-PGKpuro2ABFP, using the golden gate cloning strategy. 7.5 μL of heterduplexes was 

added to a PCR tube containing a plasmid (150 ng), 1 μL of BbbsI, 1 μL of T4 ligase, 2 μL of 10x ligase 

buffer and water (upto 20 μL), followed by golden gate cloning reactions in the thermocycler. The golden 

gate cloning reaction conditions were as follows; 10 cycles (5 mins at 37 °C, 10 mins at 16°C)  30 

mins at 37 °C  20 mins at 65 °C. Upon completion, it was proceeded to bacterial transformation. 

2.2.17 Bacterial Transformation 

The chemically competent One Shot TOP10 cells (Life technologies) were transformed using the heat 

shock method. Prior to transformation, TOP10 cells were thawed on ice then 50 μL of cells were 

aliquoted into pre-chilled 1.5 ml Eppendorf tubes. 100 ng of plasmids or 5 μL of ligation reaction was 

added and mixed by gently pipetting up and down. Tubes were incubated on ice for 30 mins, heated at 

42 °C for 30 – 45 seconds in heating block, and then placed back on ice for 2 minutes. 250 μL of LB 

media was then added to the bacteria and incubated in 37 °C shaking incubator (at 220 rpm) for 1 hr. 

After incubation, some or all of the transformants were plated onto a 10 cm LB agar plate containing 

the appropriate antibiotic. Plates were incubated at 37 °C overnight. Single colonies were picked and 

grown in LB broth media containing antibiotics overnight, prior to proceeding to plasmid recovery. 

2.2.18 Bacterial glycerol stocks 

To prepare bacterial glycerol stocks, bacteria were cultured in Luria-Bertani (LB) broth media containing 

appropriate antibiotics at 37 °C on a shaker overnight. The overnight culture was then mixed with 60% 

glycerol in 1:1 ratio and transferred to cryogenic vials to be stored at the -80 °C freezer. When recovering 

bacteria from a glycerol stock, a pipette tip was used to scrape off some of the frozen bacteria onto a 

selective plate, which was then incubated at 37 °C. 

2.2.19 Plasmid Recovery 

Plasmids used for cloning were prepared using the Qiaprep Spin Miniprep kit (Qiagen), whereas the 

Zymopure II Plasmid Maxiprep kit (Zymoresearch) was performed, according to the manufacturer’s 
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instructions, to isolate transfection-grade plasmids (high yields and low endotoxin levels) used for 

transfecting human cells, including iPSCs and HEK293T cells. 

2.2.20 DNA sequencing 

All the DNA materials were sent to Massey Genome Service (Palmerston North) for DNA sequencing. 

2.2.21 Cryopreservation of iPSC 

Cells were washed twice with PBS, dissociated using GDR and resuspended in PBS. After 

centrifugation at 300 x g for 5 mins, cells were resuspended in mFreSR (STEMCELL Technologies) 

and transferred to cryogenic vials. Cryogenic vials were slowly frozen in the Mr.Frosty Freezing 

container (Life Technologies) at -80 °C overnight and then transferred to liquid nitrogen tank for long 

term storage. When reviving cells, frozen cells were rapidly thawed in a 37°C water bath and 

resuspended in pre-warmed mTeSR1. Cells were centrifuged to remove the remaining mFreSR and 

plated at high density to promote cell survival. 

2.2.22 FLIPR Calcium 5 assay 

iPSCs were differentiated into beta cells in 96-well black wall, clear bottom plates. The FLIPR calcium 

5 assay kit (R8185 Explorer Kit from Molecular Devices) was then used to measure changes in 

intracellular calcium levels in beta cells in response to either high glucose (25 mM) or KCl (30mM) 

challenge. Loading buffer was prepared by mixing 10 mL of each Component A and Component B, 

included in the kit. 500 mM of probenecid prepared using 1N NaOH was diluted in Component B to 

make 250 mM working solution which was added to loading buffer to make the final concentration of 

2.5 mM probenecid. Cells were washed twice with PBS and incubated in 100 μL of Krebs buffer 

containing 2mM glucose at 37 °C. After an hour, 100 μL of loading buffer was added to each well and 

cells were incubated for 1 hr at 37 °C. Plates were then placed in FLUOstar optima plate reader to 

measure fluorescence signal. 10 μL of water was injected at t = 10 secs whereas 10 μL of either glucose 

(550 mM) or KCl (660 mM) was injected at t = 40 secs to achieve the final concentration of 25 mM 

glucose or 30 mM KCl, respectively. Readings were taken every second for 2 mins. Relative 

fluorescence unit (RFU) was calculated by subtracting reading at t = 0 from each fluorescence reading. 
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2.2.23 Western blotting 

Cells were washed twice with cold PBS and lysed by adding lysis buffer mixed with 5 protease inhibitors 

(listed in Table 2.1) and keeping on ice for 5 – 10 mins. Cell lysates were collected using a cell scraper 

and transferred to 1.5 mL Eppendorf tubes on ice. Tubes were then centrifuged at >13,000g for 10 mins 

at 4 °C and supernatants containing protein lysates were transferred to a fresh tube on ice. BCA assay 

(Pierce) was carried out to measure the protein concentration. Serial dilution of 2 mg/ml BSA (ICP Bio) 

was performed to make a standard curve. 2 µL of cell lysates were added into 96 well plate in duplicates. 

200 µL of BCA reagent, prepared by mixing the reagent A with reagent B at a 50:1 ratio, was added to 

each well and the plate was incubated at 60 °C for 15 mins. Absorbance was measured at 562nm using 

Synergy 2 Multi mode microplate reader (BioTek). Protein concentrations were determined based on 

the standard curve. Approximately 30 µg of protein lysates were combined with 5x protein loading dye 

and incubated at 95 °C for 3 mins, prior to loading into gels. To prepare home-made 8% SDS 

polyacrylamide gels, resolving gel (Table 2.9) was poured into Mini-PROTEIN casting apparatus (Bio-

Rad). After 30 mins, stacking gel (Table 2.9) was poured on top of the resolving gel, followed by insertion 

of gel loading comb. Once settled down, protein lysates, previously heated with loading dye, were 

loaded into each well of the gel and were ran at 80V until the blue loading dye band was nearly off the 

gel. Upon completion of electrophoresis, gel was transferred to transfer buffer (gel). At the same time, 

nitrocellulose membrane was soaked in transfer buffer (membrane). Then the transfer stack was 

assembled on Trans-Blot Turbo transfer system (Bio-Rad) by placing in the following order; 4 sheets of 

filter paper pre-soaked in transfer buffer (membrane), the nitrocellulose membrane, the gel and another 

4 sheets of filter paper pre-soaked in transfer buffer (gel).  Protein transfer was performed at 0.13A for 

40 mins. After transfer, membranes were blocked in blocking buffer for 1 hr at RT on the rocker, followed 

by overnight incubation with primary antibodies (whose dilution factors are detailed in Table 2.3) at 4 

°C. Membranes were washed in TBST three times (5 mins each) and incubated with appropriate 

secondary antibodies for 1 hr at RT on the rocker. Membranes were washed in TBST three times (5 

mins each), stained with ClarityTM Western ECL blotting substrates (Bio-Rad) for 4 mins and then sealed 

within plastic wrap for image analysis. Western blot images were taken using ChemiDoc MP imaging 

system (Bio Rad). 
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Components 8% Resolving gel (for 4 gels) Stacking gel (for 4 gels) 

Water 15.8 mL 8.7 mL 

40% Acrylamide 6 mL 1.5 mL 

1.5 M Tris pH 8.8 7.6 mL - 

1.5 mM Tris pH 6.8 - 1.5 mL 

10% SDS 300 µL 120 µL 

10% APS 300 µL 120 µL 

TEMED 18 µL 12 µL 

Table 2.9 Recipes for resolving and stacking gels. 

2.2.24 Glucose stimulated Insulin/C-peptide secretion assay 

Krebs buffers containing 2 mM glucose (LG), 25 mM glucose (HG) or 2 mM glucose and 30 mM KCl 

(KCl) were prepared and equilibrated at 37 °C. Differentiated beta cells were washed twice with Krebs 

buffer and then pre-incubated in Krebs buffer (LG) for 1 hr to remove residual insulin. Cells were washed 

twice with Krebs buffer (LG) and then incubated in Krebs buffer (LG) for 30 mins. LG samples were 

collected after incubation and stored at -80 °C for future usage. Cells were then washed twice with 

Krebs buffer (LG) and sequentially challenged by high glucose by 30 mins incubation in Krebs buffer 

(HG). HG samples were collected and stored at -80 °C for future usage. Cells were washed twice with 

Krebs buffer (LG) and incubated in Krebs buffer (KCl) for 30 mins. KCl samples were collected and 

stored at -80 °C for future usage. After the KCl challenge, cells were washed twice with PBS and then 

lysed to extract RNA. Samples containing secreted insulin and C-peptide were processed using either 

Human Ultrasensitive Insulin ELISA (ALPCO Diagnostics) or C-peptide ELISA (ALPCO Diagnostics) 

and samples were measured by the Synergy 2 Multi mode microplate reader (BioTek) at 450 nm. Insulin 

or C-peptide concentrations were normalized by the RNA concentration in each sample, if required. 

2.2.25 Fluorescence-activated cell sorting (FACS) and re-plating of transfected 

iPSCs 

Cells transfected with CRISPR/Cas9 materials were dissociated into single cells using GDR for 5 – 10 

mins at RT. Dissociated cells were filtered by a 40 μM cell EASYstrainer (Carlroth), then resuspended 

in sorting buffer. For cell sorting, iPSCs expressing GFP proteins were isolated using the BD 

FACSAriaTM III sorter. 5,000 – 20,000 GFP-expressing cells were sorted from each sample and 
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approximately 5,000 cells were re-plated into a 100mm-plate containing mTeSR1 medium 

supplemented with 10 μM Y27632. 

2.2.26 Single-cell RNA sequencing (scRNA-seq) 

Isolating cells and performing scRNA-seq 

DMSO- and Alk5ill-treated iPSC-derived beta cells were separately prepared for the use in 10X 

Genomics scRNA-Seq as follows: Differentiated cells were treated with TrypseLE Express (30 mins at 

37 °C) and gently dissociated using a P1000 pipette. Cells were then washed with cold PBS + 0.04% 

BSA, centrifuged at 300g for 5 mins and resuspended in cold PBS + 0.04% BSA. This process was 

repeated once again. Cells were then filtered through a 40 μM cell EASYstrainer (Carlroth), counted 

using a hemocytometer and resuspended to the working concentration for 10x Genomics scRNA-Seq 

(1,000 cells per 1 μL) in cold PBS + 0.04% BSA. scRNA-seq cDNA library was constructed using the 

10x genomics platform by Auckland Genomic. Approximately, 8000 cells were encapsulated and used 

for cDNA library construction for each treatment. The library was then sequenced on Next Generation 

Sequencing platform. 

Analysing data using Seurat v3 

The Cell Ranger Software Suite (provided by 10x genomics) was used for de-multiplexing samples, 

processing barcodes, and counting single cell 3’ UMI. RNA-seq aligner STAR was used then for 

alignment using the Mahuika supercomputer (provided by NESI) with human GRCh38 as the reference 

genome. Seurat v3 was used for analysis and comparison between samples. scRNA-seq data for 

Melton’s PSC-derived beta cells and native human pancreatic cells were downloaded from GEO 

(accession number GSE114412 and GSE114297, respectively). When comparing our samples to the 

downloaded samples, genes that are present in all samples were only used for analysis. Following 

filtering criteria for each sample were used: 1) gene number between 200 and 10000, 2) mitochondrial 

gene percentage below 25%. Filtered samples were normalized using the SCTransform function 

(provided in the Seurat package) and then integrated using the integration function (provided in the 

Seurat package; (Butler et al. 2018)) to remove batch effect across different samples. Integrated sample 

was normalized once again with the SCTransform function. Principal component analysis (PCA) was 
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used for dimensionality reduction and the Elbow plot was generated to determine the optimal 

dimensionality of the sample. Uniform Manifold Approximation and Projection (UMAP) was then 

performed using the number of principal component, indicated by the Elbow plot, for visualisation. 

Differential analysis was performed following the instruction available on this website 

(https://satijalab.org/seurat/v3.2/immune_alignment.html). In addition, Gene ontology (GO), KEGG and 

Gene Set Enrichment Analysis (GSEA) were carried out with clusterProfiler (Yu G et al. 2012). 

Hierarchical clustering trees were generated based on pair-wise correlation between each cluster. 

2.2.27 Development of an in-house in-vitro beta cell differentiation protocol 

To better understand the role of SNP at the TCF7L2 locus in T2D risk, it was necessary to develop 

iPSC-derived functional beta cells in vitro. Initially, we tested the Melton lab’s first in-vitro protocol that 

successfully induced glucose-responsive beta cell from iPSCs. However, we were unable to replicate 

their results in our lab using our iPSCs. Therefore, we comprehensively tested multiple factors in order 

to develop a protocol that efficiently converts our iPSCs into functional beta cells. The purpose of each 

experiment performed during protocol development is summarized in Table 2.10. Each experiment is 

described in more depth in Chapter 4 and Supplementary Figure 1. 

 

Table 2.10 Objective of the experiments conducted in Chapter 4 

2.2.28 Final beta cell differentiation protocol 

To generate functional beta cells in vitro using our Final Protocol (Table 2.11), undifferentiated iPSC 

lines were seeded into geltrex-coated plates and expanded in mTeSR1 until it reaches ~70%confluency. 

Cells were then washed twice with DPBS and treated with beta cell differentiation medium prepared 

https://satijalab.org/seurat/v3.2/immune_alignment.html
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following the recipes shown in Table 2.10. The medium was changed on day 1, 2, 4, 6, 7, 8, 9, 11, 12, 

14, 15, 16, 17, 18, 20, 22, 24 and 26 with corresponding differentiation medium. 

 
 

 
 
Table 2.11 Basal media (BM) formulation and chemical factors used in our Final Protocol. 

 

Table 2.12 Company name and catalogue number of chemical products used in the Final Protocol 

2.2.29 Statistical analysis 

Statistical analysis was performed using Graph Pad Prism 8.0 (Graph Pad Software Inc). Statistical 

significance was calculated using ANOVA or unpaired and paired t tests where only two groups were 

being compared. 
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2.2.30 Ethics 

All work was carried out with the biosafety approval of the University of Auckland (GMO05). The 

collection of human samples and generation of iPSC lines were approved by the University of Auckland 

Human Participants Ethics Committee (UAHPEC 8712) with written informed consent (including 

consent for future use and distribution) and complied with relevant New Zealand legislation and 

guidelines. 
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3. Derivation and genetic modification of human iPSC lines 

3.1 Introduction 

Many SNPs associated with diseases such as T2D are positioned in non-coding regions of the human 

genome that are not well-conserved in traditional animal models (Kwak and Park 2016). Moreover, the 

effects of SNPs are influenced by chromosomal structure that varies between different cell states (Zaina 

et al. 2010). For these reasons it is very challenging to study human-specific SNPs, especially if they 

are associated with tissues that are difficult to obtain, such as pancreatic tissue. To functionally evaluate 

the increasing number of human-specific SNPs linked to diseases, a model is needed that not only 

recapitulates both human genome and cellular states, but is also easily accessible and scalable to 

satisfy the growing need. For this reason, Yamanaka's discovery of iPSCs has been a significant 

advance as it provides such a model (Takahashi et al. 2007). Key aspects of iPSCs include their 

unlimited self-renewal capacity of iPSCs and the large number of protocols to differentiate iPSCs into 

tissues such as muscle, neurons, kidney, heart, intestine and pancreas (Spence et al. 2011; Shi et al. 

2012; Pagliuca FW et al. 2014; Batalov and Feinberg 2015; Przepiorski et al. 2018; van der Wal et al. 

2018). Furthermore, with recent advances in gene editing technologies, it has now become a much 

easier task to generate isogenic pairs of disease-specific and control iPSCs that differ only in a single 

SNP, thereby reducing variation due to genetic heterogeneity. 

The aim of this chapter was to firstly derive New Zealand’s first iPSC lines from adult human dermal 

fibroblasts using the integration-free Sendai virus-based reprogramming kit and then characterise these 

cells for their pluripotent potential (Note: the reprogramming was performed as part of a team that also 

included the Davidson and Shepherd lab researchers: Aneta Przepiorski, Jennifer Hollywood, Betty 

Shih, Rachel Dodd, Brie Sorrenson, Teresa Holm and myself). Secondly, we sought to use 

CRISPR/Cas9 technology to genetically manipulate the rs7903146 locus, with the aim of generating 

isogenic cell lines with either the T or C alleles and deleting (knocking out) the rs7903146 locus by 

creating a small deletion. Thirdly, we sought to create iPSC lines in which the expression of TCF7L1 

could be conditionally induced using a doxycycline (DOX)-inducible system, as well as TCF7L1 knock-

out iPSC lines. 



53 
 

3.2 Results 

3.2.1 Derivation of human iPSC lines 

3.2.1.1 Adult dermal fibroblasts were transduced with OSKM to generate iPSC lines. 

As part of an ethically approved study (17/NTA/204), the Davidson and Shepherd laboratories recruited 

healthy volunteers to donate skin samples as a source of dermal fibroblasts (Figure 3.1A). We then 

used the integration-free Sendai virus system (Invitrogen CytoTune-iPS 2.0 Sendai Reprogramming kit) 

to introduce the Yamanaka factors and reprogram these cells into iPSCs (the workflow for the cellular 

reprogramming is detailed in Figure 3.1B). Seven days after transduction, the transduced cells were 

plated onto 100 mm geltrex-coated plates. The next day, the fibroblast medium was replaced with E8 

medium. 

Over the first 10 days following viral transduction, we observed the conversion of fibroblasts from their 

typical spindle-like shape into cells displaying a more compact morphology. At approximately 2 weeks 

post-transduction, more notable cellular changes included distinct colony borders, pronounced nucleoli 

and increased ratio of nuclear to cytoplasmic volume (Figure 3.1C). Consistent with previous reports 

(Takahashi and Yamanaka 2016), the efficiency of iPSC colonies emerging from dermal fibroblasts was 

low as well as the timing of individual iPSC colonies emerging was highly variable. Colonies that 

appeared like iPSCs at 25 and 40 days post-transduction were manually picked and transferred into 

fresh culture plates for expansion and characterisation. We named our individual iPSC lines with the 

prefix MANZ (reflecting the Maurice Wilkins Centre (a source of early funding) and University of 

Auckland, New Zealand) followed by a unique number that represents the donor, followed by another 

unique number that represents the colony/clone number. 

3.2.1.2 MANZ2-2 and MANZ4-37 express pluripotency markers at both RNA and protein levels 

Six lines from each donor sample were randomly selected and sent for karyotyping analysis. MANZ2-2 

and MANZ4-37 (Figure 3.2A) were found to be karyotypically normal (46XX and 46 XY, respectively) 

with no major structural chromosome abnormalities detected (Figure 3.2B) and were selected for further 

characterisation. Short tandem repeat (STR) analysis confirmed that both MANZ lines were genetically 

identical to their parental fibroblasts, indicating that cross contamination with other cells had not 
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occurred during the reprogramming process (Supplementary Figure 3.1A; note: we have not included 

the complete STR analysis here, as this can potentially be used to reveal the identity of the donors). 

RT-PCR using Sendai-virus vector specific primers confirmed that both MANZ lines were free of the 

reprogramming vectors (Supplementary Figure 3.1B) and expressed the endogenous pluripotency 

factors OCT4, NANOG and SOX2, indicating the successful establishment of a stable pluripotency 

network (Figure 3.2C). In addition, the pluripotency-associated cell surface antigen markers, including 

SSEA-4, TRA-1-60 and TR-1-81, were detected by immunostaining (Figure 3.2D), whereas the 

differentiation marker SSEA-1 was not detected in either line (Supplementary Figure 3.1C), providing 

further evidence for the cell’s pluripotent status. 

 

Figure 3.1 iPSCs were derived from healthy New Zealand donors using the integration-free Sendai virus-based 
reprogramming kit. (A) Medical information of the fibroblast donors. (B) The workflow for cellular reprogramming. (C) 
Morphological changes of fibroblasts over cellular reprogramming. Scale bars: 400 µm. 
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Figure 3.2 MANZ2-2 and MANZ4-37 have normal karyotype and express pluripotency markers. (A) Phase contrast images 
of MANZ2-2 and MANZ4-37 colonies. Scale bars: 1000 µm. (B) Karyogram showing karyotype of both iPSC lines. (C) qPCR 
results showing expression of pluripotency marker genes in MANZ2-2 and MANZ4-37 lines relative to parental fibroblasts. Data 
represent means ± SD, n = 3 (D) Immunostaining of pluripotency markers SSEA-4, TRA1-60 and TRA1-81 for MANZ2-2 and 
MANZ4-37 lines. Scale bars: 100 µm. 
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3.2.1.3 MANZ2-2 and MANZ4-37 have not acquired p53 mutations. 

PSCs have a tendency to acquire TP53 mutations either during the reprogramming process or by 

selection during propagation, as this confers a growth advantage (Merkle et al. 2017). As such 

mutations are undesirable, as they may influence the behaviour of the cells in downstream experiments, 

we sought to determine whether TP53 was functional in our donor MANZ lines. To do this, we made 

use of Nutlin-3a, a small chemical MDM2 inhibitor that disrupts MDM2-p53 interactions and leads to 

cell cycle arrest and apoptosis. This death-inducing effect of nutlin-3a is dependent on ‘intact’ (i.e. 

functional p53) and has been used as a rapid read-out of p53 mutations in other cell lines (Kucab et al. 

2017). 

Prior to reprogramming, the fibroblasts collected from the two donors were screened for p53 mutations 

using Nutlin-3a. A colon cancer (Caco-2) cell line that is known to carry p53 mutations was used as a 

positive control for the assay (Ray et al. 2011). The fibroblasts and Caco-2 cells were treated with 10 

µM of Nutlin-3a for 7 days and their end point cell numbers were compared to their own controls (treated 

with DMSO for 7 days). While no significant difference was observed in Caco-2 cell counts between 

Nutlin-3a and DMSO treatment, MANZ2 and MANZ4 donor fibroblasts showed sensitivity, with their cell 

numbers being significantly reduced compared to DMSO-treated cells (Figure 3.3A). 

After reprogramming, the same assay was repeated with the MANZ lines. As a positive control, TP53-

knockout (TP53-KO) iPSCs were used (generated by Dr George Chang in the Davidson laboratory) 

that contained a 106 bp frame-shift inducing deletion (Supplementary Figure 3.2A-C). TP53-KO iPSC 

cells remained unaffected by Nutlin-3a treatment (Figure 3.3B). By contrast, a rapid and complete 

eradication of MANZ2-2 and MANZ4-37 cells were observed within 24 hours of 10 µM Nutlin-3a 

treatment. It has been reported that PSCs are hypersensitive to P53-mediated apoptotic stimuli 

(Setoguchi et al. 2016). Based on these results it was concluded that the MANZ2-2 and MANZ4-37 

lines have not acquired p53 mutations during the process of reprogramming. 
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Figure 3.3 Parental fibroblasts and iPSCs are sensitive to Nutlin-3a. (A) Phase contrast images (Scale bars: 400 µm) and 
relative cell count of Caco-2 and fibroblasts (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)) treated with 
DMSO or 10 µM Nutlin-3a for 7 days. (B) Phase contrast images of TP53 KO, MANZ2-2 and MANZ4-37 iPSCs treated with 
DMSO or 10 µM Nutlin-3a for 24 hours. Scale bars: 1 mm 

3.2.1.4 MANZ2-2 and MANZ4-37 are pluripotent  

Traditionally, the teratoma formation assay is considered the “gold standard” for demonstrating 

pluripotency. However, more recently a cheaper, faster and animal-free alternative has been developed 

called the TaqMan hPSC Scorecard assay (Tsankov et al. 2015). This assay is qPCR-based and 

consists of a panel of 96 TaqMan qPCR reactions with primers to genes involved in self-renewal and 
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mesendoderm, ectoderm, mesoderm and endoderm formation. The Ct values obtained from the 

Scorecard assay are processed using the Scorecard analysis software that generates a score by 

comparing the gene expression profile to that of undifferentiated and differentiated (embryoid body) 

samples from a reference set derived from 13 different PSC lines. 

The Scorecard assay was performed with undifferentiated MANZ2-2 and MANZ4-37 iPSC lines as well 

as 14 day-old embryoid bodies derived from either line via spontaneous differentiation. The Scorecard 

gene expression report showed that our undifferentiated iPSC lines were comparable to the 

undifferentiated PSC lines in the reference set in terms of self-renewal markers, whereas germ layer-

specific markers were repressed (Figure 3.4A). Embryoid bodies derived from our iPSC lines showed 

down-regulation of self-renewal markers and an upregulation of germ layer-specific markers compared 

to their undifferentiated states (Figure 3.4A).  

Figure 3.4B shows the algorithm scores of the tested samples in relation to the range of scores for the 

undifferentiated reference set, represented by grey box and whisker plots. The iPSC samples of both 

MANZ lines were located within the reference set for the self-renewal category or within or below the 

reference set for the germ layer categories. In contrast, the EB samples derived from both MANZ lines 

were positioned below the reference set for the self-renewal category, but positioned above for the 

germ layer categories. A tendency towards mesodermal markers compared to ectodermal and 

endodermal markers was evident for both MANZ lines, indicating two possible interpretations: 1) the 

Scorecard differentiation medium favours the mesodermal lineage over the other germ layers, or 2) 

both iPSC lines intrinsically possess a tendency to differentiate into the mesodermal lineage. 

Interestingly, the degree to which endodermal and ectodermal markers were repressed were relatively 

strong in comparison to mesodermal markers in both undifferentiated MANZ lines (Figure 3.4A), which 

may explain the biased differential potential towards the mesodermal lineage.  

The overall result of the Scorecard analysis indicates that both MANZ2-2 and MANZ4-37 passed the 

assessment for pluripotency and trilineage differentiation (Figure 3.4C). 
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Figure 3.4 MANZ2-2 and MANZ4-37 are pluripotent based on the TaqMan Scorecard assay. (A) Heatmap showing genes 
associated with self-renewal, mesendoderm, ectoderm, mesoderm and endoderm in iPSCs and embryoid bodies. Different levels 
of fold change are represented in different colours. Fc represents fold change (B) Algorithm Scores for iPSCs and embryoid 
bodies. Algorithm scores are calculated based on published work (Bock et al. 2011). Grey box and whisker plots represents the 
range of scores for the reference set of 13 different pluripotent stem cell lines. (C) Summary of the Scorecard results confirming 
pluripotency and differentiation potential of MANZ2-2 and MANZ4-37. 

3.2.1.5 MANZ2-2 and MANZ4-37 differentiate into all three germ layers upon directed 

differentiation. 

A useful feature of PSCs is their ability to be differentiated into a single germ layer lineage, as this is 

often the starting point for protocols that generate specific cell types. To confirm that our MANZ lines 

could be differentiated into either endodermal, mesodermal or ectodermal cell types, we cultured the 

cells in media that specifically induces a single germ layer (Surmacz et al. 2012; Pagliuca FW et al. 

2014; Przepiorski et al. 2018). For DE, MANZ2-2 and MANZ4-37 were cultured in differentiation media 

supplemented with the factors Activin A and CHIR99021 (a Wnt pathway agonist). For mesoderm, 
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CHIR99021 alone was used, while for ectoderm, Noggin (a BMP signaling pathway antagonist) and 

SB43142 (a TGFβ pathway antagonist) were used. Cells were harvested after 4 to 10 days (according 

to the respective protocol, see Methods) and analysed by qPCR, immunostaining and flow cytometry. 

qPCR analysis revealed that there was a significant increase in expression of the respective germ layer 

marker genes (Figure 3.5). Specifically for DE there was an upregulation of SOX17, FOAX2 and CXCR4, 

for mesoderm there was an upregulation of TBXT, MIXL1 and TBX6, while for ectoderm there was an 

upregulation of NES and TUBB3. In accordance with qPCR results, immunostaining confirmed the 

presence of the protein markers, appropriate to each germ layer (Figure 3.6A and B). To quantitate the 

differentiation efficiencies, flow cytometry was performed and revealed a 83 – 99% conversion of the 

cells across all three germ layers for both MANZ lines (Figure 3.6A and B). Taken together, it was 

concluded that MANZ2-2 and MANZ4-37 are capable of sensing exogenous factors and differentiating 

specifically into a respective germ layer. 

 

Figure 3.5 Expression of the respective germ layer marker genes was significantly upregulated upon exogenous ques. 
qPCR analysis showing relative gene expression of markers of endoderm, mesoderm and ectoderm measured upon trilineage 
differentiation and compared to undifferentiated iPSCs. Data represent means ± SD, (n = 3, two sample t-test, p value = .033 
(*), .002 (**) or < .001 (***)) 



61 
 

 

Figure 3.6 Immunostaining confirms the presence of the respective germ layer marker. (A, B) Immunostaining and flow 
cytometry of germ layer-specific protein expression (endoderm: SOX17 and CXCR4, mesoderm: BRACHYURY (only for flow 
cytometry) and CXCR4, ectoderm: PAX6 and TUJ1) after trilineage differentiation of MANZ2-2 and MANZ4-37 iPSCs. Scale bars: 
100 µm. 
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3.2.2 Generation of genetically modified iPSC lines 

3.2.2.1 MANZ cells can be transfected with Lipofectamine® Stem Reagent 

With the advent of various gene editing technologies, genetic modification has become an essential 

tool in PSC research. One of the crucial steps in genetic modification is delivering nucleic acids such 

as plasmids into cells. Although iPSCs are "difficult-to-transfect" cells, multiple gene delivery methods 

have been developed to overcome this barrier (Sharifi Tabar et al. 2015). To identify the optimal delivery 

system for our MANZ lines, we compared the efficiency of two different transfection reagents using 

MANZ4-37: 1) TransIT®-Low Toxicity 1 (Mirus Bio), which is a polymer-based transfection reagent and 

2) Lipofectamine® Stem Reagent (Life Technologies), which is a lipid-based reagent. To determine an 

optimal transfection condition for each transfection reagent, we tested different volumes of transfection 

reagent with plasmids encoding an enhanced green fluorescent protein (eGFP). After 48 hours (for 

maximal protein expression), transfection efficiency was assessed by a fluorescence microscope and 

flow cytometry by GFP. 

For TransIT®-Low Toxicity 1, we observed a significant cytotoxicity after 48 hours of transfection (cell 

death > 80%) with no GFP expression (Figure 3.7B). In contrast, we yielded better GFP fluorescence 

signals with Lipofectamine® Stem Reagent with the recommended amount of transfection reagent and 

DNA in the manual: 1 µL transfection reagent and 500 ng DNA in 500 µL culture medium (Figure 3.7A). 

In addition, increasing the amount of transfection reagent led to a better transfection efficiency (Figure 

3.7A). No obvious cytotoxicity was observed for the different volumes of transfection reagent. However, 

cells should have been stained with Hoechst (nucleus staining) to calculate cell density, which would 

have allowed for more accurate comparisons between each treatment. Flow cytometric analysis 

revealed that 3 µL of transfection reagent with 500 ng of plasmid (in 500 µL culture medium) led to 7.5% 

of cells expressing GFP (Figure 3.7B). Therefore, Lipofectamine® Stem Reagent was used to transfect 

our MANZ lines for the subsequent experiments. 
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Figure 3.7 iPSCs can be efficiently transfected using Lipofectamine Stem Reagent. (A) Titrating Lipofectamine Stem 
Reagent based on GFP fluorescence signals. (B) Flow cytometric analysis showing cells transfected with eGFP plasmids with 
different transfection methods. 

 

3.2.2.2 Failure to gene edit the rs7903146 locus using CRISPR/Cas9 

HDR-dependent CRISPR gene editing  

Encouraged by the recent successes in CRISPR-mediated genome editing in PSCs (Kime et al. 2016), 

we made attempts to generate isogenic pairs of MANZ cells with either the C (‘safe’) or T (‘risky’) alleles 

at the rs7903146 locus. Firstly, the rs7903146 loci of our MANZ lines were genotyped, revealing that 

MANZ2-2 is a carrier of both C- and T-alleles whereas MANZ4-37 is a homozygote carrier of the C-

allele (Figure 3.8A). Next, we selected sgRNAs that target the rs7903146 locus using the CRISPOR 

website tool. There were three main considerations in terms of selecting optimal sgRNAs: 1) a short 

distance between the Cas9 cut site and the edit site (Paquet et al. 2016), 2) minimal off-target activity 

(Zhang XH et al. 2015) and 3) GC content within 40 - 60% (Liu X et al. 2016). We selected four sgRNAs 

whose distance from their cut site to the locus is shown in Figure 3.8B. As rs7903146 is flanked by the 

AT-rich region which lacks PAM (NGG) sequences (Figure 3.8A), there were no sgRNAs available that 
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can cut within 10 bases of the locus for maximum efficiency (Paquet et al. 2016). Each sgRNA was 

cloned into pSpCas9(BB)-2A-GFP vector (Addgene) using BbsI and golden gate cloning. The final 

constructs were validated by DNA sequencing (Supplementary Figure 3.3A). 

To experimentally assess the cutting efficiencies, the sgRNA constructs were transfected into HEK293T 

cells. The PCR amplicons (containing the rs7903146 locus) were Sanger sequenced (Supplementary 

Figure 3.3B) and then analysed using TIDE (Tracking of Indels by DEcomposition) software, which 

compares the spectrum and frequency of mutations generated in sgRNA-transfected cells to that of 

control eGFP-transfected cells to calculate the cutting efficiency. The analysis revealed that 

rs7903146_sgRNA4 was the most efficient sgRNA, with a cutting efficiency of 11.7% (Figure 3.8C). 

However, HDR efficiency is known to be largely dependent on "cut-to-mutation distance" and goes 

down to near zero if the edit site is more than 45-bps away from the Cas9 cut site (Paquet et al. 2016). 

For this reason, rs7903146_sgRNA1, which is the closest functional sgRNA to the edit site, was 

selected for subsequent targeting. 

In the HDR-dependent CRISPR system, single-stranded DNA templates (ssODNs) generally contain a 

PAM-blocking mutation to prevent re-cutting once the desired edit has been introduced. When targeting 

a single base change within protein-coding regions, this can be introduced in the form of silent mutation. 

However, as the rs7903146 locus resides within non-coding regions and is not a part of the PAM site, 

a control line that carries the original SNP at the target locus as well as the introduced PAM-blocking 

mutation was needed to be generated to ensure the PAM mutation does not confer a phenotype on its 

own. As previously described by Richardson et al. (2016), we designed two 127-bps single-stranded 

DNA templates that are complementary to the non-target strand and have an asymmetric configuration 

in relation to the cut site of rs7903146_sgRNA1 (36-bps distal and 91-bps proximal to the cut site) 

(Figure 3.8D). Each ssODN carried either G (the complement of C) or A (the complement of T) at the 

target locus as well as a PAM-blocking mutation. 

MANZ4-37 cells were co-transfected with the rs7903146_sgRNA1 construct and either ssODN(G) or 

ssODN(A). After 48 hours, cells were sorted by GFP, plated and then expanded as single colonies. 

Because the PAM-blocking mutation in ssODNs create a new RE site for HpyCH4V, we next performed 

restriction fragment length polymorphism analysis to identify clones with HDR events. We amplified the 

295-bps sequence around the rs7903146 locus from each individual clone, followed by RE digestion 
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with HpyCH4V, which should generate 193-bp and 102-bp sized sequences if the desired modification 

has occurred. However, we found that none of the iPSC clones integrated the desired modification 

(Figure 3.8E). 
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Figure 3.8 We failed to generate rs7903146 knock-in lines via HDR-mediated CRISPR/Cas9. (A) DNA sequencing showing 
the genotype of MANZ2-2 and MANZ4-37 at the rs7903146 locus. (B) Schematic diagram depicting cleavage site of the sgRNAs 
targeting the region around rs7903146. (C) TIDE analysis calculating cutting efficiency of the sgRNA constructs. (D) Design of 
ssODNs used to introduce a point mutation and schematic depicting HDR at the rs7903146 locus. (E) DNA sequences containing 
rs7903146 were amplified by PCR from 8 clones transfected with ssODN(G) and 18 clones transfected with ssODN(A) and 
digested with HpyCH4V (1 = undigested, and 2 = digested). Puro-Cas9 donor, which has multiple cut sites for HpyCH4V, was 
used a positive control.  
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CRISPR-mediated cytosine base editing technology 

Given the difficulties with the HDR-based modification of rs7903146, we next turned to base editing 

technologies. Based on the CRISPOR website, we identified two sgRNAs that can deliver xCas9-based 

base editors to the site where C-allele of the rs7903146 locus is positioned within the editable scope of 

the non-target strand (generally five nucleotides from position 4 to 8 if counting the PAM as positions 

21 - 23) (Figure 3.9A). In addition, no other Cs were present within the editing window, avoiding 

undesirable nucleotide changes. Each sgRNA was incorporated into two different sgRNA expression 

plasmids, pGL3-U6-sgRNA-PGK-puromycin (Addgene) and pSPgRNA (Addgene) using BsaI and BbsI, 

respectively, and golden gate cloning. The plasmids were Sanger sequenced to validate their correct 

integration (Supplementary Figure 3.4A). 

As the HEK293T line was found to be homozygous for the T-allele at rs7903146 (Supplementary Figure 

3.3B), we directly transfected MANZ4-37 cells with either xCas9(3.7)-BE3 (Addgene) or xCas9(3.7)-

BE4 (Addgene) plasmids as well as one of the sgRNA constructs in order to assess base editing 

efficiencies. The combination of base editors and sgRNA constructs used in the experiment is 

summarised in Figure 3.9B. In addition, the eGFP plasmid was included in all combinations as measure 

of transfection efficiency. We amplified the region containing rs7903146 from the transfected cells (48 

hours post-transfection) and Sanger sequenced them (Supplementary Figure 3.4B). The resulting data 

were then analysed by TIDER (Tracking of Insertions, DEletions and Recombination events) software, 

which calculates the efficiency of point mutations. Based on the TIDER result, none of the combinations 

yielded successfully edited clones (Supplementary Figure 3.4C). 
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Figure 3.9 We failed to generate rs7903146 knock-in lines via CRISPR-mediated cytosine base editors. (A) Schematic 
depiction of base editors with either rs7903146_sgRNA1_xCas9 or rs7903146_sgRNA2_xCas9, targeting the rs7903146 locus. 
(B) Table showing the combination of base editors and sgRNA constructs used in the experiment. 

 

3.2.2.4 The genomic region encompassing rs7903146 in MANZ4-37 cells was deleted using the 

CRISPR/Cas9 system. 

Due to the above failures in modifying single nucleotides at the rs7903146 locus, we turned to an 

alternative approach that involved creating a small deletion that comprised rs7903146. We first tested 

multiple different combinations of sgRNA constructs (shown in Figure 3.8B) in HEK293T cells and 

assessed deletion efficiencies by comparing the band intensities of cut and uncut PCR products 

observed from gel electrophoresis (Figure 3.10A). The highest deletion efficiency was observed in cells 

co-transfected with both rs7903147_sgRNA3 and rs7903146_sgRNA4, which introduces a 81-bp 

deletion. This pair of sgRNAs was then transfected into MANZ4-37 cells to generate rs7903146 

knockout lines (named rsKO lines). Among stably passaged lines, rsKO6, rsKO7, rsKO12, rsKO14 and 

rsKO24 were found to carry a homozygous deletion based on PCR results and Sanger sequencing 

(Figure 3.10B,C). rsKO7, rsKO12 and rsKO24 were selected for further analysis (see Chapter 5). To 

ensure these clones were still pluripotent, the expression of OCT4, NANOG, cMYC and SOX2 was 

determined by qPCR and found to be comparable to three independent clones of parental MANZ4-37 

cells (Figure 3.10D). 
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Figure 3.10 We successfully generated rsKO lines using CRISP/Cas9. (A) Gel electrophoresis showing cut and uncut PCR 
products amplified from HEK293T transfected with multiple different combinations of sgRNA constructs and graph showing 
deletion efficiency for each combination (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (B) Gel electrophoresis 
confirming a homozygous deletion of the region containing rs7903146 in rsKO lines. (C) DNA sequencing confirming that rsKO 
lines carry a homozygous 81-bps deletion in the region containing rs7903146. (D) qPCR results showing relative gene expression 
of pluripotency marker genes for clones of both wild-type and rsKO lines. Data represent means ± SD, n = 3 
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3.2.2.5 iPSC lines with doxycycline (DOX)-inducible expression of TCF7L2 

Prior data indicated that the ‘risky’ T allele at the rs7903146 locus is associated with higher expression 

levels of TCF7L2, compared to carriers of the C allele (Lyssenko et al. 2007). Consistent with this, it 

was found that MANZ2-2 cells (carrying a T-allele) show higher mRNA and protein levels of TCF7L2, 

compared to MANZ4-37 (carrying two C alleles; Figure 3.11A and B). As it remains unclear how higher 

levels of TCF7L2 may increase risk of T2D, we sought to generate iPSC lines where expression of 

TCF7L2 could be conditionally induced. To do this, we selected the Tet-On doxycycline (DOX)-inducible 

expression system. As there are multiple TCF7L2 isoforms present in humans, we needed to first 

determine which isoform to use for the DOX-inducible expression system. By interrogating the GTEx 

Portal website, we found that two TCF7L2 isoforms (ENST00000543371.1 and ENST00000369397.4) 

were most abundantly expressed in the pancreas (Figure 3.11C). We obtained the plasmid pcDNA/Myc 

TCF4 (Addgene) that corresponded to the TCF7L2 ENST00000369397.4 isoform. This isoform retains 

the interaction domains for the known TCF7L2 co-factors such as β-catenin, groucho, HBP1, SMAD4 

and CtBP1, and therefore it is likely to be fully functional (Figure 3.11D). Therefore, we selected 

ENST00000369397.4 as the isoform to use in the DOX-inducible expression system. 

We selected two Tet-On systems that had been successfully used in human PSCs in two publications: 

1) (Gonzalez et al. 2014) and 2) (Castano et al. 2017). The former involved a Neo-M2rtTA donor plasmid 

(Addgene), which contains the reverse tetracycline-controlled transactivator (rtTA)-Advanced gene 

driven by a CAG promoter, and a Puro-Cas9 donor plasmid (Addgene), which contains the Tetracycline 

Response Element (TRE) promoter driving Cas9 expression (Figure 3.12A). In contrast, the latter only 

involved a single plasmid called pAAVS1-TRE-Cas9-puro-polyA-CAG-rtTA (Addgene), which has all 

the features required for the Tet-On system within one vector (Figure 3.14A). All the expression 

cassettes in the aforementioned plasmids were flanked by homology arms corresponding to the AAVS1 

safe harbour locus, located within the first intron of the PPP1R12C gene. As each plasmid contains 

either puromycin or G418 resistance genes (to facilitate the stable cell line selection), we performed 

antibiotic kill curves with both MANZ2-2 and MANZ4-37 and found that 1 μg/mL of puromycin and 200 

μg/mL of G418 are the minimum concentrations required to kill all the MANZ2-2 and MANZ4-37 cells 

within 4 days (Supplementary Figure 3.5A and B). 
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Figure 3.11 We determined which isoform of TCF7L2 should be used. (A) qPCR result comparing the level of TCF7L2 
between MANZ2-2 and MANZ4-37. Data represent means ± SD, n = 3 (B) Western blot showing TCF7L2 proteins in MANZ2-2 
and MANZ4-37. (C) Tissue-specific expression of TCF7L2 from the Gtex Portal website. The number of transcripts per million 
(TPM) for each isoform is shown at the left side of the panel. Boxes represent exons in the gene. (D) Structural analysis of various 
TCF7L2 isoforms. The presence or absence of exons in each isoform is indicated in red (absent) or green (present). Exon(s) that 
contain binding regions for beta-catenin, groucho, DNA, CtBP1 are coloured in orange, yellow, blue and purple, respectively. 
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DOX-inducible iPSC lines generated using the plasmids from Gonzalez et al. (2014) were termed "T/R" 

as TCF7L2 and rtTA expression cassettes were inserted into the AAVS1 locus in trans (Figure 3.12A). 

To construct this system, we first removed the Cas9 coding sequence in the Puro-Cas9 donor plasmid 

using NcoI and AscI and replaced it with the TCF7L2 coding sequence amplified from pcDNA/Myc TCF4 

(Addgene) by PCR cloning. Among three bacterial colonies we picked, two of them (Puro-TCF7L2 donor 

1 and Puro-TCF7L2 donor 2) contained plasmids with correct integration of TCF7L2, which was 

determined by RE digestions (Figure 3.12B). Their sequences were validated by Sanger sequencing. 

Along with AAVS1-Neo-M2rtTA donor, either Puro-TCF7L2 donor 1 (called Set1) or Puro-TCF7L2 

donor 2 (called Set2) was co-transfected into HEK293T cells to test whether TCF7L2 expression could 

be efficiently induced from the resulting plasmids upon the addition of DOX. qPCR analysis revealed 

that TCF7L2 transcript levels were greatly increased in both Set1- and Set2-transfected HEK293T cells, 

compared to GFP-transfected HEK293T cells. However, this induction occurred even in the absence of 

DOX, indicating a significant leakage issue with the TRE promoter (Figure 3.12C). In addition, the levels 

of both TCF7L2 and rtTA transcripts were largely unaffected by the presence of DOX. 

Regardless of these preliminary results, we nevertheless proceeded to generate stable T/R lines in 

iPSCs. We co-transfected our MANZ lines with Set1 (Puro-TCF7L2 donor 1 and AAVS1-Neo-M2rtTA 

donor) and a pair of plasmids that encode established TALENs that cut the AAVS1 locus (Figure 3.12D). 

Following antibiotic selection with G418 and puromycin, surviving colonies were picked and expanded. 

To screen positive clones, PCR was performed with four sets of primers as shown in Figure 3.13A. We 

identified 22 clones with correct insertions of both plasmid constructs; 5 clones from MANZ2-2 and 17 

clones from MANZ4-37 (Figure 3.13B). In contrast to the wild type control, the full coding sequence of 

TCF7L2 could be amplified by PCR from the genomic DNA of most clones, indicating an insertion of 

TCF7L2 in its full length (Figure 3.13C). qPCR was performed with the primer set that targets only the 

TCF7L2 transcript derived from the expression cassette (Figure 3.13D). The data indicated that in some 

of the clones, TCF7L2 expression could be induced in the presence of DOX, which also could be 

reflected by an increase in total expression (including its endogenous expression) of the corresponding 

TCF7L2 isoform (Figure 3.13D). 
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Figure 3.12 T/R lines were generated by inserting TCF7L2 and rtTA expression cassettes into the AAVS1 locus in trans. 
(A) Schematic depicting TALEN-mediated insertion of Puro-TCF7L2 and Neo-M2rtTA donors into the AAVS1 locus. (B) Insertion 
of TCF7L2 was validated by RE digestion (1 = undigested, 2 = AgeI (single cut: 9083 bps), and 3 = BstXI (double cut: two bands 
of 2731 bps and 6352 bps, if correctly inserted)). Puro-TCF7L2 donor 1 and Puro-TCF7L2 donor 2 had a correct integration of 
TCF7L2. (C) qPCR showing relative gene expression of TCF7L2 and rtTA upon the addition of doxycycline (2 mg/mL), n = 3 (D) 
Schematic depicting the generation of T/R lines. 
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Figure 3.13 T/R lines were validated using PCR and gene expression. (A) Schematic depicting the primer sets used to 
validate insertion of T/R plasmids. (B) T/R lines were genotyped using the primer sets displayed in Figure 3.13A (1 = Primer Set 
1 (1304 bps), 2 = Primer Set 2 (1342 bps), 3 = Primer Set 3 (1461 bps), and 4 = Primer Set 4 (1279 bps)). (C) TCF7L2 could be 
amplified in full length (1790 bps) from genomic DNA of T/R lines. (D) TCF7L2 inducibility upon doxycycline (2 mg/mL) was 
determined by qPCR. Data represent means ± SD. TCF7L2 (cassete) represents the level of TCF7L2 transcript derived from the 
expression cassette, whereas TCF7L2 (isoform) represents the total endogenous level of the corresponding TCF7L2 isoform 
inserted in the expression cassette, n = 3 

DOX-inducible TCF7L2-overexpressing iPSC lines generated based on Castano et al. (2017) were 

termed "TR" lines as TCF7L2 and rtTA, located on the same cassette, were inserted into the AAVS1 

locus in cis. (Figure 3.14A). The same procedures as above were followed, except that pAAVS1-TRE-

Cas9-puro-polyA-CAG-rtTA was used as the backbone plasmid and AgeI and AscI were used for the 

PCR cloning. The resulting plasmid was termed TCF7L2-puro-rtTA and validated by RE digestion 

(Figure 3.14B) and Sanger sequencing. HEK293T cells were used to determine the inducibility of 

transgene expression. Similar to the T/R plasmids, TCF7L2 expression in HEK293T cells transfected 

with the TR plasmids did not increase in response to DOX treatment (Figure 3.14C). 

To establish the TR iPSC lines, MANZ2-2 and MANZ4-37 were co-transfected with TCF7L2-puro-rtTA 

and the AAVS1-TALEN plasmids. Cells were then treated with puromycin for 4 days and surviving 

colonies were picked for further characterisation (Figure 3.14D). To screen positive clones, we 
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performed PCR with two sets of primers, as shown in Figure 3.15A, and identified 5 clones with correct 

insertions; two clones from MANZ2-2 and three clones from MANZ4-37 (Figure 3.15B). Moreover, the 

full coding sequence of TCF7L2 transcripts could be amplified by PCR from genomic DNA of all 5 clones, 

indicating an insertion of TCF7L2 in its full length (Figure 3.15C). The sequences of these PCR products 

were then validated by Sanger sequencing. To determine whether the integrations were heterozygous 

or homozygous, PCR was performed around the AAVS1 region, revealing that the cassette has been 

integrated in a heterozygous manner in all TR lines (Figure 3.15D). 

Correctly targeted TR lines were further assessed by qPCR for inducible expression of TCF7L2. Except 

for M2_TR7, transgene expression was found to be greatly up-regulated upon the addition of DOX for 

M2_TR8, M4_TR3, M4_TR10 and M4_TR20 (Figure 3.15E). By performing a DOX titration curve, it 

was found that the minimal DOX dose required for gene activation was between 100-500 ng/ml of DOX 

(Supplementary Figure 3.6A). Prior work has raised the issue of transgene expression getting silenced 

following iPSC expansion and differentiation (Xia X et al. 2007). Consistent with this, it was found that 

M4_TR3 lost its inducibility over time, although this could be rescued by reselection with puromycin 

(Supplementary Figure 3.6B). Western blotting confirmed that the transgene was correctly translated 

into TCF7L2 protein (Figure 3.15F). In addition, the correctly targeted TR lines retained gene expression 

of pluripotency markers comparable to the wild type controls (Figure 3.15G).  
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Figure 3.14 TR lines were generated by inserting TCF7L2-puro-rtTA expression cassette into the AAVS1 locus. (A) 
Schematic depicting TALEN-mediated insertion of TCF7L2-puro-rtTA donor into the AAVS1 locus. (B) Insertion of TCF7L2 was 
validated by RE digestion (1 = undigested, 2 = SalI (double cut: two bands of 3083 bps and 8896 bps, if correctly inserted)). 
TCF7L2-puro-rtTA had a correct integration of TCF7L2. (C) qPCR showing relative gene expression of TCF7L2 and rtTA upon 
the addition of doxycycline (2 mg/mL), n = 3. (D) Schematic depicting the generation of TR lines. 
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Figure 3.15 TR lines were validated using PCR and gene expression. (A) Schematic depicting the primer sets used to validate 
insertion of TR plasmid. (B) TR lines were genotyped using the primer sets displayed in Figure 3.13E (1 = Primer Set 1 (1304 
bps), and 2 = Primer Set 2 (1342 bps)). (C) TCF7L2 could be amplified in full length (1790 bps) from genomic DNA of TR lines. 
(D) The AAVS1 region was amplified by PCR to determine whether the insertion was homozygous or heterozygous. (E) TCF7L2 
inducibility upon the addition of doxycycline (2 mg/mL) was determined by qPCR. Data represent means ± SD. n = 3 (F) 
Upregulation of TCF7L2 proteins in response to doxycycline (2 mg/mL) was confirmed by the Western blot. (G) qPCR results 
showing relative gene expression of pluripotency marker genes in clones of both wild-type and TR lines. Data represent means 
± SD, n = 3 

3.2.2.6 Heterozygous TCF7L2-knockout (TCFKO) iPSC lines 

To understand the role of TCF7L2 in beta cell development and function, we sought to generate TCF7L2 

KO lines. As the primary role of TCF7L2 is to bind β-catenin and form a transcription factor complex, 

we aimed to target the region of exon 1 containing the β-catenin binding site. Using the CRISPOR 

website, we identified four sgRNAs (Figure 3.16A) and subcloned these into pSpCas9(BB)-2A-GFP 

using BbsI and golden gate cloning (confirmatory sequencing is shown in Supplementary Figure 3.7A). 

The final constructs were then tested in HEK293T cells in four different combinations (Figure 3.16B). 
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PCR analysis revealed that sgRNA1&4 and sgRNA2&4 successfully induced deletions within exon 1 of 

TCF7L2 (Figure 3.16B). However, no parental bands (uncut product) could be generated, despite 

testing multiple primers sets, therefore we could not calculate the deletion efficiencies. 

To establish TCF7L2 KO lines, sgRNA2&4 was selected and co-transfected into MANZ4-37 cells. Cells 

were sorted by GFP and expanded as single colonies. PCR analysis revealed that the clones 

M4_TCF7L2_KO12 and M4_TCF7L2_KO15 contained a deletion. To determine if both TCF7L2 alleles 

were targeted, RT-PCR was performed revealing that both clones had heterozygous deletions (Figure 

3.16D). The RT-PCR products were extracted and sequenced and we confirmed the presence of the 

expected deletion (270 bps) in β-catenin binding region (Supplementary Figure 3.7B), which, however, 

did not result in a frameshift (subdomain deletion). In an effort to get homozygous knockout cell lines 

the knock-out approach was repeated but failed to produce any targeted clones, suggesting that the 

deletion efficiency of the sgRNAs is very low (Supplementary Figure 3.7C). Therefore, we generated 

only two knock-out lines (M4_TCF7L2_KO12 and M4_TCF7L2_KO15, termed TCFKO12 and 

TCFKO15, respectively). 

Overall, the expression levels of TCF7L2 in the TCFKO lines were comparable to the wild-type controls 

(Figure 3.16E). However, when primers that specifically target the deleted region were used, expression 

levels were found to be lower than the wild type controls, suggesting that they are heterozygous knock-

outs (Figure 3.16E). Finally, we confirmed that the TCFKO lines retained the expression of pluripotency 

markers (Figure 3.16G).  
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Figure 3.16 We generated TCFKO lines carrying only one allele of the TCF7L2 gene. (A) Schematic depicting the cleavage 
site of the sgRNAs targeting the TCF7L2 gene. (B) HEK293T cells were used to determine deletion efficiency for multiple different 
combinations of sgRNAs. The combinations of sgRNAs used and the corresponding expected size of PCR bands are shown in 
the table. (C) Gel electrophoresis identifying clones with a deletion in the TCF7L2 gene. (D) RT-PCR revealing that TCFKO lines 
carry heterozygous deletions. (E) qPCR comparing TCF7L2 expression between wild-type and TCFKO clonal lines. Data 
represent means ± SD, n = 3 (F) qPCR showing relative gene expression of pluripotency marker genes in clones of both wild-
type and TCFKO lines. Data represent means ± SD, n = 3 

 

3.3 Summary 

In summary, we successfully derived and characterised two iPSC lines (MANZ2-2 and MANZ4-37) 

showing that they had normal karyotypes, pluripotency, p53 mutational status and trilineage 

differentiation potentials. In addition, we generated multiple genetically modified lines, including rsKO, 

T/R, TR and TCFKO lines. rsKO lines carry a homozygous deletion of the region containing rs7903146 

whereas, T/R and TR lines have Tet-On expression cassettes inserted in the AAVS1 locus, enabling 

controlled induction of TCF7L2 expression with doxycycline. TCFKO lines carry only one fully functional 

allele (other allele has a subdomain deletion that is in frame) of the TCF7L2 gene. These lines were 

then used to study the role of rs7903146 in beta cell development and function (see Chapter 5). 
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Chapter 4: Development of an in-house beta cell differentiation 

protocol using MANZ iPSC lines 

4.1 Introduction 

T2D is particularly challenging to study as it is very difficult to obtain human pancreatic tissue with 

sufficient quality and quantity for functional studies. In 2014, Douglas Melton, a stem cell biologist at 

Harvard University, published the first protocol to generate glucose-responsive insulin secreting beta 

cells in vitro using human PSCs (Pagliuca FW et al. 2014). Although the reproducibility of this protocol 

remains a challenge, it provides a new system to study T2D in vitro in a human context. Importantly for 

our work, the system is genetically tractable so that T2D-related SNPs can be investigated from the 

perspective of beta cell development and function. In this chapter, we set out to establish the Melton 

protocol using our MANZ lines and then went on to modify, combine and test other related methods in 

order to arrive at a protocol that efficiently converts our iPSC lines into glucose-responsive beta cells. 

The initial optimisation of the beta cell differentiation protocol was performed exclusively with MANZ2-

2 (characterised in Chapter 3) and MANZ2-32 (uncharacterised) lines as they were the first to become 

available for use. Once MANZ4-37 (characterised in Chapter 3) became available, this line was used 

for all subsequent studies as most of the genetically modified lines generated in Chapter 3 were 

derivatives of MANZ4-37. 

4.2 Results 

4.2.1 The Melton protocol fails to produce glucose-responsive beta cells using MANZ lines. 

The original Melton protocol is performed in 500 ml spinner flasks throughout the course of 

differentiation, making it incredibly expensive to perform (USD $6000 per flask) (Pagliuca FW et al. 

2014). Due to this high cost, we scaled the assay down to 50 mL per flask and performed the Melton 

differentiation protocol using the MANZ2-2 line (Figure 4.1A). On day 32, clusters of cells were 

harvested for insulin secretion assays. Although the terminally differentiated cells were able to secrete 

insulin, they did not display the key feature of bona fide beta cells, which is to secrete insulin in response 
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to high glucose challenge (Figure 4.1B). However, the cells did respond to KCl challenge, which directly 

induces membrane depolarisation, indicating the presence of intact distal insulin secretory mechanisms. 

 

Figure 4.1 The Melton protocol cannot convert MANZ lines into glucose-responsive beta cells. (A) Overview of 

experimental design. (B) Insulin stimulation index for MANZ2-2-derived beta cells generated with the Melton protocol. Data 

represent means ± SD, n = 3. (C) Representative IHC of MANZ2-2 derived beta cells stained for C-peptide, insulin, glucagon, 

PDX1, NKX6.1 and DAPI. Scale bars: 100 µm. 
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We performed immunostaining on the cells to check the presence of various markers such as insulin, 

C-peptide, glucagon, PDX1 and NKX6.1 (Figure 4.1C). The results showed that insulin-producing cells 

only account for a minority of the total population of clusters (Supplementary Figure 4.1), which was in 

contrast to Melton's original data. Insulin was co-localised with C-peptide, a stoichiometric by-product 

of proinsulin processing, suggesting that the insulin was produced via the endogenous insulin synthesis 

pathway (Figure 4.1C). Many of the previously reported PSC-derived insulin-producing cells are 

polyhormonal and co-express glucagon and insulin/C-peptide with either no, or low expression of PDX1 

and NKX6.1 (D'Amour et al. 2006; Jiang et al. 2007). These cells are undesired as they are now 

considered to be progenitors of glucagon secreting alpha cells (Veres et al. 2019). Although some 

polyhormonal cells were detected in our assay, the majority of our insulin-producing cells did not co-

express glucagon. In addition, our insulin-producing cells showed the presence of PDX1 as well as 

NKX6.1 in their nuclei.  

Taken together, our data suggest that while we managed to generate beta cells expressing essential 

transcription factors, they were not glucose-responsive. 

4.2.2 Glucose-responsive beta cells could not be generated using the Melton protocol on 

geltrex-coated plates. 

We suspected that the failure to generate glucose-responsive beta cells was due to intrinsic differences 

between different iPSC lines and therefore we hypothesised that the Melton protocol would need to be 

optimised specifically for our MANZ lines. However, the minimum volume required for spinner flask 

cultures is 50 ml, making multiple rounds of optimisation costly to perform. To solve this, we switched 

to growing the cells in monolayer (2D) culture, rather than suspension culture, as this dramatically 

reduced the cost. To explore this approach, MANZ2-2 and MANZ2-32 were seeded onto plates coated 

with geltrex, a soluble form of basement membrane extract, and differentiated according to the Melton 

protocol (Figure 4.2A). 

Firstly, we examined the efficiency of DE induction from both MANZ2-2 and MANZ2-32, as high DE 

efficiency is a prerequisite for successful in vitro beta cell differentiation (Mahaddalkar et al. 2020). 

Molecular signals that induce DE formation during embryogenesis, such as Nodal signalling and Wnt/β-

catenin signalling, have been identified from animal studies (Shen 2007; Zorn and Wells 2009). Indeed, 
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in the Melton protocol, Activin A, which has similar target receptors as Nodal, and CHIR99021, a Wnt 

signalling agonist, were used to induce DE in stage 1 of the protocol. qPCR analysis of both MANZ 

lines showed significantly upregulated expression of SOX17 and FOXA2 (Figure 4.2B), markers of 

endodermal and gut tube tissue. The expression of CDH1 (aka E-cadherin) was also downregulated in 

both cell lines, indicating a sign of epithelial-to-mesenchymal transition where cells lose their cell polarity 

and cell-cell adhesion, and gain migratory and invasive properties (Nowotschin et al. 2019). The 

percentage of SOX17+/CXCR4+ cells was evaluated by flow cytometric analysis, revealing that ~98% 

of MANZ2-2 and MANZ2-32 cells were successfully converted to DE (Figure 4.2C). Immunostaining 

confirmed the co-localisation of SOX17 and CXCR4 in the nuclei of individual cells (Figure 4.2D). 

PSCs can only differentiate into DE cells when phosphoinositide 3-kinase (PI3K) signalling is inhibited 

(McLean et al. 2007). Recently, the PI3K inhibitor wortmannin has been shown to significantly improve 

DE induction (Takeuchi et al. 2014). Given this, we examined the effect of adding wortmannin to the 

Melton protocol. We found that wortmannin had no statistically significant effect based on the 

expression of DE markers (Supplementary Figures 4.2A and B). In fact, although not significant, a 

decreasing trend was observed across all DE markers by both qPCR and flow cytometry. We conclude 

from these sets of experiments that the Melton protocol efficiently induces DE formation from MANZ2-

2 and MANZ2-32 cells when grown in 2D on geltrex-coated plates and that the addition of wortmannin 

has no added benefit. 

To generate PGT, both MANZ2-2 and MANZ2-32-derived DE cells were treated with KGF (aka FGF7) 

in stage 2, activating the FGFR1 signalling pathway. We found that expression of the PGT marker 

HNF1B was significantly upregulated and there was sustained expression of SOX17 and FOXA2 for 

both MANZ2-2 and MANZ2-32 lines (Figure 4.2B). 

Next, we examined the differentiation efficiency of PGT cells into pancreatic progenitor (PP) cells on 

geltrex-coated plates. Based on the Melton protocol, PP cells can be categorised into two different 

subgroups called PP1 and PP2. PP1 cells are defined by the expression of PDX1, which is a 

downstream target of FOXA1 and FOXA2, and specifies the region of PGT committed to a pancreatic 

fate (Gao N et al. 2008). PP2 cells, which appear later during pancreatic specification and are more 
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committed to the beta cell lineage (Veres et al. 2019), are defined by the co-expression of PDX1 and 

NKX6.1.  

To trigger the induction of PP1 cells from PGT cells the Melton protocol uses retinoic acid, KGF, the 

BMP signalling antagonist LDN193189, the sonic hedgehog signalling antagonist SANT1, PdBU, a PKC 

activator, and vitamin C that has been shown to prevent premature induction of NGN3 expression 

(Benthuysen et al. 2016). Suppression of NGN3 during pancreatic specification is crucial as premature 

induction of NGN3 directs cells towards a polyhormonal fate (Johansson et al. 2007; Nostro et al. 2015).   

MANZ2-2-derived PP1 cells showed robust increases in HNF6, PDX1 and SOX9 expression, consistent 

with the original Melton paper (Figure 4.2B). In contrast, a significant upregulation was only observed 

in the expression of SOX9 for MANZ2-32-derived PP1 cells. Both MANZ lines showed low levels of 

SOX17, which is known to be required for further pancreatic development (Van Hoof et al. 2009). 

In stage 4 of the Melton protocol, PP1 cells are treated with KGF, RA and SANT1 for 5 days to mature 

PP1 cells into PP2 cells. For MANZ2-2-derived PP2 cells, the expression of NKX6.1 was significantly 

up-regulated with sustained expression of PDX1, HNF6 and SOX9 (Figure 4.2B). More importantly, 

glycoprotein 2 (GP2), which has recently been identified as a specific cell surface marker for PP2 cells 

(Cogger et al. 2017), was significantly increased. Flow cytometry and immunostaining analysis was 

consistent with the Melton protocol successfully converting MANZ2-2 cells into PP2 cells that co-

express PDX1 and NKX6.1 (Figures 4.2C and D). By contrast, MANZ2-32-derived PP2 cells showed 

much lower, or near zero, levels of PP2 markers, indicating that the differentiation of MANZ2-32 into 

PP2 cells on geltrex is much less efficient compared to MANZ2-2 (Figures 4.2C and 4.2D). Expression 

of NGN3 remained relatively low with no significant expression changes in both MANZ2.2 and MANZ2-

32-derived PP2 cells and INS transcripts were not yet detectable (Figure 4.2B). 

Previously, the addition of wortmannin did not have any significant effect on DE induction. However, 

only a handful of markers were examined (SOX17, FOXA2 and CXCR4) and there may be effects of 

wortmannin that only become apparent at later stages of differentiation. Therefore, we examined the 

effect of wortmannin added during the DE induction stage on later PP2 formation. At the same time, we 

also tested whether the size of the culture well plates affects differentiation efficiency. We found that 

while the level of PDX1 transcripts was similar between PP2 cells derived from either vehicle (DMSO) 
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or wortmannin-treated DE cells,  PP2-specific markers such as NKX6.1 and GP2 were downregulated 

in the wortamannin treatment group (Supplementary Figure 4.2C). This indicates that wortmannin may 

reduce the differentiation potential of DE cells towards a PP2 fate. With regards to the size of the culture 

wells, we found no difference between 12 well and 24 well plates, suggesting that we could scale down 

the volume (and cost) per assay (Supplementary Figure 4.2C; see also later in this chapter where we 

further scaled down to 96 well plates).  

In stage 5, MANZ-derived PP2 cells were treated with a distinct cocktail of factors that included SANT1, 

betacellulin (a growth-promoting factor), triiodothyronine (T3), XXI (a γ-secretase inhibitor of Notch 

signalling) and ALK5ill, an inhibitor of the transforming growth factor-β (TGF-β) type I receptor kinase. 

Stage 5 medium promotes the pancreatic EN program and is marked by upregulation of NGN3 and its 

downstream targets including NEUROD1 and NKX2.2 (Zorn and Wells 2009). In stage 6, the putative 

EN cells were then treated with T3 and ALK5ill, and cultured in CMRL basal media prior to being 

characterised. 

qPCR analysis of the terminally differentiated cultures confirmed the upregulation of INS expression in 

cells from both MANZ lines with a ~13-fold higher level observed for MANZ2-2 compared to MANZ2-32 

(Figure 4.2B). The expression of MAFA, a maturation marker gene for beta cells (Nishimura et al. 2015), 

did not increase compared to undifferentiated iPSC controls for both lines. In addition, PDX1 and 

NKX6.1, which have critical roles in the control of insulin biosynthesis, insulin secretion and beta cell 

proliferation (Taylor et al. 2013; Gao T et al. 2014), were downregulated in the terminal cultures 

compared to their corresponding PP2 cells (Figure 4.2B). No significant changes were observed in the 

expression of TCF7L2. Flow cytometric analysis revealed that terminal MANZ2-2 and MANZ2-32 

cultures contained only ~1% and ~2.4% of cells that co-expressed C-peptide and NKX6.1, respectively 

(Figure 4.2C). However, immunostaining failed to show these cells (Figure 4.2D). Furthermore, insulin 

secretion assays revealed that the terminal cultures did not release any more insulin in response to 

highly concentrated glucose (Figure 4.2E). They also did not respond to cell depolarisation induced by 

KCl challenge.  

We conclude from these results that modifying the Melton protocol by growing cells on geltrex-coated 

plates did not convert our iPSC lines into glucose-responsive beta cells and instead the cells were less 
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functional. In addition, despite the same donor origin, significant differences were observed between 

MANZ2-2 and MANZ2-32 lines in terms of differentiation efficiency. While their expression profiles 

resembled each other during earlier stages, they started diverging more as they proceeded further into 

later stages of differentiation. As a result, MANZ2-2 could efficiently turn into PP2 cells with its 

expression dynamics closely resembling that shown in the original Melton paper, while MANZ2-32 could 

not. 
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Figure 4.2 The Melton protocol (2D) on geltrex-coated plates could efficiently induce PP2 cells from MANZ2-2 iPSCs. (A) 

Overview of experimental design. (B) qPCR analysis showing relative gene expression of stage-specific markers over the course 

of beta cell differentiation. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)) (C) Flow 

cytometry showing population percentages of MANZ2-2 and MANZ2-32 across different developmental stages; 1) DE stained for 

SOX17 and CXCR4, 2) pancreatic progenitor II stained for NKX6.1 and PDX1, and 3) beta cell stained for NKX6.1 and C-peptide. 

(D) Representative IHC showing MANZ2-2 and MANZ2-32 across different developmental stages; 1) DE stained for SOX17 and 

CXCR4, 2) pancreatic progenitor II stained for NKX6.1 and PDX1, and 3) beta cell stained for NKX6.1 and C-peptide. Scale bars: 

100 µm. (E) Insulin stimulation index for MANZ2-2- and MANZ2-32-derived beta cells. Data represent means ± SD (n = 3). 
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4.2.3 2D to 3D transition at the PP2 stage promotes beta cell differentiation efficiency. 

Due to a lack of understanding of the mechanisms underlying EN differentiation, beta cell induction from 

PP2 cells still remains inefficient and unreliable. It has been reported that differentiation in a 3D 

(suspension) environment promotes functional beta cell differentiation (Hogrebe et al. 2020). Rezania 

et al. (2014) have developed a protocol that implements both 2D and 3D stages in a sequential manner 

(Rezania et al. 2014). These authors initially differentiate cells in a 2D environment, followed by transfer 

of PP2 cells into 3D suspension (air-liquid interface) for EN differentiation. Inspired by their work, we 

tested the effect of adding back the suspension culture in our 2D protocol. In this experiment, MANZ2-

2-derived PP2 cells grown on geltrex-coated plates were transferred into two different suspension 

systems: 1) ultra-low attachment plates and 2) spinner flasks, followed by treatment with the appropriate 

"Melton factors" as used previously (Figure 4.3A). 

Under low-attachment conditions, the transferred cells formed into cell clusters, followed by continuous 

growth in size (Figure 4.3B). Subsequently, these clusters adhered to one another and formed larger 

clumps of various sizes and shapes. However, the cells deteriorated with extensive cell dissociation 

before reaching the final stage of the protocol and were therefore not analysed further. By contrast, 

under spinner flask conditions, the cell clusters maintained their size and shape until they reached the 

final stage of the protocol (Figure 4.3C). We speculated that the mechanical force generated by the 

rotor blade in the spinner flasks had prevented the cells from adhering to each other. Although these 

terminally differentiated cells were defective in glucose-stimulated insulin secretion (GSIS), KCl 

challenge could still trigger insulin secretion, indicating that the 3D step did improve the functionality of 

the resulting beta cells compared to 2D differentiation only (Figure 4.3D). However, unlike ultra-low 

attachment well plates, spinner flasks require much larger volumes and therefore higher cost. Therefore, 

we chose not to adopt the 2D to 3D modification for subsequent experiments. 
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Figure 4.3 2D to 3D transition at the PP2 stage improved differentiation efficiency. (A) Overview of experimental design. 

(B) Representative phase-contrast images of differentiated cells transferred to ultra-low attachment plates at PP2 stage. Scale 

bars: 1000 µm for Day 0, 7, 10, 15, 16 and 22, and 200 µm for Day 19 (C) Representative phase-contrast image of final-stage 

cells differentiated in spinner flasks from PP2 stage.  Scale bars: 200 µm. (D) Insulin stimulation index for the beta cells from 

spinner flasks. Data represent means ± SD, n = 3. 

4.2.4 Beta cells derived from the Semb protocol secrete insulin following pharmacological 

stimulation 

The net result of the above experiments indicated that the Melton protocol was not able to generate 

glucose-responsive beta cells using our iPSC lines. Therefore, rather than focusing solely on this 

protocol, we explored other published protocols. We investigated the Semb protocol (2017) as it 
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differentiates cells in 2D from beginning to end, in contrast to the majority of the existing protocols 

(Figure 4.4A and Supplementary Table 1)(Ameri et al. 2017). In short, the most notable differences 

between the two protocols are: 1) a shorter treatment window with KGF, SANT1 and RA during the 

pancreatic specification step in the Semb protocol compared to the Melton protocol, 2) different BMP 

signalling inhibitors (LDN193189 in Melton's versus Noggin in Semb's), 3) prolonged treatment of BMP 

signalling inhibitor in the Semb protocol, 4) completely different combinations of factors used in EN 

differentiation (except Alk5ill), and 5) different basal medium. 

Firstly, we used MANZ2-2 iPSCs and compared the two protocols in terms of PP2 induction as it is 

known that PP2 cells must be fully differentiated in order to give rise to glucose-responsive beta cells 

(Kroon et al. 2008; Schulz et al. 2012). qPCR analysis revealed that PP2 cells from both protocols have 

lost their pluripotency, based on negligible expression of OCT4 (Figure 4.4B). We also observed a 

significant reduction in the expression of MKI67, which represents a loss of proliferative capacity of 

iPSCs. We found a high level of expression of DE markers such as SOX17, CXCR4 and FOXA2, 

indicating that the cells had successfully differentiated into the endodermal lineage.  

Melton’s PP2 cells expressed significantly higher levels of PP markers including HNF6, PDX1 and 

NKX6.1 (except for GP2 and MNX1), compared to Semb’s PP2 cells (Figure 4.4B). In Semb's PP2 cells 

we observed increased expression of NEUROD1 and NKX2.2 as well as low levels of INS transcripts. 

Based on these results, we speculated that EN differentiation was already initiated in some of Semb’s 

PP2 cells, possibly preceded by a transient and premature induction of NGN3. Flow cytometric analysis 

confirmed that the Melton protocol resulted in more PP2 cells co-expressing PDX1 and NKX6.1, 

compared to the Semb protocol (Figure 4.4C). 
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Figure 4.4 The Melton and Semb protocols were compared in terms of PP2 and beta cell differentiation efficiencies. (A) 

Overview of experimental design. (B) qPCR analysis comparing relative gene expression of stage-specific markers between the 

Melton and the Semb protocol. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (C) 

Flow cytometry showing population percentages of Melton’s and Semb’s PP2 cells, stained for NKX6.1 and PDX1. (D) Insulin 

secretion assay showing the amount of secreted insulin and stimulation index for beta cells generated with the protocols described 

in Figure 4.4A. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). 

Despite the inefficiency observed in PP2 induction in the Semb protocol, the terminally differentiated 

cells showed significantly higher mRNA expression of pancreatic hormones, including INS, GCG and 

SST, compared to Melton’s cells (Figure 4.4B). Among these pancreatic hormones, SST showed the 

highest expression. A high level of NGN3 expression was also observed in Semb's cells compared to 

Melton's cells, indicating that EN differentiation is still an ongoing process in the Semb protocol. 

To analyse beta cell function, we performed insulin secretion assays in response to either glucose or 

KCl stimulation. The absolute amount of insulin secreted by Semb’s cells was significantly more than 

that of Melton’s cells (Figure 4.4D), which was consistent with the respective INS expression levels. In 

addition, neither of the cells responded to glucose challenge and only Semb’s cells responded to KCl 
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with a ~2-fold increase in insulin release (Figure 4.4D). Taken together, the Melton protocol was more 

effective in terms of generating PP2 cells but it was the Semb protocol that generated functionally 

superior insulin-producing cells. 

4.2.5 A hybrid Melton/Semb protocol improves the expression profile and functionality of 

insulin-producing cells using MANZ iPSCs. 

We hypothesised that more optimal results may arise if we combine the Melton and Semb protocols 

into one (henceforth referred to as the Hybrid protocol). Specifically, we proposed differentiating iPSCs 

into PP2 cells following the Melton protocol and then switching to the Semb protocol for EN 

differentiation (Supplementary Table 1). To assess the success of this approach we compared the 

differentiation efficiency of the Melton, Semb and Hybrid protocols using MANZ2-2 cells (outlined in 

Figure 4.5A). 

Consistent with our previous data, gene expression analysis of PP2 markers, such as PDX1 and 

NKX6.1, confirmed that the Melton protocol generates better PP2 cells than the Semb protocol (Figure 

4.5B - the PP2 cells of the Hybrid protocol were differentiated following the Melton protocol). The early 

expression of NEUROD1 transcripts was detected again in Semb's PP2 cells.  

Next, we compared the expression profiles of differentiating EN cells between the protocols. We 

observed a significant decrease in the expression of both PDX1 and NKX6.1 in Melton's EN cells 

compared to the corresponding PP2 cells, while PDX1 and NKX6.1 expression remained very low in 

Semb's EN cells. As we hoped, EN cells derived from the Hybrid protocol sustained expression of both 

genes. A significant upregulation of NGN3 between PP2 and EN cells was found only in the Hybrid 

protocol, accompanied with the upregulation of downstream target genes such as NEUROD1 and 

NXK2.2. 

We then compared the terminally differentiated cells from the Melton, Semb and Hybrid protocols. Gene 

expression analysis by qPCR showed that the levels of PDX1, NKX6.1, NEUROD1 and NKX2.2 in 

Melton's cells were negligible in contrast to the other protocols (Figure 4.5B). On the other hand, the 

Hybrid protocol resulted in the highest levels of INS expression, while the levels of other pancreatic 

hormones such as GCG and SST were lower than Semb's but comparable to Melton's. The expression 
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of CK19, which is normally expressed in exocrine ductal cells was similar across the different protocols 

(Li R et al. 2015). In addition, the Hybrid protocol generated cells with the highest expression of UCN3, 

a beta cell maturation marker that regulates glucose sensitivity (Blum et al. 2012), and genes related to 

insulin processing such as PCSK1 and PCSK2 (Hou et al. 2009). Genes related to transport channels 

such as SLC2A1 encoding GLUT1, which acts as the primary glucose transporter and sensor in human 

beta cells (Navale and Paranjape 2016), and KCNJ8, encoding the Kir6.1 subunit of an ATP-sensitive 

potassium channel (KATP), were most highly expressed in Melton's cells. The expression of MAFA, 

which is required for postnatal proliferation and maturation of beta cells (Eto et al. 2014), was similar 

across the different protocols, whereas SLC30A8 (encoding zinc transporter 8), and ABCC8 (encoding 

the sulfonylurea receptor 1 - a regulatory subunit of KATP channel) were most highly expressed in cells 

from the Melton and the Hybrid protocol. 

To examine the presence of beta cell markers, cells of each protocol were stained with NKX6.1 and C-

peptide antibodies for flow cytometric analysis. The Hybrid protocol yielded the highest percentage of  

cells co-producing NKX6.1 and C-peptide among the protocols (Figure 4.5C). Insulin secretion assays 

were performed on the cells to test beta cell functionality. Consistent with the previous experiment, 

Melton's cell did not show glucose- or KCl-stimulated insulin secretion, whereas Semb's cells secreted 

more insulin only upon KCl challenge. Encouragingly, cells from the Hybrid protocol showed significant 

increases in insulin secretion in response to both high glucose and KCl challenge (Figure 4.5D). We 

also observed that these cells secreted the most amount of insulin, compared to Melton's and Semb's 

cells (Figure 4.5D). 

Taken together, we conclude that the Hybrid protocol yields the best results in almost all aspects. We 

therefore repeated the differentiation twice to test for reproducibility. Unfortunately, although KCl 

consistently induced insulin secretion, the cells did not exhibit glucose-responsiveness in the replicate 

trials (insulin secretion assays and qPCR data are shown in Supplementary Figure 4.3A and B). 
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Figure 4.5 The Hybrid protocol generated beta cells that are transcriptionally and functionally more superior to that of 

the Melton or Semb protocols. (A) Overview of experimental design. (B) qPCR analysis comparing relative gene expression of 

stage-specific markers between the protocols. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or 

< .001 (***)). (C) Flow cytometry comparing cells, generated with the protocols described in Figure 4.5A, in terms of NKX6.1 and 

C-peptide expression. (D) Insulin secretion assay showing the amount of secreted insulin and stimulation index for beta cells 

generated with the protocols described in Figure 4.5A. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 

(**) or < .001 (***)). 

4.2.6 Neither glucose nor KCl stimulation induces insulin secretion in MANZ4-37-derived beta 

cells generated by multiple different protocols. 

As discussed in Chapter 3, MANZ4-37 was our preferred option for genetic modification as it carries 

homozygous ‘safe’ alleles at the rs7903146 locus and lower basal expression of TCF7L2 compared to 

the MANZ2-2 line. Once it become available for use, we tested the Hybrid protocol on MANZ4-37. 

Although MANZ4-37-derived beta cells expressed a higher level of INS compared to MANZ2-2-derived 

beta cells, we found that MANZ4-37-derived beta cells did not respond to either glucose or KCl 

stimulation (Supplementary Figure 4.4A and B). Since it has been reported that the efficiency of 

differentiation into beta cells varies among different PSC lines (Pagliuca FW et al. 2014; Rezania et al. 

2014; Russ et al. 2015; Massumi et al. 2016; Ameri et al. 2017; Velazco-Cruz et al. 2019), we 

hypothesised that an extensive optimisation was required for MANZ4-37 cells. 

 



100 
 

 

Figure 4.6 We failed to generate glucose-responsive beta cells using MANZ4-37. (A) Overview of experimental design. (B) 

Insulin secretion assay showing the amount of secreted insulin for beta cells generated with the protocols described in Figure 

4.6A. Data represent means ± SD (n = 2) (C) qPCR analysis comparing relative gene expression of beta cell related-markers 

between the protocols. Data represent means ± SD (n = 2) 

Using the same strategy as we did for MANZ2-2, we sought to test multiple EN differentiation media 

from other published protocols (Rezania et al. 2014; Shahjalal et al. 2014; Russ et al. 2015; Kim Y et 

al. 2016; Millman et al. 2016; Ameri et al. 2017; Yabe et al. 2017), while retaining the same 
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differentiation media as the Hybrid protocol up to the PP2 stage. Therefore, in this experiment, we 

tested 8 different protocols that consist of the Hybrid protocol (Protocol 1), the Melton protocol (Protocol 

2), the Semb protocol (Protocol 3) and five newly modified protocols (Figure 4.6A and Supplementary 

Table 1). Unfortunately, none of the protocols generated glucose- or KCl-responsive cells using 

MANZ4-37 (Figure 4.6B).  In addition, we found some correlation between the amount of secreted 

insulin (Figure 4.6B) and pancreatic hormones genes and markers associated with beta cell function, 

such as PDX1, NEUROD1, PCSK1 and ABCC8, which were most highly expressed in the Hybrid 

protocol (Protocol 1) (Figure 4.6C). Taken together, the Hybrid protocol was still the most promising 

protocol for MANZ4-37 in terms of marker expression but further improvement was needed. 

4.2.7 Removal of Alk5ill improves the responsiveness of MANZ4-37 beta cells to KCl stimulation. 

Alk5ill is used to inhibit TGF-β signalling during the EN stage of beta cell differentiation (Pagliuca FW 

et al. 2014; Rezania et al. 2014; Massumi et al. 2016; Ameri et al. 2017). During the course of our work, 

Velazo-Cruz et al. (2019) reported that inhibiting TGF-β signalling by Alk5ill during the earlier stages of 

EN differentiation is essential, however, continuous Alk5ill treatment until the terminal stage of 

differentiation inhibits functional maturation of beta cells (Velazco-Cruz et al. 2019). We therefore 

assessed the effect of removing Alk5ill in stage 6 of the Hybrid Protocol using MANZ4-37 cells (Figure 

4.7A).  

Firstly, we tested the function of the terminally differentiated cells by performing GSIS assays (Figure 

4.7B). This showed that the DMSO-treated cells secreted more insulin under basal conditions compared 

to the Alk5ill-treated cells (Figure 4.7B). Remarkably, the DMSO-treated cells also showed an insulin 

secretion response to KCl challenge, indicating that the removal of Alk5ill at stage 6 was sufficient to 

confer KCl-responsiveness to MANZ4-37 cells. Although DMSO-treated cells did not show an increase 

in insulin secretion in response to high glucose, we did see a weak but consistent upward trend in insulin 

release across individual replicates compared to Alk5ill-treated cells (Supplementary Figure 4.5). 

Next, we performed qPCR on our samples to find candidate genes responsible for conferring the 

improvement. We found that beta cell related genes, such as INS, NEUROD1, MAFA and UCN3, were 

significantly upregulated in DMSO-treated cells compared to Alk5ill-treated cells (Figure 4.7C). The SST 

gene was more highly expressed in Alk5ill-treated cells (p-value = 0.053), which may be relevant as 
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insulin secretion activity is known to be negatively regulated by somatostatin (Strowski et al. 2000). 

Expression of SLC2A2, which encodes glucose transporter-2 (GLUT2), was also significantly higher in 

Alk5ill-treated cells. However, the significance of this is unclear as, unlike rodent beta cells, GLUT2 is 

not the principal glucose transporter in human beta cells (Navale and Paranjape 2016). 

Given that nutrient metabolism generates key signalling metabolites that promote insulin granule 

exocytosis in beta cells, we investigated the effect of Alk5ill on the expression of genes involved in 

cellular metabolism. We found that Alk5ill-treated cells have significantly lower expression of several 

genes involved in glycolysis (HK1, PFKM, ALDOA, GAPDH, PGK1 and PGAM1) and the Krebs cycle 

(PDHA1, PC, CS, SUCLA2 and MDH1) compared to DMSO-treated cells (Figure 4.7D). The level of 

GCK transcripts, which encodes a beta cell glucose sensor (Prentki et al. 2013), was also lower in 

Alk5ill-treated cells, although this did not reach statistical significance (p-value = 0.087). In contrast, 

expression of ACO1 and IDH1, involved in the Krebs cycle (Prentki et al. 2013), was found to be higher 

in Alk5ill-treated cells. While these results suggest an enhanced metabolic maturity in DMSO-treated 

cells, in contradiction to this, we found that ESRRG, encoding a master regulator of glucose metabolism, 

the Krebs cycle and oxidative phosphorylation (Yoshihara et al. 2016), was significantly increased in 

Alk5ill-treated cells compared to DMSO-treated cells. 

Flow cytometric analysis was performed on the DMSO-treated cells (Figure 4.7E), revealing that only 

1.1% to 1.6% of the total cell population produces endogenous insulin (represented by C-peptide), while 

having a near-zero level of NKX6.1. While insulin expression can be initiated without the expression of 

NKX6.1, such cells are known to lack key features of normal beta cells (Taylor et al. 2013). Indeed, this 

feature of our DMSO-treated cells together with their KCl, but not glucose, responsiveness makes them 

resemble the polyhormonal cells described by (D'Amour et al. 2006). Despite this shortcoming, we 

concluded that omission of Alk5ill in stage 6 confers improved beta cell differentiation for MANZ4-37 

cells and this would allow the genetically modified cells (derivatives of MANZ4-37) generated in Chapter 

3 to be analysed via KCl challenge. As a result, Alk5ill was removed from stage 6 of the Hybrid Protocol. 

A more detailed investigation of the effects of Alk5ill on beta cell differentiation had been made in 

Chapter 5. 
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Figure 4.7 Beta cell function was greatly improved by removing Alk5ill in stage 6 of the Hybrid protocol. (A) Overview of 

experimental design. (B) Insulin secretion assay showing the amount of secreted insulin and stimulation index for beta cells 

generated with the protocols described in Figure 4.7A. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 

(**) or < .001 (***)). (C) qPCR analysis comparing relative gene expression of beta cell related-markers for DMSO- and Alk5ill-

treated cells. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). (D) qPCR analysis 

comparing relative gene expression of energy metabolism related-markers for DMSO- and Alk5ill-treated cells. Data represent 

means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). (E) Flow cytometry showing population 

percentages of DMSO-treated beta cells, in terms of NKX6.1, C-peptide and insulin expression. 
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4.2.8 The Nostro factors efficiently induce NKX6.1+ progenitors from MANZ4-37-derived PGT 

cells. 

Multiple reports have highlighted the crucial role of the NKX6.1 transcription factor in beta cell 

development, as well as in maintaining beta cell identity (Taylor et al. 2013; Ameri et al. 2017). For 

instance, when NKX6.1+ PP derived from PSCs are transplanted into NOD-SCID mice (diabetic and 

immune-deficient mice), the cells will mature into monohormonal and glucose-responsive insulin-

producing cells via unknown mechanisms and restore insulin production in the recipients (Kroon et al. 

2008). In addition, targeted inactivation of NKX6.1 in either EN precursors or beta cells results in 

alternative EN lineage, such as alpha cells, as NKX6.1 directly represses the alpha cell determinant 

ARX gene (Schaffer et al. 2013). Based on the importance of NKX6.1 for beta cell formation, we sought 

to find a way to upregulate NKX6.1 expression in order to achieve a better quality of beta cells. 

We suspected that low NKX6.1 expression was due to the Hybrid protocol being inefficient at converting 

MANZ4-37-derived PGT cells into PP2 cells (PDX1+/NKX6.1+). To find better conditions for PP2 

induction, MANZ4-37 iPSCs were first differentiated into PGT cells using the Hybrid protocol and then 

four different modifications were compared (Figure 4.8A). As a negative control, we used stage 3 basal 

medium (from the Hybrid protocol) without any chemical factors. Condition 1 was identical to the Hybrid 

protocol (using the “Melton factors” for PP2 induction), whereas Condition 2 was similar to the Hybrid 

protocol except that the duration of stage 3 (PGT to PP1) was shortened from two days to only one day 

based on the finding that a shorter stage 3 promotes NKX6.1+ progenitor formation (Velazco-Cruz et al. 

2019). In addition, the stage 4 (PP1 to PP2) medium in Condition 2 was additionally supplemented with 

Activin A, as it was shown to upregulate PP2 markers (Balaji et al. 2017). For Condition 3, the cells 

were sequentially treated with RA, KGF and EGF (Russ et al. 2015), while cells in Condition 4 were 

treated with various combination of SANT1, RA, noggin, KGF, nicotinamide, EGF and Activin A 

throughout stage 3 and 4 (Nostro et al. 2015). Each condition is described in Supplementary Table 1.  

We measured gene expression of PP2 markers using qPCR, revealing that PDX1 expression was 

upregulated across all conditions with the highest expression in Condition 4, relative to the control 

(Figure 4.8B). Condition 4 also showed the highest levels of induction of NKX6.1, GP2 and SOX9, 

compared to the other conditions. Flow cytometric analysis confirmed that Condition 4 was superior in 
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terms of PP2 formation with 45.9% of the cells co-labelling with PDX1 and NKX6.1, with Condition 2 

being the next highest at 1.1% (Figure 4.8C). 

We also checked the expression of markers for other cell lineages (Figure 4.8D). The expression of 

OCT4 (pluripotency marker) was significantly down-regulated across all conditions compared to the 

control, indicating that the factors promoted differentiation. The expression of BARX1 (stomach), SOX2 

(lung) and TBX6 (mesoderm) were significantly downregulated in all conditions compared to the control, 

whereas ISL1 (heart) was downregulated only in Conditions 3 and 4. No significant changes were 

observed for expression of SOX7 (extra-embryonic endoderm) or NES (ectoderm). Moreover, all the 

conditions increased the expression of the hepatic gene AFP, whereas only Condition 4 remained 

unchanged for the intestinal marker CDX2, compared to the control. In general, these observations 

suggest that markers associated with the organs in close proximity to the pancreas (such as liver and 

intestine) are being upregulated. We conclude that Condition 4 is superior to the other conditions (herein 

referred to as the Nostro condition). Interestingly, the Nostro condition was not as effective as it was 

with MANZ2-2 line (Supplementary Figure 4.6), suggesting that the same exogenous cues can result 

in different outcomes depending on the iPSC line being tested. 
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Figure 4.8 The Nostro condition efficiently induces MANZ4-37-derived PGT cells into PP2 cells. (A) Overview of 

experimental design. (B) qPCR analysis comparing relative gene expression of PP2 markers between different conditions. Data 

represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (C) Flow cytometry showing population 

percentages of PP2 cells, generated with the protocols described in Figure 4.8A, stained for NKX6.1 and PDX1. (D) qPCR 

analysis comparing relative gene expression of other cell-lineage markers between different conditions. Data represent means ± 

SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). 
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4.2.9 Improved NKX6.1+ progenitors did not result in increased expressions of beta cell markers 

or enhanced beta cell function. 

Next, we compared two protocols to test whether our improved PP2 cells could give rise to better 

functioning beta cells (Figure 4.9A). Protocol 1 represented the Hybrid protocol, whereas Protocol 2 

represented the same protocol except that the stages 3 and 4 factors were replaced with the Nostro 

factors. In addition, it was reported that omission of Noggin in later stages of beta cell differentiation 

leads to the generation of glucose-responsive beta cells (Shahjalal et al. 2014). As Noggin was being 

used in stage 6 of our protocol, we also assessed the effect of removing Noggin in stage 6. 

Firstly, we confirmed that the expression of the PP2 marker genes (PDX1, NKX6.1 and GP2) was higher 

in Protocol 2 than in Protocol 1 (Supplementary Figure 4.7), consistent with what we observed in the 

previous section. The cells were then cultured in EN differentiation medium either with or without Noggin 

in stage 6. The current scientific consensus is that beta cells are derived from NKX6.1+ progenitors 

(Kroon et al. 2008; Veres et al. 2019). However, Protocol 1 led to a higher level of INS and CHGA 

transcripts in terminally differentiated cells than Protocol 2 (Figure 4.9B), although cells from Protocol 2 

had sustained expression of NKX6.1. No significant changes were observed in other markers examined 

(PDX1, GCK, MAFA, UCN3 and ESRRG). 

Insulin secretion ability was quantified by performing GSIS assays. While no difference between the 

two protocols was observed in terms of insulin stimulation index, the absolute amount of secreted insulin 

was higher in Protocol 1 than in Protocol 2 (Figure 4.9C), in agreement with the higher level of INS 

expression with this protocol (Figure 4.9B). Interestingly, immunostaining analysis revealed that insulin-

expressing cells in Protocol 2 adopted a multilayered clustered morphology, in contrast to Protocol 1 

where insulin-expressing cells were evenly distributed in a monolayer configuration (Figure 4.9D). 

PDX1 and NKX6.1 co-expressing cells are known to emerge via spontaneous local clustering in 2D 

differentiation protocols (Tran et al. 2020), which may explain this morphological difference. 

Furthermore, we found no significant effect of Noggin on beta cell differentiation based on qPCR and 

GSIS analyses (Figures 4.9B and 4.9C). Therefore we excluded Noggin from stage 6 in subsequent 

experiments to further reduce the cost of differentiation. Taken together, Protocol 2 successfully 
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upregulated and sustained the expression of NKX6.1 through to the final stage. However, in contrast to 

our prior expectation, it did not lead to improved beta cell quality, compared to Protocol 1. 

 
Figure 4.9 Nosto Condition NKX6.1+ progenitors do not show increased expression of beta cell markers or enhanced 

beta cell function. (A) Overview of experimental design. (B) qPCR analysis comparing relative gene expression of beta cell 

markers between different protocols described in Figure 4.9A. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 

(*), .002 (**) or < .001 (***)). (C) Insulin secretion assay showing the amount of secreted insulin and stimulation index for beta 

cells generated with the protocols described in Figure 4.9A. Data represent means ± SD (n = 3). (D) Representative IHC of beta 

cells, generated with either Protocol 1 or Protocol 2, stained for C-peptide and insulin. 
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4.2.10 Modification of EN differentiation medium to further improve beta cell induction. 

As we observed the counter-intuitive results in the previous section (4.2.9), we repeated the same 

experiment for further validation. At the same time, we sought to test whether we can further improve 

beta cell induction by adding additional chemical factors from other published protocols into our EN 

differentiation medium (Rezania et al. 2014; Millman et al. 2016; Velazco-Cruz et al. 2019). These 

additional factors included some “Melton factors” as they were shown to upregulate transport channel-

related genes in our previous experiment (Figure 4.5B). We tested four different protocols, as outlined 

in Figure 4.10A. Protocols 1 and 3 represent Protocols 1 and 2 in the previous section (4.2.9), 

respectively. Protocols 2 and 4 are the altered versions of Protocols 1 and 3, respectively, with modified 

EN differentiation media. Each protocol is summarised in greater detail in Supplementary Table 1. 

Firstly, we determined the efficiency of PP2 differentiation by qPCR analysis. Protocols 3 and 4 

containing the Nostro factors led to the generation of PP2 cells with higher expression of PP markers 

including PDX1, NKX6.1, GP2, and SOX9 (Figure 4.10B). Interestingly, we observed relatively high 

expression of NGN3 across all the protocols, which may explain the expression of NEUROD1, one of 

its downstream targets. 

qPCR analysis was also performed at EN stage, but we did not observe any significant effects of the 

modified EN differentiation media (Figure 4.10C). However, an effect did became clear when the gene 

expression of terminally differentiated cells was analysed (Figure 4.10D). The modified protocols 

(Protocols 2 and 4) resulted in increased gene expression of pancreatic hormones (INS, GCG and SST), 

the EN marker gene CHGA, and GCK (hexokinase). Moreover, the additional factors differentially 

regulated the expression of PCSK1 (encoding Pc1/3) and PCSK2 (encoding Pc2), both of which play a 

crucial role in pro-insulin processing (Hou et al. 2009). Unlike the previous experiment, the INS gene 

was not differentially expressed between Protocols 1 and 3, whereas the sustained expression of 

NKX6.1 was observed again in the protocols containing the Nostro factors (Protocols 3 and 4). 

Consistent with the qPCR data, the modified protocols were associated with an increased amount of 

secreted insulin (Figure 4.10E), indicating some benefit of the additional factors during EN induction. 

Interestingly, even in the absence of NKX6.1 expression, the beta cells generated with Protocol 2 could 

respond to high glucose as well as secrete more insulin than the beta cells generated with Protocol 4.  

 



111 
 

 
Figure 4.10 EN differentiation media was modified to further improve beta cell induction. (A) Overview of experimental 
design. (B) qPCR analysis comparing relative gene expression of PP2 markers between different protocols described in Figure 
4.10A. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). (C) qPCR analysis 
comparing relative gene expression of EN markers between different protocols described in Figure 4.10A. Data represent means 
± SD, (n = 3) (D) qPCR analysis comparing relative gene expression of beta cell markers between different protocols described 
in Figure 4.9A. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (E) Insulin secretion 
assay showing the amount of secreted insulin and stimulation index for beta cells generated with the protocols described in Figure 
4.10A. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). 
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Taken together, despite the GSIS result, we concluded that Protocol 4 should be the basis for 

subsequent experiments, as the cells from Protocol 2 lacked the essential transcription factor NKX6.1 

for beta cells. In addition, while the Nostro factors were clearly more advantageous in terms of NKX6.1 

expression, the Melton factors also had some beneficial effects on beta cell function, which indicated a 

potential synergistic effect of combining these two sets of chemical factors. Their synergistic effect was 

investigated in the 4.2.12 section. 

4.2.11 Extended time for PP2 induction leads to the generation of beta cells with enhanced gene 

expression profile.  

We hypothesised that beta cell quality could be enhanced further by optimising the length of 

differentiation time between different stages. We found that the time taken to reach the PGT stage 

remains relatively consistent across multiple published protocols, but then differ from the pancreatic 

specification stage onwards (Pagliuca FW et al. 2014; Rezania et al. 2014; Russ et al. 2015; Kim Y et 

al. 2016; Vegas et al. 2016; Ameri et al. 2017; Yabe et al. 2017). Therefore, we investigated how the 

length of time allowed for pancreatic specification influences the state of terminally differentiated cells. 

As described in Figure 4.11A, we extended the time for pancreatic specification from 5 days (Protocol 

1 – default setting) to 7 days (Protocol 2) for comparison. 

A qPCR analysis showed that the 2-day extension led to significantly upregulated expression of NKX6.1 

and GP2 (Figure 4.11B). In the terminally differentiated cells from Protocol 2, we observed a marked 

increase in beta cell-related genes, such as INS, PDX1, NKX6.1, NKX2.2 and GCK, compared to 

Protocol 1 cells (Figure 4.11C). Additionally, we observed a large reduction in the transcript levels of 

SST and HK1, which are negatively associated with beta cell function (Becker et al. 1994; Strowski et 

al. 2000). Therefore, we concluded that the 2-day extension improves the differentiation of MANZ4-37 

cells and therefore it was implemented in the subsequent experiments.  
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Figure 4.11 Extending the period of PP2 induction generates beta cells with improved expression profiles. (A) Overview 
of experimental design. (B) qPCR analysis comparing relative gene expression of PP2 markers between different protocols 
described in Figure 4.11A. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). (C) 
qPCR analysis comparing relative gene expression of beta cell related markers between different protocols described in Figure 
4.11A. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). 
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4.2.12 We developed a protocol which generates functional beta cells that greatly respond to 

high glucose challenge. 

We continued to modify the protocol in order to deliver better performing beta cells from MANZ4-37 

cells (Figure 4.12A). Firstly, we combined the “Melton” and “Nostro factors” in stages 3 and 4 (termed 

Protocol 2 in this experiment) to determine whether there is any synergistic effect on beta cell function 

and compared this to Protocol 1, which used only the “Melton” factors for stages 3 and 4. Secondly, it 

has been reported that latrunculin A (a molecule that promotes depolymerisation of actin cytoskeleton) 

can be used to promote EN induction (Hogrebe et al. 2020). Therefore, we investigated the effect of a 

24 hour treatment with latrunculin A in stage 5 of both Protocols 1 and 2. Thirdly, the glucose 

concentration in the basal medium of stage 6 was reduced from 17 mM to 2.5 mM to minimise the risk 

of glucose toxicity in beta cells (Robertson et al. 2003). Lastly, to determine whether we can shorten 

the differentiation process, samples were collected on day 27 and day 34 for comparison. Each protocol 

is described in detail in Supplementary Table 1. 

We compared the gene expression profile of PP2 cells from Protocols 1 and 2. While PDX1 and NKX6.1 

expression showed no significant change, the expression of GP2 was significantly higher in Protocol 1 

than in Protocol 2 (Figure 4.12B). Expression of NGN3 remained equally low in both protocols. PP2 

cells were then allowed to continue on to EN induction either with or without latrunculin A treatment at 

the beginning of stage 5.  

We initially performed analyses on the day-27 samples as these became available first. qPCR revealed 

that the combined factors during stages 3 and 4 (in Protocol 2) led to a higher level of INS transcripts 

compared to the cells of Protocol 1 (Figure 4.12C). Other pancreatic hormones such as GCG and SST 

were also upregulated but without any statistical significance. The cells from Protocol 2 also showed a 

significant increase in GCK, NEUROD1, NKX2.2, PCSK2, CHGA, SLC30A8, ESRRG and SNAP25, 

which are all involved in beta cell maintenance and function, whereas KCNJ8 (encoding a subunit of 

ATP-sensitive potassium channel) was hugely downregulated. Interestingly, the latrunculin A treatment 

did not have much effect on either of the protocols. 

Next, GSIS was performed on the day 27 cells using the C-peptide ELISA kit (Figure 4.12D). The 

advantage of the C-peptide-based assay is that it is a true representation of endogenous insulin 
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secretion. We found that Protocol 2 was superior to Protocol 1 in terms of glucose responsiveness, with 

the cells showing ~4-fold increase in C-peptide secretion upon high glucose challenge. In addition, 

relatively higher amounts of secreted C-peptide was detected in Protocol 2 compared to Protocol 1. 

Again, the addition of latrunculin A had minimal effect in Protocol 2, whereas we observed a slight 

improvement for Protocol 1. 

Based on immunostaining, we found that the cells from Protocol 2 showed stronger signals for C-

peptide than the cells from Protocol 2, matching the qPCR data. Although some C-peptide+ cells were 

co-stained with either glucagon or somatostain, most of the C-peptide+ cells were monohormonal 

(Figure 4.12E). As the signals from glucagon were very weak, we suspected a technical error in the 

glucagon staining. Therefore we performed flow cytometry using both C-peptide and glucagon 

antibodies and confirmed the presence of monohormonal C-peptide+ cells (Supplementary Figure 4.8A 

- only Protocol 2). Immunostaining also confirmed the co-localisation of C-peptide and NKX6.1 in cells 

from Protocol 2 (Figure 4.12E).  

Flow cytometric analysis was performed on cells stained with C-peptide and NKX6.1 antibodies (Figure 

4.12F). Corresponding to both the qPCR and immunostaining data, a significantly larger fraction of cells 

expressing C-peptide was observed in Protocol 2 compared to Protocol 1 and more than half of the C-

peptide+ cells co-expressed NKX6.1. Interestingly, the proportion of NKX6.1+ cells was shown to be 

significantly higher in Protocol 2 than in Protocol 1, despite comparable NKX6.1 transcript levels by 

qPCR (Figure 4.12C). Flow cytometric data for individual replicate is presented in Supplementary Figure 

5.2D.  

GSIS and qPCR assays were also performed on the day-34 samples. The magnitude of insulin 

secretion in response to high glucose for the 34-day beta cells was not as high as that seen for the 27-

day beta cells (Supplementary Figure 4.8B). In addition, a decreasing trend was observed in the 

expression of INS and GCG in both protocols over 7 days of differentiation (Supplementary Figure 4.8C). 

According to the above results, not only did Protocol 2 generate more functional beta cells than Protocol 

1, it generated cells displaying the best glucose-responsiveness we had seen so far. These cells 

acquired glucose-responsiveness within the first 8 days of stage 6, but then began to lose this trait 

afterwards. The lack of effect of latrunculin A on our cells also indicated the complexity of how different 
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iPSCs-derived cells respond to exogenous cues and, like in the original paper (Hogrebe et al. 2020), 

we may need to test multiple actin depolymerising agents to identify one that works for MANZ4-37.  
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Figure 4.12 Development of a protocol that differentiates MANZ4-37 iPSCs into functional beta cells. (A) Overview of 

experimental design. (B) qPCR analysis comparing relative gene expression of PP2 markers between different protocols 

described in Figure 4.12A. Data represent means ± SD (n = 2, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). (C) 

qPCR analysis comparing relative gene expression of  beta cell-related markers between different protocols described in Figure 

4.11A. Data represent means ± SD (n = 2, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (D) C-peptide secretion 

assay showing the amount of secreted C-peptide and stimulation index for beta cells generated with the protocols described in 

Figure 4.12A. Data represent means ± SD (n = 2, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (E) Representative 

IHC of beta cells stained for C-peptide, glucagon, somatostatin, NKX6.1 and DAPI. Scale bars: 100 µm. (F) Flow cytometry 

showing population percentages of beta cells, generated with the protocols described in Figure 4.12A, stained for C-peptide and 

NKX6.1. Data represent means ± SD (n = 2, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). 
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4.2.13 Enzymatic dissociation followed by re-seeding at PP2 stage did not improve beta cell 

differentiation efficiency. 

The 3D/suspension platform is more optimal than the 2D platform in terms of EN induction (Hogrebe et 

al. 2020). Therefore, while repeating the protocol from the previous section to determine its 

reproducibility (Protocol 1 in this section), we tested whether a transient exposure (~1 hr) to suspension 

(by dissociation) after the PP2 stage could further improve EN induction. The experimental design is 

outlined in Figure 4.13A. For Protocols 2 and 3, cultures were dissociated into single cells using TrypLE 

after the PP2 stage, allowing the cells to be in a suspension mode for a short period, and then re-

seeded into freshly-coated wells containing EN differentiation medium. Protocol 2 and Protocol 3 

differed by cell seeding density, as described in Figure 4.13A. 

According to the qPCR analysis (Figure 4.13B), no increase in the level of INS transcripts was detected 

in either Protocol 2 or 3. Instead, the SST gene was differentially expressed between Protocols 1 and 

2, whereas the MAFA gene was most highly expressed in Protocol 3. Overall, the three protocols 

generated cell populations with a very similar gene expression profile. Based on the GSIS result, the 

beta cells generated with Protocol 1 were found to be the most responsive to glucose challenge (Figure 

4.13C). Based on these results, we concluded that these new approaches did not further improve beta 

cell differentiation. In addition, as Protocol 1 could reproduce glucose-responsive cells as in the section 

4.2.13, we termed Protocol 1 the Final Protocol. 
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Figure 4.13 Transient exposure to suspension environment at the initial step of stage 5 did not improve beta cell 

differentiation efficiency. (A) Overview of experimental design. (B) qPCR analysis comparing relative gene expression of beta 

cell-related markers between different protocols described in Figure 4.13A. Data represent means ± SD (n = 2, Tukey’s HSD, p 

value = .033 (*), .002 (**) or < .001 (***)). (C) C-peptide secretion assay showing the amount of secreted C-peptide and stimulation 

index for beta cells generated with the protocols described in Figure 4.13A. Data represent means ± SD (n = 2, Tukey’s HSD, p 

value = .033 (*), .002 (**) or < .001 (***)). 
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4.3 Summary 

In this chapter, we sought to generate functional beta cells in vitro using our iPSC lines, so that we can 

ultimately use these to better understand genetic influences of T2D risk. Initially, we tried the Melton 

protocol but could not reproduce their results. Therefore, based on other other protocols, we 

comprehensively tested multiple factors in order to find new synergies. We made several important 

changes to the protocol that included implementing the Nostro factors during PP2 induction, modifying 

the EN differentiation medium and removing Alk5ill in stage 6. Finally, after multiple rounds of 

manipulation and optimisation, we developed a protocol where we observed clear evidence of both 

glucose and KCl stimulated insulin secretion, and expression of critical beta cell transcription factors 

(PDX1, NKX6.1, NEUROD1 and NKX2.2). Based on this, we conclude that we have established a 

platform suitable for studying beta cells using our locally-generated iPSC lines. 
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Chapter 5: Applications of human iPSC-derived beta cells for 

diabetes research 

5.1 Introduction 

Understanding the molecular mechanisms underlying beta cell development and function is crucial for 

developing effective treatments for diabetic patients. This demands the need for physiological human 

beta cell models. Currently, human cadaveric pancreatic islets are the “gold standard” but they severely 

limited in supply. In addition, there are no immortalised human beta cell lines of sufficient quality for 

diabetes research. Recent advances in in vitro beta cell differentiation protocols using human PSCs 

have successfully produced insulin-secreting cells. Despite their functional and transcriptional 

immaturity (Augsornworawat et al. 2020), PSC-derived beta cells display some key features of native 

human pancreatic beta cells, such as monohormonal identity and GSIS (Pagliuca FW et al. 2014; 

Rezania et al. 2014). In addition, the system can partly recapitulate pancreatic development in vivo, 

which can be exploited to study beta cell development and function as well as to improve our 

understanding of the mechanisms underlying coding and non-coding genetic variants associated with 

the risk of diabetes. In this chapter, we demonstrated how iPSC-derived beta cells can be utilised to 

gain more insights into beta cell development and function 

5.2 Results 

5.2.1 Investigation of Alk5ill removal effect during beta cell maturation 

5.2.1.1 Omission of Alk5ill in the final stage of beta cell differentiation greatly improved the 

function of iPSC-derived beta cells. 

Velazco-Cruz et al. (2019) reported that the TGFβ signalling pathway is required for beta cell maturation 

(Velazco-Cruz et al. 2019). Likewise, reduced insulin secretion and glucose-responsiveness were 

repeatedly observed in our cells treated with Alk5ill in the final stage of beta cell differentiation, 

regardless of which differentiation protocol or which clone of MANZ4-37 line was used (Figure 4.7B, 

Figure 5.1A, Supplementary Figure 5.1A and Supplementary Figure 5.2A). Expression of multiple 
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genes involved in beta cell identity, insulin biosynthesis, glycolysis, the Krebs cycle, mitochondrial 

maturation and vesicle transport, were measured using qPCR but we could not identify any gene(s) that 

accounts for the reduced beta cell function upon Alk5ill treatment (Figure 5.1B, Supplementary Figure 

5.1B, C and Supplementary Figure 5.2B). Unexpectedly, the expression of SMAD2, SMAD3 and MMP2, 

which have been shown to be induced by TGFβ1 (Huang et al. 2017), remained unaltered (Figure 5.1B). 

Flow cytometric analysis revealed that the proportion of cells expressing C-peptide (or both C-peptide 

and NKX6.1) remained consistent between DMSO- and Alk5ill-treated terminally differentiated cells 

(Supplementary Figure 5.2C), indicating that the reduced beta cell function in the Alk5ill treatment group 

was not due to compositional differences between the two cell populations. 

Calcium influx via voltage-dependent calcium ion channels has been correlated with stimulus-secretion 

coupling in pancreatic beta cells (Satin 2000). We therefore examined calcium influx in control (DMSO) 

and Alk5ill-treated cells stained with Calcium-5, a cell permeable fluorescent calcium indicator dye, 

using FLUOstar (Figure 5.1C). This analysis revealed a clear distinction between the two conditions 

where DMSO-treated cells showed increased intracellular Ca2+ levels in response to KCl, compared to 

Alk5ill-treated cells. This was consistent with our previous result in Chapter 4 in which omission of Alk5ill 

dramatically improved the sensitivity of the cells to KCl-induced depolarisation (Figure 4.7B). The cells 

from either condition did not show any change in the level of intracellular Ca2+ in response to high 

glucose concentration, possibly because the time (120s) allowed for the measurement was too short 

for calcium influx to occur via glucose metabolism. The insulinoma cell lines INS1-832 and MIN6 cells 

were treated with Alk5ill for 48 hours prior to performing GSIS assays in order to determine whether 

Alk5ill can attenuate insulin secretion in fully differentiated cell lines. We observed no statistical change 

upon Alk5ill treatment in either cell line (Figure 5.1D), suggesting that Alk5ill exerts its effect by altering 

beta cell maturation during embryonic development rather than acting on differentiated beta cells . 
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Figure 5.1 Beta cell function is greatly improved by removing Alk5ill in last stages of the protocols. (A) C-peptide secretion 
assay showing the amount of secreted C-peptide and stimulation index for beta cells treated with or without Alk5ill. Data represent 
means ± SD. (n = 2, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)). (B) qPCR comparing relative gene expression of 
DMSO- and Alk5ill-treated beta cells. Data represent means ± SD, n = 2 (C) FLIPR assay showing calcium influx in response to 
KCl. (D) Insulin secretion assay showing the amount of secreted insulin and stimulation index for INS1-832 and MIN6, treated 
with or without Alk5ill. Data represent means ± SD.  (n = 3, Tukey’s HSD, p value = .033 (*), .002 (**) or < .001 (***)) 

 

5.2.1.2 Further investigation of the Alk5ill effect was greatly hindered by the heterogeneity in the 

final population. 

There was a strong indication that the removal of Alk5ill promotes beta cell maturation. However, as 

with all iPSC differentiation protocols that are not 100% efficient (Shi et al. 2012; Pagliuca FW et al. 

2014; Batalov and Feinberg 2015; Musah et al. 2018), the resulting cell population is mixed e.g. in our 

best protocol only 7% of the culture is C-peptide+/NKX6.1+. As a result, it is very difficult to make specific 
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assessments of the effect of Alk5ill removal on beta cells. Live sorting to enrich the cultures is not an 

option as there was no known cell surface markers expressed exclusively by human beta cells. In an 

attempt to solve this problem we did try MARIS (Method for Analyzing RNA following Intracellular 

Sorting), which allows extraction of high quality RNA after fixation and FACS (Hrvatin et al. 2014). 

However, the RNA was completely degraded during the procedure and therefore this approach was 

abandoned (Supplementary Figures 5.2F). 

5.2.1.3 Single-cell RNA sequencing revealed heterogeneity at the final stage of the beta cell 

cultures. 

As an alternative approach, we turned to single-cell RNA sequencing (scRNA-seq), which provides 

transcriptional profiles of individual cells in a mixed population. We differentiated iPSCs according to 

our latest protocol cells and compared the effect of either DMSO- or Alk5ill in the Stage 6 medium 

(Figure 5.2A). Six biological replicates for each were dissociated and merged into one sample to reflect 

average transcriptomic profiles of each condition. The merged cell samples were then separately loaded 

onto the 10x Genomics Chromium Single Cell platform for cDNA library construction, where individual 

cells were encapsulated inside the droplets containing unique molecular barcodes (UMI) and DNA 

barcodes. After cDNA library construction, we sequenced 7711 cells (3765 DMSO-treated cells and 

3946 Alk5ill-treated cells) with mean reads of ~50,000 per cells.  

The quality of sequencing reads was determined before mapping them onto the reference genome 

(Supplementary Figure 5.3A). All of our sequencing reads formed a tight distribution with universally 

high quality. The distribution of GC content across all of sequencing reads showed a good overlay with 

theoretical distribution suggesting there had been no contamination. We filtered out potential apoptotic 

cells and doublets by removing cells with high mitochondrial content (>25%) or high gene number/count 

(>10,000). After filtering, 3392 and 3504 cells from DMSO-treated and Alk5ill-treated cells, respectively, 

were obtained for analysis. The two datasets were integrated together to identify common cell types 

and to enable comparative analyses between the two conditions. We projected all cells onto two 

dimensions using UMAP for the visualisation of cell clusters. 

The scRNA-seq analysis revealed the heterogeneity of the cultures (Figure 5.2B). Cells from each 

condition were merged very well, forming the same sets of clusters (Figure 5.2C and Supplementary 
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Figure 5.3B). We assigned cell types based on cell-type specific markers found in published scRNA-

seq papers of cadaveric and PSC-derived islets (Muraro et al. 2016; Segerstolpe et al. 2016; Veres et 

al. 2019; Augsornworawat et al. 2020; Li X et al. 2020). Some clusters of cells in the population could 

not be classified and therefore we labelled them "uncertain". The composition of each defined cell type 

is summarised in Supplementary Figure 5.3C. We defined three major cell types; 1) EN cells (n = 727), 

2) non-endocrine (NE) cells (n = 2509) and 3) pancreatic progenitor (PP) cells (n = 2422). The EN cells 

(expressing CHGA) were further classified into three distinct cell subtypes: 1) Beta1 cells (n = 346) that 

expressed INS, PDX1, NKX6.1, NEUROD1, NKX2.2 and other beta cell markers, 2) Beta2 cells (n = 

160) that expressed INS but missing other essential markers for beta cells, and 3) enterochromaffin 

(EC) cells (n = 221) whose transcriptional expressions were very similar to EC cells found in the 

gastrointestinal tract or gastric glands (Figure 5.2B). In contrast to other published papers (Veres et al. 

2019; Augsornworawat et al. 2020; Li X et al. 2020), we did not find any distinct EN cell clusters that 

resembled either alpha cells (GCG-expressing cells) or delta cells (SST-expressing cells). Instead, a 

small minority of Beta1 cells were shown to be polyhormonal expressing relatively high levels of GCG 

and/or SST (Figure 5.2D). The gene sets used to define each cell type are shown in Supplementary 

Figure 5.3D. The heatmap showing discriminative gene sets for each cluster is presented in Figure 

5.2E. 

Among EN cells (CHGA+), we identified two discrete clusters of INS-expressing cells [Beta1 (5.02%) 

and Beta2 (2.32%)], which were transcriptionally distinctive to one another (Figure 5.2E). Differential 

expression (DE) analysis between the two clusters showed that Beta1 cells had relatively higher 

expression of genes involved in beta cell identity (INS, NEUROD1, NKX2-2, NKX6-1, PDX1, PAX6 and 

RFX6), glucose sensing (SLC2A1, GCK and ABCC8), metabolic signalling (PTPRN, PTPRN2, PAM, 

CLCN3, NUCB2, PDIA3, CHGA and CHGB), insulin biosynthesis (PCSK1, PCSK2, CPE, SCG2, SCG3, 

SCG5, and SLC30A8), exocytosis (STX1A, STXBP1, VAMP2, SYT7 and RAB2A) and beta cell 

maturation (MAFB and NEFM), compared to Beta2 cells (Figure 5.2F). The negligible expression of 

maturation markers, such as the postnatal marker MAFA (Eto et al. 2014), indicated that both beta cell 

clusters resembled neonatal beta cells rather than adult beta cells. In addition, Beta1 cells may not be 

actively proliferating based on the upregulation of the cell-cycle inhibitor gene CDKN1C (Figure 5.2F). 
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Next, we performed GSEA of GO to determine whether the transcriptional differences in Beta1 cells 

relative to beta2 cells were enriched for specific functional roles. The analysis revealed that Beta1 cells 

showed an upregulation of genes involved in hormone secretion and pancreas development, whereas 

genes responsible for ribosomal biogenesis and cell mitosis were downregulated compared to Beta2 

cells (Figure 5.2G). Similarly, a KEGG pathway analysis showed that Beta1 cells were enriched in 

several pathways including insulin secretion and cyclic AMP signalling, a well-known potentiator of 

insulin exocytosis (Seino et al. 2009), but were less enriched in genes involved in ribosome biogenesis, 

compared to Beta2 cells (Figure 5.2H). We found that genes associated with proteasome and DNA 

replication pathways, whose activities are needed for progression through the cell cycle (Reed 2006; 

Koepp 2014), were enriched in Beta2 cells. Based on these results, we speculated that Beta1 cells 

were the more mature/functional form of INS-expressing cells, compared to Beta2 cells. 

Multiple studies have demonstrated that EC cells are generated from in vitro beta cell differentiation 

protocols (Veres et al. 2019; Augsornworawat et al. 2020; Li X et al. 2020). These cells are considered 

an off-target population as EC cells are not present in the native human pancreatic islets and normally 

reside in the gut, where they produce and release serotonin (Bellono et al. 2017). Our analysis also 

identified a cluster containing EC cells (3.2%) (Figure 5.2B), whose transcriptomic profile was separable 

but relatively similar to that of Beta1 cells (Figures 5.2E). Our EC cells expressed a high level of NKX6-

1 transcripts with low expression of INS (Figure 5.2F), consistent with prior reports (Veres et al. 2019; 

Augsornworawat et al. 2020). Compared to other cell types, these cells expressed genes pertaining to 

serotonin biosynthesis (Supplementary Figure 5.3E), such as TPH1, DDC and SLC18A1, as well as EC 

markers including LMX1A, FEV and ADRA2A (Supplementary Figure 5.3F). 

We found that PP cells made up a significant portion of the terminally differentiated population (35.12%) 

(Supplementary Figure 5.3C), indicating that the majority of cells remained as progenitor cells during 

EN induction or it was possibly due to delayed differentiation. This result is consistent with a report that 

shows that 2D/planar differentiation strongly inhibits NGN3-induced EN differentiation (Hogrebe et al. 

2020). The PP cells expressed markers such as PDX1, NKX6.1, SOX9, DLK1, ONECUT1 and NOTCH1 

without CHGA expression (Supplementary Figure 5.3G). Negligible expression of NGN3 and its 

downstream targets, such as NKX2.2 and NEUROD1, was detected in PP cells suggesting that these 

cells were not committed to the EN lineage. The fact that we could not find any intermediate cell types 
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that connect between PP and EN cells suggested that the EN cells had matured sufficiently from PP 

cells to provide a clear separation. A subpopulation of PP cells located near the EN cell cluster on the 

UMAP appeared to be actively proliferating, in contrast to the remaining PP cells that were largely post-

mitotic (Supplementary Figure 5.3H). 

PP cells are multipotent stem cells which give rise to both EN and exocrine cells. It appeared that a 

large proportion of PP cells adopted a NE cell fate (36.38%) that resembles pancreatic exocrine cells 

(Supplementary Figure 5.3C). The NE cells were transcriptionally distinct and loosely defined by 

heterogeneous expression of exocrine pancreatic markers such as FOSL2, KRT19, KLF9, CDX2, 

SPARC and COL3A1 (Supplementary Figure 5.3I). Similar to PP cells, a portion of NE cells near the 

EN cell clusters maintained expression of genes associated with the cell cycle (Supplementary Figure 

5.3H).  

"Uncertain1" cells (1.15%) were marked by high expression of HES5, SFRP2, PTN, CRABP1 and 

MAP1B (Supplementary Figure 5.3J), forming a cluster with a unique gene expression pattern, whereas 

the "uncertain2" cells (16.81%) could not be distinguished by their unique gene profile. 
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Figure 5.2 scRNA-seq revealed the heterogeneity in the final population. (A) Overview of experimental design. (B) UMAP 
projection of both DMSO- and Alk5ill-treated cells sampled from the end of stage 6. Cells are coloured according to their assigned 
cluster. (C) UMAP projection of both DMSO- and Alk5ill-treated cells sampled from the end of stage 6. Cells are coloured 
according to their treatment. (D) Violin plots indicating gene expression of EN-related genes in each cluster. (E) Heatmap of 
showing top 50 genes for each cluster. Expression is represented in log scale. (F) Relative expression profiles of functionally and 
developmentally relevant beta cell markers across cell types identified in beta cell differentiation. Expression is represented in 
log scale. (G) GSEA analysis showing differentially regulated pathways in Beta1 in relation to Beta2 cells. (H) KEGG analysis 
showing differentially regulated pathways in Beta1 in relation to Beta2 cells. p.adjust represents adjusted p-value. Count 
represents number of genes used for each pathway analysis. 

 



132 
 

5.2.1.4 Multiple genes implicated in beta cell function were differentially regulated between 

DMSO- and Alk5ill-treated Beta1 cells. 

Based on our analysis in the previous section (5.3.1.3), we suspected that Beta1 cells were the primary 

source of the change in insulin secretion upon Alk5ill treatment. To investigate the effect of Alk5ill, we 

performed differential gene analysis between DMSO-treated Beta1 cells (control) and Alk5ill-treated 

Beta1 cells (treatment). This analysis was performed from the perspective of DMSO-treated Beta1 cells 

due to their superior functionality. We identified 177 differentially expressed genes (adj.p.value = < 0.05), 

which constituted 0.77% of all 23125 detected genes (Supplementary Figure 5.4). We found that 52 of 

them (29%) were associated with ribosomal proteins, including the small 40S (RPS) and the large 60S 

(RPL) ribosomal subunits (Supplementary Figure 5.4). Apart from RPS28, the rest of the differentially 

expressed ribosomal genes were downregulated in DMSO-treated Beta1 cells, indicating of less active 

ribosomal biogenesis, compared to Alk5ill-treated Beta1 cells. 

In an actively growing cell, cellular energy and building blocks are mostly consumed for ribosome 

biogenesis (Donati et al. 2012). To determine whether there had been any changes in proliferative 

capacity, we looked for genes implicated in cell proliferation among the differentially expressed genes. 

We found 18 genes with 4 of them (SERPINB1, GAS5, ID1 and ID2) implicated in regulating islet cell 

growth and the remaining genes being linked to general cell proliferation (Figure 5.3A). Actively 

proliferating beta cells have been shown to have higher levels of ribosomal proteins, associated with 

immature characteristics of beta cells, including higher pro-insulin content and increased basal insulin 

secretion rate with less ability to respond to high glucose (Asahara et al. 2009; Puri et al. 2018; Farack 

et al. 2019). To determine whether increased ribosome biogenesis is correlated with increased pro-

insulin content in our study, we checked genes involved in proinsulin processing, such 

as PCSK1, PCSK2 and CPE. However, they were not significantly affected by the Alk5ill treatment 

(Figure 5.3B). 

ID1 and ID2, encoding inhibitors of basic helix-loop-helix (bHLH) transcriptional factors, were the two 

most downregulated genes in DMSO-treated Beta1 cells compared to Alk5ill-treated cells, 

being downregulated by ~84% and ~65%, respectively (Figure 5.3C and Supplementary Figure 

5.4).  ID3 and ID4 were also downregulated but this trend did not reach statistical significance. NGN3 
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and NEUROD1 are the most well-studied bHLH transcriptional factors in the pancreas and we reasoned 

that the activity of these bHLH factors could be influenced by the altered expression of the ID proteins 

in response to presence of absence of Alk5ill (Rukstalis and Habener 2009; Gu et al. 2010). In particular, 

NEUROD1 binds to E47 proteins and this interaction is competitively inhibited by ID proteins (Malecki 

et al. 1999; Longo et al. 2008). We found that NGN3 was lowly expressed in Beta1 cells under both 

conditions (Figure 5.3C), consistent with the fact that it is transiently expressed only during pancreatic 

development to initiate the EN program (Villasenor et al. 2008). By contrast, NEUROD1 was robustly 

expressed at similar levels in Beta1 cells under both conditions, making it a more likely target of ID 

modulation. In support of this notion, we found that INS expression was higher in DMSO-treated Beta1 

cells by 80% than in Alk5ill-treated Beta1 cells, (although this did not reach statistical significance; 

adjusted p.value = 0.12) in keeping with the fact that the INS enhancer is directly targeted by 

NEUROD1-E47 complexes (Figure 5.3E; (Naya et al. 1995)). 

Genes encoding long non-coding RNAs (lncRNA), enzymes, enzyme inhibitors and ion channels were 

also influenced by Alk5ill treatment (Figure 5.3E). Of the lncRNAs, the Nuclear Enriched Abundant 

Transcript 1 (NEAT1) gene was shown to be the most significantly upregulated (by ~121%) in Beta1 

cells of DMSO-treated cells compared to Alk5ill-treated. NEAT1 is a major component of nuclear 

structures called paraspeckles whose role is as of yet not fully understood. Although the role of NEAT1 

in beta cells is not very clear, it has recently been reported as being one of the most upregulated genes 

upon in vivo maturation of PSC-derived beta cells (Augsornworawat et al. 2020). Receptor-type 

tyrosine-protein phosphatase-like N (PTPRN) was significantly upregulated in DMSO-treated Beta1 

cells by 57% compared to Alk5ill-treated cells (Figure 5.3E). It has been shown in beta cells that PTPRN 

is cleaved by the protease calpain 1, resulting in promotion of the transcription of secretory granules 

and beta cell proliferation via the stabilisation of STAT5 (Stutzer et al. 2012). In addition, a significant 

upregulation was also observed in the expression of JAK1, which is involved in the JAK-STAT signalling 

pathway (Figure 5.3E). 

Expression of ALDH1A1 was significantly higher in DMSO-treated Beta1 cells (Figure 5.3E). Socorro 

et al. (2017) have shown in mice that Aldh1a1-expressing cells expand and give rise to beta cells 

(Socorro et al. 2017). However in other studies, the ALDH1A1 gene has been identified as an alpha 

cell-specific marker (Muraro et al. 2016) as well as a dedifferentiation marker in beta cells depleted of 
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Foxo1 and MafA (Kim-Muller et al. 2016). The other notable differentially upregulated genes in DMSO-

treated Beta1 cells were PCSK1N (~52%), NDUFA3 (~35%) and NDUFB1 (~34%) (Figure 5.3E). The 

PCSK1N gene encodes a PCSK1 inhibitor. Although its role in beta cell function is not known, 

overexpression of PCSK1N in mice is associated with an obese phenotype (Wei et al. 2004). The 

NDUFA3 and NDUFB1 proteins are a subunit of NADH dehydrogenase, the primary electron entry point 

in the mitochondrial electron transport chain, which is a crucial component for GSIS activity (Ishibashi 

et al. 1997; Maechler and Wollheim 2000). Potassium channel subfamily K member 17 (KCNK17) was 

downregulated by ~61% in DMSO-treated Beta1 cells (Figure 5.3F), which might possibly be related to 

the difference in KCl responsiveness between the two groups. However, nothing is yet known about its 

roles in human beta cells.  
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Figure 5.3 We identified multiple genes differentially expressed between DMSO- and Alk5ill-treated Beta1 cells. (A) 
Summary of differentially expressed genes implicated in cell proliferation (B) Violin plots showing gene expression of proinsulin 
processing-related genes. (C) Violin plots showing gene expression of ID families and its potential binding partners. (D) Violin 
plot showing INS expression. (E) Summary of other differentially expressed genes. (F) GSEA analysis showing differentially 
regulated pathways in DMSO-treated Beta1 in relation to Alk5ill-treated Beta2 cells. (H) KEGG analysis of differentially regulated 
pathways in DMSO-treated Beta1 in relation to Alk5ill-treated Beta2 cells. p.adjust represents adjusted p-value. Count represents 
number of genes used for each pathway analysis. 
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A GO analysis revealed that the differentially upregulated genes in DMSO-treated Beta1 cells were 

mainly enriched in the terms "vesicle organization", "hormone-mediated signalling pathway", "Golgi 

vesicle transport", "covalent chromatin modification" and "response to electrical stimulus", which are all 

required for insulin secretion (Chakrabarti et al. 2003; Hou et al. 2009), whereas the differentially 

downregulated genes were enriched in "SRP-dependent co-translational protein targeting to 

membrane", "mRNA catabolic process" and "ribosome biogenesis (Figure 5.3F). It has been reported 

that the disruption of SRP-dependent co-translational translocation has seemingly no effect on the 

translocation of preproinsulin into endoplasmic reticulum, whereas translocation is impaired when post-

translational translocation is blocked (Lakkaraju et al. 2012).  

A Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that the differentially 

expressed genes were mostly enriched in the "ribosome"-related pathway, further suggestive of a 

correlation with reduced beta cell function (Figure 5.3G). Interestingly, the KEGG analysis showed that 

TGFβ signalling pathway was slightly downregulated in DMSO-treated Beta1 cells, which was 

unexpected considering the effect of Alk5ill. This may be due to the upregulation of ID families in Alk5ill-

treated Beta1 cells, which are a part of the KEGG gene set for TGFβ signalling pathway. 

5.2.1.5 Some differentially expressed genes in Beta1 cells are also differentially expressed in 

other cell types. 

We investigated the differentially expressed genes between DMSO- and Alk5ill-treated Beta1 cells in 

the other cell types to determine whether the effect of Alk5ill was common to different cell types. We 

observed that the majority of differentially expressed genes in Beta1 cells were also differentially 

expressed in the other cell types (Figure 5.4A). Interestingly, the EN cell population (Beta1, Beta2 and 

EC) generally had a lower expression of the ID gene family, compared to other cell types (Figure 5.4A). 

In addition, the lowest expression of ID1 and ID2 was observed in Beta1 cells, suggesting a need to 

transcriptionally suppress ID genes for beta cell maturation. PTPRN expression could be only detected 

in Beta1 cells and EC cells. However, in the absence of distinct clusters containing either alpha cells or 

delta cells, we were unable to determine whether PTPRN is specific to Beta1 and EC cells. The GO 

and KEGG analyses were also performed in other clusters to compare both conditions. Again, ribosome 

biogenesis-related genes were found to be downregulated in the DMSO-treated group regardless of 
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cell identity (Supplementary Figure 5.5A). The GO term "SRP-dependent co-translational protein 

targeting to membrane" also appeared in other cell clusters as a downregulated pathway. Unlike Beta1 

cells, the KEGG analysis identified "oxidative phosphorylation" as an upregulated pathway in DMSO-

treated cells including EC, NE and PP cells (Supplementary Figure 5.5B). Finally, to validate our 

scRNA-seq data, we performed qPCR on independently collected bulk RNA samples, confirming that 

RPS10, ID1 and ID2 were significantly regulated upon Alk5ill treatment (Figure 5.4B). 

 

Figure 5.4 Some differentially expressed genes between DMSO- and Alk5ill-treated Beta1 cells were also appeared in 
other cell types. (A) Violin plots showing gene expression of statistically differentially expressed genes between DMSO- and 
Alk5ill-treated Beta1 cells in other cell types (based on the non-parametric Wilcoxon rank sum test (B) qPCR confirming that 
RPS10, ID1 and ID2 are significantly regulated upon Alk5ill treatment. Data represent means ± SD (n = 2, two sample t-test, p 
value = .033 (*), .002 (**) or < .001 (***)). 
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5.2.1.6 Comparison of our iPSC-derived beta cells with native human beta cells indicates 

transcriptional immaturity.  

Multiple scRNA-seq have been performed on native human pancreatic islet cells, which are now publicly 

available offering an opportunity for robust comparison. To examine how closely our differentiated cells 

resemble native human beta cells, we integrated our two datasets (of DMSO- and Alk5ill-treated cells) 

with one of the published scRNA-seq datasets of native human pancreatic islet cells using the Seurat3 

integration function for batch-effect correction (Butler et al. 2018; Xin et al. 2018). We then projected 

them onto two dimensions using UMAP after normalisation (Figure 5.5A). Given that correcting batch-

effect has been proven very challenging, it is important to note that cross-comparison is still considered 

a less authoritative form of evaluation. 

Beta cells were classified into four distinct clusters (Beta1, Beta2, Beta3 and Beta4) (Figure 5.5B). 

Beta1 and Beta2 clusters contained only the iPSC-derived beta cells, whereas Beta3 and Beta4 clusters 

were predominantly comprised of the native human beta cells (Supplementary Figure 5.6). The two 

distinct clusters of native human beta cells were consistent with other scRNA-seq studies, which 

indicated beta cell transcriptional heterogeneity (Dorrell et al. 2016; Farack et al. 2019). Cells 

expressing markers for alpha cells and exocrine cells were also detected in the native human pancreatic 

islets, whereas EC cells were not present (Figure 5.5B). Compared to the native beta cells (Beta3 and 

Beta4), the iPSC-derived beta cells (Beta1 and Beta2) showed significantly lower expression of the INS 

gene (Figure 5.5C). Beta3 and Beta4 cells expressed relatively high levels of GCG, but still lower than 

the native alpha cells. No clusters of cells expressing high levels of SST were detected in the cell 

population. A minority of native beta cells expressed comparable levels of TPH1 as iPSC-derived EC 

cells. 

We compared all the beta cell clusters (Beta1, Beta2, Beta3 and Beta4) and the other EN cells (alpha 

and EC cells) with markers implicated in beta cell identity, glucose sensing, metabolic signalling, insulin 

biosynthesis, exocytosis and beta cell maturation (Figure 5.5D). Gene expression analysis revealed 

that the Beta1 and Beta2 cells correspond to the same-named Beta1 and Beta2 cells, respectively, in 

Figure 5.2B. Previously (in Section 5.3.1.3), we speculated that Beta1 cells resemble more of native 

beta cells than Beta2 cells. Indeed, as indicated by their position in the UMAP plot, Beta1 cells were 
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transcriptionally more similar to native human beta cells (Beta3 and Beta4) than Beta2 cells in terms of 

expression of NEUROD1, NKX2-2, PAX6, ABCC8, PTPRN, PTPRN2, PAM, NUCB2, TCF7L2, PCSK1, 

PCSK2, CPE, STX1A, STXBP1 and SYT7 (Figure 5.5B, D). To investigate further, we performed 

differential expression analysis between Beta1 cells and the two clusters of native human beta cells. 

We identified thousands of differentially expressed genes that distinguished Beta1 cells from native 

human beta cells (Beta3 and Beta4 cells; Figure 5.5E). Compared to native human beta cells, Beta1 

cells had lower expression of the beta cell markers INS, SLC30A8, ABCC9, KCNK3, MAFA, HOPX, 

SIX2, G6PC2 and IAPP (Figure 5.5F). On the other hand, we observed more abundant expression of 

CHGA, DCX, FOXA2, INSM1, ISL1, LDHA, ALDH1A1, MAP1B and CRYBA2 in Beta1 cells compared 

to the native human beta cells (Figures 5.5E and 5.5F). Unexpectedly, JUN, PPP1R1A and NEAT1, 

which have been implicated in in vivo beta cell maturation (Augsornworawat et al. 2020), were more 

highly expressed in Beta1 cells.  

Activating the electron transport chain is required to drive glucose-responsive insulin secretion in beta 

cells during postnatal maturation (Yoshihara et al. 2016). A GO term analysis revealed that the electron 

transport chain was significantly suppressed in Beta1 cells, compared to the Beta3 and Beta4 cells 

(Figure 5.5G). Taken together, we conclude that our iPSC-derived beta cells more closely resemble 

human fetal beta cells than human adult beta cells. 
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Figure 5.5 scRNA-seq suggests that our Beta1 cells transcriptionally resembles human fetal beta cells. (A) UMAP 
projection of both DMSO- and Alk5ill-treated cells sampled from the end of stage 6 with native human islet cells. Cells are coloured 
according to their origin. (B) UMAP projection of both DMSO- and Alk5ill-treated cells sampled from the end of stage 6 with native 
human islet cells. Cells are coloured according to their assigned cluster. (C) Violin plots showing the gene expression of hormone 
genes in each cluster. (D) Relative expression profiles of functionally and developmentally relevant beta cell markers across 
different cell clusters. Expression is represented in log scale. (E) Volcano plots showing differentially expressed genes between 
Beta1 and either Beta3 or Beta4 cells. (F) Relative expression profiles of differentially expressed genes between Beta1 and either 
Beta3 or Beta4 cells. Expression is represented in log scale. (G) GSEA analysis comparing differentially expressed genes 
involved in electron transport chain in Beta1 in relation to either Beta3 or Beta4 cells. 
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5.2.1.7 Omission of Alk5ill during the final stage of our protocol shifts beta cells towards a state 

that more resembles native human beta cells. 

We hypothesised that DMSO-treated Beta1 cells resemble native human beta cells more than Alk5ill-

treated Beta1 cells. To test this, we compared DMSO- and Alk5ill-treated Beta1 cells with native human 

beta cells based on beta cell markers (Figure 5.6A). We found that DMSO-treated Beta1 cells were 

transcriptionally more similar to native human beta cells (Beta3 and Beta4) than Alk5ill-treated Beta1 

cells in terms of gene expression for NKX2.2, PDX1, PAX6, ABCC8, PTPRN, CPE, SCG2, SCG3, 

STX1A and RAB2A. Next, a heatmap was produced using the top 50 differentially upregulated genes 

for each cluster (Figure 5.6B), followed by the generation of a clustering tree that sorts clusters based 

on overall transcriptional similarity (Figure 5.6C). The two clusters of native human beta cells (Beta3 

and Beta4 cells) exhibited a very similar gene expression pattern to one another (Figure 5.6B). 

Additionally, they also shared many markers with alpha cells. However, only a few markers for both 

DMSO- and Alk5ill-treated Beta1 cells were highly expressed in the native human beta cells, and vice 

versa. 

The hierarchical clustering tree indicated that DMSO-treated Beta1 cells are the most similar cell cluster 

to the native human beta cells among the iPSC-derived cell clusters, while Alk5ill-treated Beta1 cells 

were clustered nearer to the EC cell clusters (Figure 5.6C). For further validation, we also examined 

the expression of the differentially expressed genes between DMSO- and Alk5ill-treated Beta1 cells in 

native human beta cells (Figure 5.6D). In relation to Alk5ill-treated Beta1 cells, DMSO-treated Beta1 

cells were more similar to native human beta cells in terms of gene expression for INS, ID2, ID3, PTPRN, 

ALDH1A1, PCSK1N, NDUFA3, NDUFB1 and KCNK17. Of note, the ID genes were also lowly 

expressed in native human beta cells. Taken together, we concluded that Alk5ill removal in stage 6 of 

the beta cell differentiation protocol helps shift the transcriptional state of differentiating beta cells 

towards native human beta cells. 
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Figure 5.6 DMSO-treated Beta1 cells are transcriptionally more similar to native human beta cells than Alk5ill-treated 
Beta1 cells. (A) Relative expression profiles of functionally and developmentally relevant beta cell markers. Expression is 
represented in log scale. (B) Heatmap showing top 50 genes for each cluster. Expression is represented in log scale. (C) 
Hierarchical clustering tree generated based on transcriptomic profiles of each cluster. (D) Violin plots comparing gene expression 
of differentially expressed genes between DMSO- and Alk5ill-treated Beta1 cells with those of native beta cells. 

5.2.1.8 Our iPSC-derived beta cells are transcriptionally more similar to Melton’s beta cells than 

native human beta cells. 

To compare how similar our beta cell differentiation protocol was to the Melton protocol we downloaded 

their scRNA-seq data and integrated them with our dataset (Figure 5.7A; (Veres et al. 2019)). In contrast 
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to our protocol, Melton’s cultures comprised a high percentage of alpha cells and lacked NE and PP2 

cells, indicating superior EN induction compared to ours (Supplementary Figure 5.7A). We identified 

five beta cell clusters as well as two EC cell clusters (Figure 5.7A). Unexpectedly, beta cells from both 

protocols (Beta1 and Beta2 cells derived from our protocol and Beta5 cells derived from the Melton 

protocol) did not merge with one another (Melton’s cells also failed to merge with the native human beta 

cells (Beta3 and Beta4 cells); Figure 5.7A). To evaluate the level of transcriptional similarities between 

the clusters, we compared them based on expression of beta cell markers (Figure 5.7B and 

Supplementary Figure 5.7B), the generation of a heatmap of top 50 differentially expressed markers 

(Figure 5.7C) and by hierarchical clustering tree (Figure 5.7D). The clustering analysis suggested that 

our beta cells more closely resembled Melton’s beta cells, rather than native human beta cells (Figure 

5.7D). Expression of differentially expressed genes between DMSO- and Alk5ill-treated Beta1 cells 

were also compared between beta cell clusters (Supplementary Figure 5.7C). Interestingly, PSC-

derived beta cells (our beta cells and Melton’s beta cells) expressed much lower levels of PCSK1N 

compared to native beta cells. Taken together, we concluded that we still require further improvement 

of our beta cell differentiation protocol in order to generate cells that are more similar to native human 

beta cells. 
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Figure 5.7 Our Beta1 cells are transcriptionally more similar to Melton’s beta cells than human native beta cells. (A) 
UMAP projection of our beta cells, Melton’s beta cells and human native beta cells. In the left graph, cells are coloured according 
to their origin, whereas cells are coloured according to their assigned cluster in the right graph. (B) Relative expression profiles 
of functionally and developmentally relevant beta cell markers. Expression is represented in log scale. (C) Heatmap showing top 
50 genes for each cluster. Expression is represented in log scale. “x2” represents the Melton protocol. (D) Hierarchical clustering 
tree generated based on transcriptomic profiles of each cluster. “x2” represents the Melton protocol.  
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5.2.2 Role of rs7903146 in beta cell development and function 

5.2.2.1 Beta cell differentiation with rsKO lines  

Using our ‘Final Protocol’, we differentiated rsKO7, rsKO12 and rsKO24 (refer to Chapter 3) alongside 

three wild-type controls (WT1, WT2 and WT3), which underwent sham clonal selection in the same 

manner as the genetically modified lines except that transfection of the eGFP vector was used for live 

FACS. Cells were sampled at DE-, PP2- and beta cell stages for qPCR analysis. We observed no 

transcriptional change in the expression of DE markers (Supplementary Figure 5.8A). The deletion of 

the region containing rs7903146 has been shown previously to downregulate the expression of ACSL5 

in the HCT116 human intestinal cell line (Xia Q et al. 2016). Consistent with this, we found that ACSL5 

was significantly downregulated in rsKOs compared to the wild type (WT) controls at the DE and beta 

cell stages but not at the PP2 stage (Figure 5.8A). Inconsistent with other reports (Lyssenko et al. 2007; 

Xia Q et al. 2016), the Wnt-related genes TCF7L2 and CTNNB were similarly expressed between rsKOs 

and WT controls across the different stages. In another experiment which was prematurely ended due 

to COVID19 lockdown, ACSL5 expression was shown again to be significantly lower in rsKO lines 

compared to the WT lines at the DE stage, but not at the PP2 stage (Supplementary Figure 5.8B). 

Likewise, there were no changes in the expression of TCF7L2 and other DE-markers. 

Based on qPCR and flow cytometric analyses, we observed no change in PP2 differentiation efficiency 

with the rsKO lines (Figures 5.8A and 5.8B). However, the rsKO beta cells showed a 3-fold increase in 

INS expression compared to the WT beta cells (Figure 5.8C). Moreover, there was no difference in the 

percentage of C-peptide expressing cells between the rsKO and WT lines, suggested that the increased 

INS expression is due to a change at the individual cell level rather than at a population level (Figure 

5.8B). Other pancreatic hormones showed no statistical difference in their expression (Figure 5.8C). 

Consistent with INS expression, rsKO beta cells secreted more C-peptide than WT beta cells under 

both low and high glucose challenges (Figure 5.7D). However, the GSIS assay did reveal that, in 

contrast to WT beta cells, rsKO beta cells were not glucose responsive. This experiment will need to 

be repeated in the future to validate this effect. 
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Figure 5.8 INS and ACSL5 are differentially expressed in rsKO compared to WT. (A) qPCR comparing relative gene 
expression between WT and rsKO throughout beta cell differentiation. Data represent means ± SD (n = 3, two sample t-test, p 
value = .033 (*), .002 (**) or < .001 (***)) (B) Flow cytometry showing population percentages of PP cells and beta cells derived 
from either WT or rsKO. PP cells were stained for PDX1 and NKX6.1, whereas beta cells were stained for Cpep and NKX6.1. 
Data represent means ± SD, n = 3 (C) qPCR comparing gene expression of pancreatic hormone genes between WT and rsKO 
in final stage. Data represent means ± SD, n = 3 (D) C-peptide secretion assay showing the amount of secreted C-peptide and 
stimulation index for beta cells derived from WT or rsKO. Data represent means ± SD (n = 3, two sample t-test, p value = .033 
(*), .002 (**) or < .001 (***)) 
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5.2.2.2 Beta cell differentiation with TR lines  

To investigate the role of TCF7L2 in beta cell development and function, we differentiated the TR lines 

(TR3, TR10 and TR20) using the ‘Final Protocol’. WT lines were also treated with DOX to control for an 

effect of DOX. We collected samples at various stages for qPCR and flow cytometric analyses. We 

found that the Tet-On gene expression system gets silenced as iPSCs undergo beta cell differentiation 

(Figure 5.9A). Cells remained sensitive to the presence of DOX at the DE stage, leading to a significant 

increase in total expression of TCF7L2 (although this did not alter the expression of any DE markers; 

Supplementary Figure 5.9). However, even in the presence of DOX, the expression of TCF7L2 

remained unchanged in PP2 and beta cell stages. Despite performing multiple assays (including using 

earlier versions of our protocol), it was not possible to draw any meaningful conclusion regarding the 

role of TCF7L2 (Figure 5.9B, C and D; Supplementary Figures 5.9, which represents beta cell 

differentiation with TR lines using the Hybrid protocol). Taken together, we concluded that the TR lines 

are not suitable for studying the effect of TCF7L2 overexpression. 
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Figure 5.9 TR lines lose its inducibility during beta cell differentiation. (A) qPCR comparing relative gene expression 
between WT and TR throughout beta cell differentiation. Data represent means ± SD (n = 3, Tukey’s HSD, p value = .033 (*), .002 
(**) or < .001 (***)). (B) Flow cytometry showing population percentages of PP cells and beta cells derived from either WT or TR 
in the absence or presence of doxycycline (2 µg/mL). PP cells were stained for PDX1 and NKX6.1, whereas beta cells were 
stained for Cpep and NKX6.1. Data represent means ± SD (n = 3) (C) qPCR showing relative gene expression of pancreatic 
hormone genes for WT and TR in the absence or presence of doxycycline (2 µg/mL). Data represent means ± SD (n = 3, Tukey’s 
HSD, p value = .033 (*), .002 (**) or < .001 (***)). (D) C-peptide secretion assay showing the amount of secreted C-peptide and 
stimulation index for beta cells derived from either WT or TR in the absence or presence of doxycycline (2 µg/mL). Data represent 
means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). 

5.2.2.3 Beta cell differentiation with TCFKO lines  

Next, we examined the TCFKO12 and TCFKO15 lines, which carry a heterozygous deletion of TCF7L2. 

Despite the Wnt activator CHIR99021 being needed at the initial step of beta cell differentiation to 

induce DE cells, we failed to see any effect on DE markers in the TCFKO lines (Figure 5.10A). However, 
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the TCFKO lines did show low expression of NKX6.1 at the PP2 stage compared to the WT control 

(Figure 5.10A), which was also confirmed by flow cytometry (Figure 5.10B). This suggests that the 

TCFKO lines generate fewer beta cell progenitors. Consistent with this, the TCFKO lines at the final 

stage of the protocol had significantly lower expression of INS, compared to the control (Figure 5.10A). 

In addition, we observed a lower percentage of C-peptide+/NKX6.1+ cells with the TCFKO15 line (Figure 

5.10B; Note: the final stage sample for the TCFKO12 line was lost during preparation). We also 

observed a significant difference between the two groups with the GSIS assay, where the WT controls 

showed functional superiority over the TCFKO lines (Figure 5.10C).  

 

Figure 5.10 TCFKO lines showed lower differentiation efficiencies compared to the WT control. (A) qPCR comparing 
relative gene expression between WT and TCFKO throughout beta cell differentiation. Data represent means ± SD (n = 3) (B) 
Flow cytometry showing population percentages of PP cells and beta cells derived from either WT or TCFKO. PP cells were 
stained for PDX1 and NKX6.1, whereas beta cells were stained for Cpep and NKX6.1. Data represent means ± SD (n = 3). (C) 
C-peptide secretion assay showing the amount of secreted C-peptide and stimulation index for beta cells derived from either WT 
or TCKO. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). 

 



150 
 

5.3 Summary 

In this chapter, we investigated the mechanism of how TGFβ signalling is involved in beta cell 

maturation by comparing iPSC-derived beta cells treated with either DMSO or Alk5ill in later stages of 

the protocol. Reduced insulin secretion and glucose-responsiveness were observed in Alk5ill-treated 

beta cells, indicating the importance of allowing TGFβ signalling to occur during beta cell maturation. 

For more accurate analysis, scRNA-seq was performed to determine the role of TGFβ signalling as well 

as to comprehensively characterise the cells that are formed during beta cell differentiation. We 

identified several potential candidate genes (ID1, ID2 and NEAT1) that might act as the downstream 

effectors of TGFβ signalling, responsible for reduced beta cell function. Moreover, it was revealed that 

our iPSC-derived beta cells resemble human fetal beta cells in terms of their transcriptional profile. We 

differentiated the genetically modified lines (rsKO, TR and TCFKO lines) using the Final Protocol and 

while the TR lines failed to induce TCF7L2, the rsKO and TCFKO lines displayed developmental and 

functional differences compared to WT controls.  
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Chapter 6: Discussion 

The increasing incidence of T2D is a major worldwide medical problem awaiting a solution. T2D is 

challenging to study due to the limited access of fresh cadaveric pancreatic islets, the absence of animal 

models for investigating human genetics and the complexity of the disease itself. However, recent 

breakthroughs have greatly expanded the tools available to study the disease and include gene editing, 

iPSCs, in vitro beta cell differentiation, and scRNA-Seq technology. The goal of this thesis was to use 

a combination of these technologies to investigate the effect of rs7903146 and TCF7L2 in beta cell 

development and function. In this chapter, we discuss the findings, interpretations and problems we 

faced in our study and suggest future experiments. 

Generation of iPSC lines 

In Chapter 3, we successfully established NZ's first human iPSC lines, MANZ2-2 and MANZ4-37. These 

lines were generated by ectopically overexpressing the ‘Yamanaka factors’ in human dermal fibroblasts 

collected from two healthy NZ donors. The MANZ2-2 and MANZ4-37 lines express pluripotency 

markers and are capable of differentiating into the three germ layers via either spontaneous or directed 

differentiation. As all ~200 different cell types in the human body are derived from the germ layers, this 

demonstrated that our iPSC lines could provide a source of cells for many different applications, 

including disease modelling, drug screening and regenerative medicine. Importantly for our focus, we 

could use the MANZ lines to develop an in vitro model of human pancreatic beta cells. More widely, the 

MANZ lines provide new research capacity to NZ investigators and this will help keep NZ internationally 

competitive. 

Despite their great potential for medical science, iPSCs are notorious for genetic and epigenetic 

variations that arise during reprogramming and after prolonged culture. Genetic variations range from 

aneuploidy to subchromosomal copy number variation to single nucleotide variations. G-banded 

karyograms confirmed that none of our MANZ lines have aneuploidy or subchromosomal copy number 

variations in their genome. In addition, iPSCs are known to be prone to mutations in the tumour 

suppressor gene TP53, encoding a transcription factor that triggers cell cycle arrest or apoptosis in 

stressed cells (Merkle et al. 2017). Due to the oncogenic properties of the ‘Yamanaka factors’, 
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reprogramming induces replication stress, leading to activation of the p53 pathway  and prevention of 

damaged cells converting to a pluripotency state (Kawamura et al. 2009; Smith et al. 2010). Several 

studies have demonstrated that cells carrying dysfunctional mutations in TP53 are favoured during 

either reprogramming or prolonged culturing (Kawamura et al. 2009; Utikal et al. 2009; Merkle et al. 

2017). We confirmed that our early-passage MANZ lines do not carry mutations in TP53. Facilitating 

this would have been the use of Sendai virus-based reprogramming, as this has been reported to be 

the least mutagenic among the various reprogramming methods (Bhutani et al. 2016). However, without 

whole genome sequencing, it cannot be guaranteed that genetic variations, such as single nucleotide 

mutations, were not introduced into our MANZ lines. In addition, iPSCs may even carry mosaic 

mutations, which are difficult to be detected by whole genome sequencing (Hussein et al. 2011). 

iPSCs are particularly susceptible to genetic variations compared to other cell types due to their rapid 

proliferation (shorter cell cycle) and weak checkpoints between cell cycle phases (Weissbein et al. 

2014). Therefore, prolonged culturing often results in passage-induced mutations (Laurent et al. 2011), 

which are subjected to selection while cells are being passaged. Eventually, mutations that confer 

advantage to cell survival or replication are selected and come to dominate the cell culture. This can 

potentially be a practical issue for downstream applications of iPSCs. For example, in our study it was 

necessary to perform multiple rounds of passaging in order to establish genetically modified iPSC lines. 

This may have resulted in de novo mutation(s) and/or enrichment of pre-existing mutation(s) that could 

confound subsequent analyses and interpretations. To date, there is a discrepancy among multiple 

studies as to how many times iPSCs can be passaged without introducing genomic abnormalities. 

However, it has been consistently reported that increasing passage number is positively associated 

with genomic abnormalities (Liu P et al. 2014; Garitaonandia et al. 2015). Therefore, regular ‘check-

ups’, either by whole-genome sequencing or by karyotyping, are needed for experiments requiring 

prolonged culture. 

Epigenetic variations are another important aspect to consider when working with iPSCs. Establishment 

of a stable pluripotency network requires transcriptional activation and repression at pluripotency-

associated and cell-lineage specific developmental genes, and this is mediated by global epigenetic 

modifications (Smith et al. 2016). This process is often described as 'stochastic', as the process is 

largely inefficient and random due to the presence of many roadblocks to overcome. This may have led 
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to two observations made in our study: 1) the efficiency of iPSC derivation was low, and 2) the timing 

of individual iPSC colonies emerging from dermal fibroblasts was highly variable. Inefficient 

reprogramming leads to epigenetic variations between individual iPSC lines derived from the same 

donor, which may be a possible explanation for the significant variation we observed between MANZ2-

2 and MANZ2-32 in our beta cell differentiation studies. Moreover, epigenetic variations can also be 

induced by in vitro culturing due to the stress associated with the passaging and culture conditions 

(Liang and Zhang 2013). Therefore, epigenetic variations exist even between different passages of the 

same iPSC line. Indeed, based on our practical experience, it was not uncommon to observe the same 

iPSC line, but thawed at different times, behave differently to one another during passaging and 

differentiation. 

Accumulating evidence from recent studies indicate two developmentally distinct classes of pluripotent 

states: 1) naïve (ground) state, which resembles the inner cell mass of the early human embryo (pre-

implantation blastocysts), and 2) primed state, which resembles post-implantation epiblasts (Ghimire et 

al. 2018). Due to imperfect reprogramming, conventional human iPSC lines are referred to as primed 

as they still retain some of the epigenetic marks from somatic donor cells. For instance, in somatic cells 

of a female human, one of the copies of the X-chromosome is epigenetically inactivated to achieve 

dosage compensation. However, it has been reported that the inactive epigenetic state of the X-

chromosome of female human donor cells are mostly retained in human iPSCs (Tchieu et al. 2010; 

Anguera et al. 2012), which indicates an incomplete epigenetic resetting. Based on these studies, we 

can postulate that the MANZ2-2 line (derived from a female donor) has retained the inactive X-

chromosome from its donor cells. However, it is not yet clear as to what extent X-chromosome 

inactivation affects the differentiation potential of iPSCs. 

During reprogramming, iPSCs may retain local epigenetic marks in other parts of the genome. 

Comparative studies of DNA methylation reported variations between iPSCs and ESCs (Kim K et al. 

2010; Bar-Nur et al. 2011; Nishino et al. 2011). For instance, differentially methylated regions were 

mainly found in lineage-specific genes associated with the donor cells of their iPSCs. Consistent with 

this notion, iPSCs have shown biased differentiation potentials towards the cell type of their donor cells 

in multiple studies. Contrary to this however, both of our MANZ lines showed skewed differentiation 

potentials in favour of the mesodermal lineage, instead of the ectodermal lineage from which the donor 
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skin dermal fibroblasts were derived. Our Scorecard analysis found that the MANZ lines showed 

greatest repression of ectoderm and endoderm markers, suggesting that the differentiation potential to 

each germ layer may be related to how efficiently the germ layer fate is repressed in the iPSC state. 

However, it was not possible to determine whether the tendency towards the mesodermal lineage is 

due to other factors such as germ layer biases induced by the Scorecard differentiation medium or the 

epigenetic configuration of the iPSCs resulting from a combination of the reprogramming procedure and 

pre-existing epigenetic marks from the donor cells. 

Traditionally, animal models such as mice and rats have been used to study human disorders. However, 

these models are limited due to considerable developmental, genetic and physiological differences 

compared to humans. This cannot always be solved by using primary human cells, as it is difficult to 

obtain some cell types and they cannot be continuously expanded in culture environment. Human 

iPSCs provide one solution to animal studies and primary cultures as they provide a human context, 

have infinite capability for self-renewal, and can differentiate into most, if not all, cell types. These 

properties can potentially provide an unlimited source of any cell type, especially the ones in great 

demands for research purpose and present in limited supply, such as pancreatic beta cells.  

 

Generating genetically modified iPSC lines 

Multiple genome wide association studies for T2D have identified the SNP rs7903146, located within 

the TCF7L2 gene, as being associated with T2D risk (Grant et al. 2006; Wheeler and Barroso 2011). 

Although the T risk allele at rs7903146 confers the highest risk of T2D known to date, pinpointing the 

underlying mechanisms involved has proved difficult. We tried to tackle this problem in Chapter 3 by 

generating multiple genetically modified iPSC lines, such as TR (inducible TCF7L2-overexpressing), 

rsKO (deletion of genomic region containing rs7903146) and TCFKO (heterozygous deletion of the 

TCF7L2 gene) lines, and used these in Chapter 5 to investigate the role of rs7903146 in beta cell 

development and function.  

This aspect of our study was incredibly challenging. We experienced several issues with making genetic 

modifications in iPSCs, mainly for two reasons: 1) low transfection efficiency and 2) inefficient HDR-
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mediated gene editing. PSCs are difficult cells to transfect with non-viral vectors. This is partially due to 

their tightly packed cell configuration, giving less access of the transfection reagent to the cells (Tamm 

et al. 2016). We maximised transfection efficiency as best we could by optimising the ratio of the 

Lipofectamine Stem reagent (Life Technologies) to DNA, achieving up to 8% of MANZ4-37 iPSCs being 

transfected. This is still considered low compared to other cell lines, such as HeLa and HEK293T cells 

that can achieve up to 90% transfection efficiency. We managed this drawback by selecting stably 

transfected clones via either antibiotic selection or FACS (based on GFP signal from the transfected 

plasmids), allowing the isolation of successfully transfected cells only. 

While NHEJ is active throughout cell cycle, HDR is strongly restricted to late S and G2 phases. As 

iPSCs exhibit unusually short G1 and G2 phases (Boward et al. 2016), HDR is very inefficient in iPSCs, 

compared to most cell lines. Consistent with this, it was relatively easy to generate knock-out lines via 

the NHEJ pathway whereas we failed to introduce point mutations at the rs7903146 locus of MANZ4-

37 via the HDR-mediated CRISPR/Cas9 system. General guidelines for designing sgRNAs for maximal 

HDR efficiency recommends the use of sgRNAs that have cut sites less than 10 bp away from the edit 

site, ideally with more than 50% GC content (but at least 30%) (Paquet et al. 2016; Ren et al. 2019). 

However, as the rs7903146 region was flanked by an AT-rich region, the best sgRNA available for the 

rs7903146 locus was 21 bps away from the edit site and had a GC content of 25%. As a result, the 

sgRNA used was not ideal for HDR-mediated gene editing. We tried to improve HDR efficiency by the 

use of asymmetrically designed single-stranded oligodeoxynucleotide repair templates (120 bps in 

length), based on the work of (Richardson et al. 2016). However, it is possible that this design may not 

have been as efficient as hoped due to the sequence of the sgRNA target site. 

The low HDR efficiency with iPSCs was not an issue when generating TR lines via the HDR pathway 

as we used previously reported TALENS and targeted the safe harbour locus. In addition, instead of 

GFP-based FACS, antibiotic selection was performed to select TR lines with a stably integrated 

antibiotic resistance gene. This approach greatly increases the chance of picking colonies with 

successful HDR events. 

As an alternative approach that avoided the problems associated with HDR, we used the recently 

developed xCas9-derived cytosine base editors, which can change cytosine to thymine without 
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involving inefficient DNA cleavage-induced HDR (Komor et al. 2016; Hu et al. 2018). Although the 

cytosine at rs7903146 was perfectly positioned within the editing window of the base editors, we failed 

to introduce point mutations at the locus for unknown reasons (As no positive control was included).  

Ultimately, we were unable to generate rs7903146 knock-in lines and abandoned further attempts. 

However, there are several methods that could be tried in the future to increase HDR efficiency. Firstly, 

HDR can be facilitated by synchronising and arresting iPSCs at the S and G2 phases, followed by timed 

delivery of the CRISPR/Cas9 system. This approach has been shown to increase HDR efficiency in 

PSCs by up to ~6-fold in multiple studies (Lin et al. 2014; Yang D et al. 2016). Secondly, we could 

enhance HDR by using new Cas9 variants. For instance, when the CtIP protein, which is a key protein 

involved in DNA end resection at double stranded DNA break sites and is required for HDR initiation, is 

fused to Cas9, it enhances HDR by ~2-fold in iPSCs (Charpentier et al. 2018). Another possibility, 

considering the dearth of sgRNAs near the rs7903146 locus, is to use xCas9 proteins, which have 

broader PAM compatibility and allow the use of sgRNAs that cut site as close as 4 bps to the locus (Hu 

et al. 2018). Lastly, to promote HDR over NHEJ which generally dominates DNA repair throughout cell 

cycle, strategies such as NHEJ inhibition and HDR activation have been used. For example, it has been 

reported that NHEJ can be blocked by inhibiting DNA ligase IV by SCR7, which increased the efficiency 

of insertion by ~13-fold (Maruyama et al. 2015). Moreover, the use of HDR-promoting factors such as 

Rad variants like hRad51 has been shown to greatly improve the chance of getting desired 

modifications (Yu S et al. 2011). 

In vitro differentiation of beta cells 

The main aim of Chapter 4 was to develop an in vitro model of human beta cells with which we could 

study the effects of rs7903146 on beta cell development and function. We initially tested the Melton 

protocol using our iPSC lines but failed to make functional beta cells. This outcome was not unsurprising, 

as anecdotally we had heard that other labs had encountered similar problems. Thus, we needed to 

identify modifications to the protocol that were optimised for our iPSCs. This aspect of the thesis 

became a major component of the work undertaken. 

Based on other newly emerging protocols, we tested many different growth factors over different stages 

of the differentiation protocol, resulting in the development of our own in-house beta cell differentiation 
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protocol for MANZ4-37. Among many modifications introduced into the protocol, we consider the 

following to be the most crucial: 1) the use and modification of the EN differentiation medium from the 

Semb protocol, 2) the use of the "Nostro factors" during pancreatic specification, and 3) the removal of 

Alk5ill in stage 6 of the protocol.  

At the initial phase of the optimisation, we replaced the media from stage 5 and 6 of the Melton protocol 

with that from the Semb protocol, achieving increased expression of beta cell markers and beta cell 

function. The EN medium of the Semb protocol contains various compounds not present in Melton's, 

including forskolin, Noggin and nicotinamide. Forskolin is an adenylate cyclase activator that increases 

the levels of cyclic AMP, which is known to contribute to the differentiation of PP into beta cells 

(Kunisada et al. 2012). Noggin has been shown to promote NGN3 induction during EN, while inhibiting 

the hepatic and intestinal lineages (Shahjalal et al. 2014). In the same report, long-term exposure to 

Noggin was found to decrease the glucose-responsiveness of the resulting beta cells. Nicotinamide is 

known as a potent inducer of EN differentiation (Ye et al. 2006). The composition of the basal medium 

was another differential factor between the two protocols, with Melton using CMRL-1066 and Semb 

using DMEM/F12. At this stage, it is not clear how this change would influence beta cell differentiation 

efficiency. 

NKX6.1 is one of the most crucial transcription factors involved in both beta cell development and 

function. It is known that NKX6.1 expression is exclusive to beta cells among EN cells and its 

suppression results in the impairment of beta cell function with increased expression of GCG (Schisler 

et al. 2005). Most importantly, PP cells expressing NKX6.1 are known to be the direct precursors to 

bona fide human beta cells whereas PP cells lacking NKX6.1 differentiate into polyhormonal cells 

(progenitors for alpha cells)(Kroon et al. 2008; Veres et al. 2019). MANZ4-37 did not respond well to 

the Melton factors in terms of PP2 induction, leading to the generation of both PP cells and insulin-

producing cells that lacked NKX6.1 expression. To solve this problem, we tested various protocols to 

search for more efficient PP induction and found that the Nostro factors were capable of generating 

NKX6.1+ PP cells from MANZ4-37 iPSCs.  

The observed increase in NKX6.1 expression by the Nostro factors may have been due to the addition 

of epidermal growth factor in combination with nicotinamide and Noggin. The role of EGF in pancreatic 
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development has been implicated in studies in which EgfR-/- and ErbB3-/- deficient mice exhibit impaired 

pancreatic branching morphogenesis (Erickson et al. 1997), which corresponds to stage 4 in the in vitro 

differentiation protocol when NKX6.1+ PP cells are expanded. It is known that the activation of EGF 

signalling pathway induces the Src, PI3-kinase, MAPK and PKC signalling pathways (Citri and Yarden 

2006). However, as the Melton protocol contains the PKC activator PdBU and failed to induce NKX6.1 

expression, PKC is not a likely contributor to the effect of EGF on NKX6.1 expression. Indeed, only a 

small reduction in the percentage of NKX6.1+ PP cells was observed when the PKC inhibitor Gö6976 

was added to the Nostro protocol (Nostro et al. 2015). 

The Nostro factors could not induce NKX6.1 expression in MANZ2-2 whereas the Melton factors could. 

It is not uncommon to see that the effect of a certain pathway is iPSC cell-line dependent. For instance, 

Noggin has been commonly used in multiple studies to block BMP signalling to promote NKX6.1 

expression during PP induction (Shahjalal et al. 2014; Nostro et al. 2015). In contrast, Sui et al. (2013) 

reported that with their iPSCS, Noggin suppressed, while BMP4 increased, NKX6.1 expression during 

the induction of PP cells (Sui et al. 2013). 

We found that higher expression of INS was observed in terminally differentiated cells derived from 

NKX6.1- PP cells using the Melton protocol, compared to NKX6.1+ PP cells generated from the Nostro 

protocol. This increase in INS expression may be caused by much longer exposure of the cells to the 

sonic hedgehog pathway antagonist SANT1 in the Melton protocol (7 days), compared to the Nostro 

protocol (1 day). It is known that the sonic hedgehog pathway is downregulated, specifically within the 

pre-pancreatic field of foregut (equivalent to PGT cells in vitro), as a prerequisite to pancreatic 

specification (Gittes 2009). Similarly, mice with mutant hedgehog interacting protein, which normally 

inhibits hedgehog signalling, are born with higher levels of hedgehog signalling and severe pancreatic 

hypoplasia with a loss of EN and exocrine cells (Kawahira et al. 2003). It is possible that while the 

prolonged treatment with SANT1 in the Melton protocol led to an expansion of pancreatic cells, these 

cells may have subsequently adopted a polyhormonal fate (INS+/NKX6.1-), thus explaining the observed 

increase in INS expression. To confirm this, further analysis is needed such as performing flow 

cytometry. By combining both Melton and Nostro factors we demonstrated that a synergy can be 

achieved that enhanced the quality of beta cells generated from MANZ4-37 iPSCs. 
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In the later parts of Chapter 4 we went on to modify our EN differentiation media by adding additional 

factors based on other published protocols. Among the various factors tested, the addition of γ-

secretase inhibitor XXI (a notch pathway inhibitor) was arguably the most important change to the 

medium. Notch signalling pathway is well established as a pro-proliferative signal for PP cells, while 

preventing their differentiation into the EN lineage via suppression of NGN3. Knockouts of the notch 

ligands such as delta-like-1 (Dll1) or the target genes such as hairy enhancer of split 1 (Hes1) all display 

pancreatic hypoplasia due to Ngn3 misexpression, causing premature differentiation of PP cells into 

EN cells (Apelqvist et al. 1999; Jensen, Pedersen, et al. 2000). While we found that the modified EN 

medium containing XXI generated terminally differentiated cells with improved expression of pancreatic 

hormones and beta cell markers, further work is needed to confirm that this was due to the addition of 

XXI, as no direct comparisons were made with protocols lacking this factor. 

Another important modification to the protocol was the omission of Alk5ill. Most of the previously 

reported protocols use inhibitors of TGFβ signalling during the final stage of differentiation (Pagliuca 

FW et al. 2014; Rezania et al. 2014; Massumi et al. 2016; Ameri et al. 2017). By contrast, Velazco-Cruz 

et al. (2019) reported a significant increase in glucose-responsiveness when Alk5ill was removed during 

the last stages of differentiation. As a result, the protocols reported after this publication also omitted 

TGFβ signalling inhibitors in their final stages (Hogrebe et al. 2020; Li X et al. 2020). Thus, the field has 

come to realise the importance of TGFβ signalling during the later stages of beta cell maturation. 

Following this trend, we also observed that omission of Alk5ill during stage 6 greatly improved the 

function of the resulting beta cells, regardless of which protocol or iPSC clone was used. It is not entirely 

clear what role TGFβ signalling plays in mature beta cells, with some studies indicating benefits while 

others demonstrating adverse effects on insulin secretion (Sjoholm and Hellerstrom 1991; Sekine et al. 

1994). For instance, inhibition of TGFβ signalling has been shown to prevent the loss of key transcription 

factors involved in beta cell function and restore maturation markers due to stress-induced 

dedifferentiation (Blum et al. 2014). 

Other notable changes that we implementing during our optimisation of the beta cell differentiation 

protocol included a switch to 2D culture, extending the time for PP induction and shortening the overall 

differentiation time. In addition, differentiation in 96-well plates was achieved during the course of our 

work, which reduced the cost of each assay to NZD $5 per well. This economy was important for the 
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study, as it enabled us to include multiple biological replicates for each experiment, thus providing rigour 

and more certainty in our results. 

Ultimately, we successfully developed a protocol that converts MANZ4-37 into glucose-responsive beta 

cells. These cells expressed essential transcription factors such as PDX1, NKX6.1, NEUROD1 and 

NKX2.2, and showed up to 4-fold increase in insulin secretion in response to high glucose challenge. 

Moreover, during differentiation, we observed the expression patterns of developmental markers that 

are similar to what happens in pancreatic development in vivo. Therefore, we conclude that this system 

can be used to study both beta cell development and function. 

Single cell RNA-Seq analysis 

The ability to understand what is happening in our iPSC-derived beta cell model was greatly limited by 

high levels of cellular heterogeneity in the final culture. Therefore, in Chapter 5, we used scRNA-Seq 

to identify and comprehensively characterise the multiple cells that emerged using the final protocol. 

We identified three types of EN cells, characterised by high expression of CHGA. Two of them were 

classified as beta cells with Beta1 being transcriptionally more similar to native human beta cells. The 

other EN cells were identified as serotonin-secreting EC cells, which are an off-target population arising 

from directed differentiation in vitro and have been found previously (Veres et al. 2019). We showed 

that EC cells are transcriptionally similar to Beta1 cells but represent a distinct cell type. This separation 

is supported by a pseudo-time analysis performed by the Melton group (Veres et al. 2019), which 

showed that beta cells and EC cells arise from a common progenitor during late stages of differentiation. 

Given how closely they resemble each other in terms of expression of key marker genes (e.g. CHGA, 

NKX6.1, NEUROD1) and without our prior knowledge of their existence, we could have easily 

misclassified them as either beta cell progenitors or a third class of beta cell, based on using pre-

selected beta cell markers to assign cell identity. In vivo, EC cells have never been found in mouse or 

human pancreatic islets. However, serotonin biosynthesis has been detected in primary pancreatic 

carcinoid tumours (Tsoukalas et al. 2017), supporting the notion that there is close lineage relationship 

between EC and beta cells. Unlike other studies, other EN cells such as alpha cells were not found in 

our cultures (discussed further below). 
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The scRNA-seq revealed that NE and PP cells constitute the majority of cells in our terminal cultures. 

This suggests that EN induction was inefficient with PP cells failing to mature into beta cells and either 

progressing towards the exocrine lineages (acinar and ductal) or becoming non-pancreatic cells that 

are not identifiable. This low yield of beta cells is a major obstacle to interpreting bulk RNA-based 

analyses of the final cultures as the data represents the expression of multiple cell types rather than 

being specific to beta cells. Others have tried to solve this problem, such as a recently reported 

enrichment method that involves re-aggregating the EN cells away from the other cell types (Veres et 

al. 2019). From our scRNA-Seq analysis we identified PTPRN as a specific surface marker of EN cells, 

and this could be tested in the future as a means to enrich for EN cells by FACS. 

We compared our beta cells with either human cadaveric beta cells or beta cells generated by Melton’s 

group. We found that our beta cells (primarily Beta1) do not resemble human cadaveric beta cells as 

closely as our beta cells do to Melton’s beta cells. Nonetheless, the expression of several beta cell 

markers, including NKX2-2, NEUROD1 and PDX1, is comparable in our cells to that of native beta cells. 

These results are not unexpected, as beta cells generated from PSCs are known to show transcriptional 

and functional profiles that resemble immature fetal beta cells rather than mature adult beta cells 

(Pagliuca FW et al. 2014; Augsornworawat et al. 2020). This likely reflects a lack of complete maturation 

of the beta cells in vitro. As a result, PSC-derived beta cells fail to express maturation markers in vitro, 

although these can be induced if the cells are transplanted into mice, as the in vivo environment 

supports terminal maturation (Augsornworawat et al. 2020). Like other reports, our beta cells lacked 

expression of the maturation markers MAFA, G6PC2 and HOPX. Of these, MAFA is classically used 

as a post-natal maturation marker, and has a key role in regulating GSIS (Eto et al. 2014). However, it 

is worth noting that in our study, and in several others, have found that GSIS can still be achieved by in 

vitro-generated beta cells with little to no MAFA expression (Pagliuca FW et al. 2014; Rezania et al. 

2014; Millman et al. 2016). The last point of interest is that we found that our beta cells express EN 

markers such as CHGA and MAFB at higher levels, compared to native human beta cells. These 

markers have been shown to be downregulated when the cells are matured following in vivo 

transplantation, consistent with the notion that our cells represent immature beta cells (Veres et al. 

2019). 
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Another interesting observation arising from the scRNA-Seq analysis was that alpha cells are the major 

cell population arising from the Melton protocol, while PP cells comprise only a small percentage, in 

contrast to our differentiation protocol. These differences are most likely explained by the work of 

Hogrebe et al. (2020), who showed that 2D monolayer-based protocols promote polymerisation of the 

cytoskeleton and this strongly inhibits NGN3-induced EN induction (Hogrebe et al. 2020). By contrast, 

3D/suspension-based protocols such as the Melton protocol lead to premature NGN3 induction and a 

high percentage of polyhormonal cells that eventually resolve into alpha cells. To explore whether we 

could exploit the advantage of both modes, we transiently (~1 hour) exposed PP cells that had been 

differentiated in 2D monolayers to suspension culture. However, this did not result in increased 

expression of EN markers. We did not further optimise this approach but is possible that the time in 

suspension was too short and therefore a range of times in suspension could be analysed in future 

experiments. 

Taken together, there remains significant transcriptional differences between our beta cells and native 

human beta cells indicating that further advances are needed if we hope to generate fully mature beta 

cells in vitro. However, how close the in vitro generated cells need to resemble native beta cells is an 

open question at the moment, as there will presumably always be differences due to factors such as 

the cause of death of the islet donors, how the islets were isolated and stored and effects arising from 

the surrounding cells that will never be present in the PSC-derived beta cells. 

 

Effect of Alk5ill on beta cell differentiation 

TGFβ signalling is involved in many cellular processes including cell proliferation, differentiation, 

homeostasis and apoptosis. Its signalling components, including TGFβ1 and its respective receptors 

and SMADs, are known to be present in the embryonic pancreas epithelium and mesenchyme, 

suggesting that it plays a role in pancreas development. Consistent with the work of Velazco-Cruz et al. 

(2019), we repeatedly observed increased beta cell function if Alk5ill was removed in the last stages of 

the protocol (Velazco-Cruz et al. 2019). In Chapter 5, we used scRNA-seq to investigate the underlying 

mechanisms of how the removal of Alk5ill promotes beta cell function. We mainly focused on Beta1 

cells as they most closely resembled native beta cells than Beta2 cells. In line with our GSIS results, 
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scRNA-seq revealed that DMSO-treated Beta1 cells are transcriptionally more similar to native human 

beta cells than Alk5ill-treated Beta1 cells, identifying multiple genes that were differentially expressed 

between the two conditions. 

Ribosomal genes constituted up to almost 40% of the total number of differentially expressed genes 

and nearly all of them were downregulated in the absence of Alk5ill. This suggests that DMSO-treated 

Beta1 cells may have decreased activity of ribosome biogenesis compared to Alk5ill-treated Beta1 cells. 

Increased ribosome biogenesis has been observed in beta cells under insulin resistance conditions,, 

accompanied by upregulation of cyclin D2 proteins (Asahara et al. 2009), and is indicative of increased 

cell proliferation. This is in line with the fact that beta cell hyperplasia can be induced by insulin 

resistance (Escribano et al. 2009). Increased ribosome biogenesis has also been observed in beta cells 

that overexpress cMYC (a key regulator of cell proliferation), and these cells displayed immature beta 

cell traits such as a higher rate of basal insulin secretion, less glucose responsiveness and higher 

proinsulin content (Puri et al. 2018). In addition, a study of beta cell heterogeneity in vivo reported the 

identification of a beta cell subtype that has higher activity of ribosome biogenesis with immature beta 

cell traits (Farack et al. 2019). In the same report, the proportion of this beta cell subtype was 

significantly increased under diabetic conditions. Thus, immature beta cells appear to show high levels 

of ribosome biogenesis and cell proliferation. 

Any effect of Alk5ill would be most likely due to TGFβ signalling considering its role as a potent inhibitor 

of the kinase activity of TGFβ receptor 1 (ALK5) (Gellibert et al. 2004). The role of TGFβ signalling in 

cell proliferation varies depending on cell type and physiological conditions. In epithelia, which is the 

cell type that pancreatic beta cells belong to, TGFβ signalling has been shown to inhibit cell proliferation 

by downregulating expression of cMYC and cyclin-dependent kinases (CDKs) and upregulating 

expression of CDK inhibitors, such as p15, p21 and p27 (Takehara et al. 1987; Coffey et al. 1988; 

Hannon and Beach 1994; Polyak et al. 1994; Alexandrow and Moses 1995; Datto et al. 1995; Frederick 

et al. 2004). In addition, cellular responses to TGFβ signals may even vary depending on the type of 

TGFβ receptor 1 present. In the case of ALK5, activation leads to a decrease in proliferation and 

migration (Lebrin et al. 2004). Thus, extrapolating these observations to our data, we speculate that 

Alk5ill-treated Beta1 cells may be more active in cell proliferation than DMSO-treated Beta1 cells. In 

support of this, several genes that promote or inhibit cell proliferation were differentially regulated in a 
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way that suggests more active cell proliferation in Alk5ill-treated Beta1 cells compared to DMSO-treated 

Beta1 cells. 

ID1 and ID2 were the two most downregulated genes upon removal of Alk5ill. These genes are good 

candidates for mediating the effects of Alk5ill, as TGFβ signalling has been shown to promote cell 

proliferation via suppression of ID1, ID2 and ID3 (Zhang Y et al. 2017). ID proteins are helix-loop-helix 

(HLH) proteins that lack the basic DNA-binding domain and therefore cannot function as transcription 

factors. Instead, ID proteins bind other basic HLH (bHLH) transcription factors, such as E proteins, and 

prevent them from forming homodimers or heterodimers with other bHLH proteins, thereby inhibiting 

transcription. It is known that E proteins form homodimers to induce transcription of CDK inhibitors, 

such as p15, p16, p21, p27 and p57, leading to cell cycle arrest at G1 phase (Prabhu et al. 1997; 

Pagliuca A et al. 2000; Wang LH and Baker 2015). However, in the presence of ID proteins, the role of 

E proteins is blocked leading to the transcription of cell cycle-promoting genes. ID proteins also bind to 

retinoblastoma protein (RB), activating E2F-mediated transcription, which upregulates genes involved 

in the S-phase of the cell cycle (Lasorella et al. 2014; Ling et al. 2014). Therefore, based on these 

studies, increased expression of ID1 and ID2 in Alk5ill-treated Beta1 cells supports our speculation that 

cell proliferation is promoted by Alk5ill treatment. 

Another interesting observation made from our analysis was that the expression of the ID gene family 

(with the exception of ID4 that acts as an inhibitor of ID1-3 (Sharma P et al. 2015)) was found to be 

lowest in Beta1 cells among other cell clusters, indicating that terminal differentiation accompanies 

downregulation of ID expression. Generally, upregulation of ID proteins in terminally differentiated cells 

is associated with enhanced cell proliferation or tumorigenesis (e.g. high ID2 level in human pancreatic 

cancer (Kleeff et al. 1998)). 

To date, there are only a few studies investigating the role of ID proteins specifically in beta cells. 

Akerfeldt et al. (2011) reported that Id1-/- knockout mice display improved glucose responsiveness and 

greater tolerance for a high-fat diet compared to wild-type mice (Akerfeldt and Laybutt 2011). In addition, 

it has been reported that Id expression is increased in islets of db/db mice (Kjorholt et al. 2005), as well 

as in islets and MIN6 cells exposed to high glucose culture (Wice et al. 2001).  
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The bHLH factors NGN3 and NEUROD1 are two potential targets of ID proteins in beta cells (Rukstalis 

and Habener 2009; Gu et al. 2010). NGN3 acts as a master regulator of EN differentiation and is 

downregulated following beta cell maturation (its re-expression in mature beta cells is used as a marker 

for de-differentiation). On the other hand, continuous expression of NEUROD1 is required for both beta 

cell development and function, as it acts as a key modulator of pancreatic morphogenesis and insulin 

secretion. Islets lacking NeuroD1 only develop immature beta cells with elevated expression of 

glycolytic genes and increased basal insulin secretion (Gu et al. 2010). In addition, NeuroD1 has been 

shown to act as a transactivator of INS transcription via binding to the INS promoter through an E-box 

site (Sharma A et al. 1999). NGN3 and NEUROD1 function by heterodimerising with E47 proteins 

(Longo et al. 2008) and it is this interaction that can be inhibited by ID proteins, as they heterodimerise 

and compete for E47 binding .  

We observed that Beta1 cells express high levels of NEUROD1 (comparable to that of native beta cells) 

with no difference in the expression level between DMSO- and Alk5ill-treated cells. In addition, higher 

INS expression was often detected in the DMSO treated group in multiple biological replicates. 

Therefore, we speculate that reduced beta cell function in Alk5ill-treated Beta1 cells may be due to the 

increased expression of ID proteins and their inhibitory effects on NEUROD1 with E47 proteins. 

Considering the very low NGN3 expression level in Beta1 cells, NGN3 is less likely to be directly 

responsible for reduced beta cell function. However, it is an open question whether its activity, as a 

master regulator of EN induction, is influenced by Alk5ill during EN specification. 

Another notable gene we found was the lncRNA NEAT1, which was the most upregulated gene in 

DMSO-treated Beta1 cells, compared to Alk5ill-treated Beta1 cells. Similarly, NEAT1 was identified as 

the most upregulated gene upon in vivo maturation of PSC-derived beta cells (Augsornworawat et al. 

2020). NEAT1 is a crucial component of paraspeckles and has been mostly implicated in cell 

proliferation in cancer cells (Zhou K et al. 2018; Shin et al. 2019; Liu D et al. 2020). However, published 

reports are conflicting as to whether its expression helps promote or inhibit cell proliferation. Its role in 

beta cells is unclear but it is interesting to note that Neat1-/- knockout mice show an upregulation of ID2 

transcripts (Katsel et al. 2019), which matches well with our observation, and therefore there may be a 

link to the ID proteins that warrants further exploration in the future. 
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Figure 6.1 Proposed model for TGFβ signalling-mediated regulation of beta cell function. (A) In the absence of Alk5ill, 
decreased ID expression favours heterodimerisation of NEUROD1 and E47 proteins leading to increased beta cell function. 
Increased levels of homodimerisation of E proteins and free E2F lead to decreased cell proliferation and ribosome biogenesis, 
which is correlated with increased beta cell function. (B) In the presence of Alk5ill, decreased ID expression inhibits 
heterodimerisation of NEUROD1 and E47 proteins leading to decreased beta cell function. Decreased levels of homodimerisation 
of E proteins and free E2F lead to increased cell proliferation and ribosome biogenesis, keeping cells in an immature proliferate 
state; Dotted arrow lines represent inverse correlation. 

Taken together, we propose a model that explains what we observed increased beta cell function when 

Alk5ill is removed from the last stages of beta cell differentiation (Figure 6.1A). In the absence of Alk5ill, 

signalling through the TGFβ pathway results in repression of MYC and ID families. Downregulation of 

cMYC expression leads to decreased cell proliferation as a consequence of p15 and p21 upregulation, 

accompanied with decreased ribosome biogenesis. On the other hand, suppression of ID proteins 

favours homodimerisation of E proteins, which activates transcription of p15, p21 and p27, inhibiting 

CyclinD/CDK4/6 and CyclinE/CDK2, thereby inducing G1-phase cell cycle arrest. Moreover, the activity 

E2F, which activates genes involved in S-phase, becomes repressed by RB proteins as less ID proteins 

are available to heterodimerise with RB proteins. By the same token, reduced ID expression favours 

heterodimerisation of NEUROD1 and E47 proteins, which then binds to the E1 element of the INS 

promoter and activates its transcription. The activation of NEUROD1 proteins may also lead to 

decreased glycolytic gene expression, reduced LDHA expression and decreased defects in KATP 

channel-mediated insulin secretion. ID expression might also be regulated by NEAT1, with a gain of 

TGFβ signalling favouring higher NEAT expression and potentially a suppression of ID2. In the 

presence of Alk5ill (Figure 6.1B), the processes above are reversed, resulting in an increased level of 

ID proteins, which in turn prevents the homo- and hetero-dimerisation of other bHLH factors, inducing 
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cell proliferation and ribosome biogenesis and reducing beta cell function, thereby keeping them in an 

immature proliferative state. 

However, we need to consider several important things regarding our proposed model. Firstly, as TGFβ 

and BMP signalling pathways share the common partner SMAD protein (SMAD4), we cannot neglect 

the possibility that the Alk5ill-induced upregulation in ID expression is due to activating cross-talk from 

TGFβ to BMP. Indeed, Id expression has been shown to be regulated by the BMP signalling pathway 

(Yang J et al. 2013). Moreover, like Alk5ill, removal of Noggin (BMP antagonist) in the last stages of the 

protocol was shown to enhance beta cell function (Shahjalal et al. 2014). This was also tested in our 

study but it did not lead to any improvement in function. Therefore, we need to use inhibitors against 

SMAD proteins specific to TGFβ signalling (such as SMAD2 and 3) to confirm whether TGFβ signalling 

is truly responsible for the Alk5ill-mediated effect on beta cells. Secondly, assuming that it is TGFβ 

signalling that drives the Alk5ill-induced changes, it is not known if TGFβ signalling is required 

developmentally for beta cell maturation (leading to the observed increase in beta cell function) or 

signals in mature beta cells to enhance their function. We observed no effect when Alk5ill was added 

to the differentiated beta cell lines INS1/832 and MIN6 cells, leading us to favour the notion that TGFβ 

promotes the developmental maturation of beta cells. However, more evidence is needed, considering 

that the nature of TGFβ signalling is very complex and highly context-dependent. To further investigate 

this, we need to firstly determine whether beta cells generated in the absence of Alk5ill in stage 6 are 

functionally resistant to Alk5ill treatment. In a second line of experiments, TGFβ1 can be added at 

different times during the last stages of the protocol to determine how this affects beta cell function. 

Thirdly, in neural stem cells, Id1 was shown to be a negative regulator of NeuroD1-mediated 

transcription by preventing the formation of NeuroD1/E47 dimers (Sharma A et al. 1999). However, it 

still remains unknown if an ID1:NEUROD1 interaction also exists in beta cells but could be explored in 

future experiments by performing pull-down assays with beta cells purified from native human islets 

following the protocol described in (Banerjee and Otonkoski 2009). Fourthly, in our proposed model, ID 

proteins play a central role in regulating cell proliferation and beta cell marker genes. This is solely due 

to the facts that ID1 and ID2 were the most significantly downregulated genes in the study and their 

functions implicated in other reports align well with what we observed in our study. However, the role 

of ID genes in beta cells still requires further validation. One way to validate this would be to test whether 
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the effect of Alk5ill treatment can be reversed by adding AGX51, a pan-ID antagonist that disrupts the 

ID-E47 interaction and leads to the degradation of the ID proteins (Wojnarowicz et al. 2019). Lastly, we 

need to confirm the presence of ALK5 receptor and its respective ligands in our beta cells by 

immunostaining to further validate our proposed model. 

Testing the role of TCF7L2 and rs7903146 in beta cells 

In Chapter 5 we differentiated our genetically modified iPSC lines (rsKO, TR and TCFKO lines) into 

beta cells using our final protocol in order to investigate how rs7903146 and TCF7L2 are involved in 

beta cell development and function. Several interesting observations were made with the rsKO lines, 

including observing a downregulation of ACSL5 and an upregulation of INS. It has been reported that 

expression of ACSL5 is regulated via the interaction between rs7903146 and the ACSL5 promoter in 

the HCT116 cell line (Xia Q et al. 2016) and our result confirms that this interaction also exists in iPSC-

derived pancreatic cells. However, due to cell heterogeneity in the final population, it remains a question 

as to whether this relationship holds specifically for beta cells.  

From the perspective of beta cell function, ACSL may be an important enzyme as it is involved in 

converting free long-chain fatty acids into free fatty acid (FFA)-CoA, which is a starting molecule of fatty 

acid metabolism that generates many metabolic signals regulating insulin secretion in pancreatic beta 

cells (Prentki et al. 2013). These include 1) FFA-CoA, which directly activate the activity of K+ channels 

(Branstrom et al. 1997), 2) lysophosphatidic acid, which regulates Ca2+ levels via Edg2 receptors (An 

et al. 1998), 3) phosphatidic acid, which regulates exocytosis by binding to mTOR (Thakur et al. 2019) 

and 4) 1(3)-monoacylglycerol, which promotes exocytosis mediated by Munc13-1 (Quade et al. 2019). 

Indeed, it has been shown that ACSL3 and ACSL4 have beneficial effects on GSIS in human pancreatic 

islets, which suggests the importance of measuring expression of other ACSL isoforms in rsKO lines 

(Ansari et al. 2017). By contrast, no inhibition of insulin secretion was observed upon knockdown of 

Acsl5 in INS1/832/13 cells. Interestingly, ACSL5-/- mice display increased energy expenditure, reduced 

adiposity and improved insulin sensitivity but an effect on GSIS is unknown (Bowman et al. 2016). 

These observations suggest that increased ACSL5 expression in rsKO lines may lead to better beta 

cell function, which is however inconsistent with our GSIS results.  
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Based on both qPCR and flow cytometric data, we confirmed that rsKO-derived beta cells express 

higher levels of INS transcripts than non-modified beta cells at the individual cell level, suggesting that 

rs7903146 might either directly or indirectly control the INS promoter. To date, PARP-1 and HMGB1 (in 

human pancreatic islets) have been shown to bind to the rs7903146 locus (Xia Q et al. 2015; Zhou Y 

et al. 2016). While inhibition of PARP1 does not affect INS promoter activity, the silencing of HMGB1 in 

INS1/832/13 leads to suppression of the Ins genes (both Ins1 and Ins2) as well as a severely blunted 

GSIS (Zhou Y et al. 2016). This suggests that the rs7903146 locus might exert its repressive function 

on the INS promoter by sequestering HMGB1. In the future, we need to determine how the binding of 

HMGB1 changes upon deleting the rs7903146 region. Also, we need to use Chromosome conformation 

capture on chip (4C) to search for any direct interactions between rs7903146 and the INS promoter.  

Surprisingly, in contrast to prior reports, TCF7L2 expression remained unchanged in rsKO lines, 

therefore it seems unlikely that the rs7903146 region normally plays a critical role as an enhancer for 

TCF7L2 expression levels. However, it is still possible that the risk allele confers a gain-of-function to 

the rs7903146 region, allowing an activator to bind to this region and increase TCF7L2 transcript levels. 

Epigenetic silencing of transgene expression has been a major issue with inducible expression systems 

in differentiating PSCs. Unfortunately, we also observed epigenetic silencing of the construct in TR lines 

during differentiation, resulting in failure of the system. This was in contrast to what was reported in the 

original paper of the construct we used (Castano et al. 2017), suggesting that the chance of the 

construct being epigenetically silenced may vary depending on which cell lineage is followed or the 

length of differentiation time. A solution to this issue may be the PiggyBac transposon system, which 

randomly generates multiple integration sites within the genome, increasing the likelihood of some 

constructs avoiding epigenetic silencing. Randolph et al. (2017) has reported that their stem cell lines 

could overexpress transgenes in response to doxycycline over a 10 day-long differentiation period 

during the generation of cardiomyocytes (Randolph et al. 2017). However, it still does not guarantee 

that the PiggyBac system will work with our protocol. In addition, the PiggyBac system confers a risk of 

inserting expression cassettes into critical genes. 

Beta cell differentiation with TCFKO (heterozygote carrying a subdomain deletion in β-catenin binding 

region in one of the alleles) lines resulted in a fewer PP cells (PDX1+/NKX6.1+) which might account for 
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the lower levels of INS transcripts and lower number of cells co-expressing insulin and NKX6.1 at the 

beta cell stage. In addition, we also observed decreased beta cell function with the TCFKO lines. These 

observations are in line with the work of Shao et al. (2015), who reported that the over-expression of 

TCF7L2DN (encoding a dominant negative form of TCF7L2) resulted in reduced numbers of PP cells 

(Pdx1+/Nkx6.1+), which then led to altered beta cell mass and abnormal glucose homeostasis in adult 

mice (Shao et al. 2015). Xavier et al. (2012) also reported that inhibiting Tcf7l2 expression in progenitor 

cells expressing Pdx1 resulted in abnormal insulin secretion (da Silva Xavier et al. 2012).  

Considering its role as a key transcriptional effector of Wnt signalling pathway, TCF7L2 probably exerts 

its function via Wnt signalling rather than on its own. Papadopoulou et al. (2005) reported that PDX1-

expressing PP cells with Cre-mediated knockout of beta catenin had a competitive growth disadvantage 

over other PP cells that avoided beta catenin deletion (Papadopoulou and Edlund 2005). This indicates 

that Wnt signalling is required for cell proliferation of PP cells, which may be a possible explanation for 

the decreased number of PP cells derived from the TCFKO lines. Indeed, a scRNA-seq study on beta 

cell differentiation revealed that PP cells are enriched for Wnt signalling related genes, including beta 

catenin, Wnt ligands and the respective receptors, whereas the APC gene, which encodes a protein 

that acts as an antagonist of the Wnt signalling pathway, is upregulated exclusively in EN cells, 

suggesting both beneficial and detrimental effects of Wnt signalling in PP and EN cells, respectively 

(Sharon et al. 2019). In line with this, an inhibitory role for Tcf7l2 on EN differentiation has been found 

in zebrafish (Pujadas et al. 2016).  

Our lab has previously demonstrated that overexpression of human TCF7L2 in INS832/3 cells 

attenuates insulin secretion (Sorrenson et al. 2016). We reasoned that abundant levels of TCF7L2 

sequester beta catenin in the nucleus, making them unavailable to participate in regulating insulin 

vesicle trafficking to the plasma membrane. By contrast, we observed reduced insulin secretion in 

TCFKO lines compared to the WT control, which is in agreement with the beneficial effect of TCF7L2 

in insulin secretion reported by Shu et al. (2008) and by Da Silva Xavier et al. (2009) but is in 

disagreement with Lyssenko et al., (2007), that showed that TCF7L2 overexpression in human islets 

decreases GSIS (Lyssenko et al. 2007; Shu et al. 2008; da Silva Xavier et al. 2009).  
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Collectively, these contrasting findings from our data and other laboratories indicate that TCF7L2 

proteins may function differently depending on their expression level and/or where they are expressed. 

To solve this question, an expression system which can precisely control the level of TCF7L2 will be 

required. 

A major concern associated with analysing the data for genetically modified lines was that we were 

unable to know if the changes observed in the experiments arose from the genetic modifications we 

introduced or the genetic and epigenetic variations that are inherent to each line. Indeed, multiple 

studies have reported varied differentiation efficiency between different lines of iPSCs. Therefore, if 

these experiments are repeated, there are two things that can be done to minimise the risk of genetic 

and epigenetic variations that interfere with analysis. Firstly, we often observed vial-to-vial variations 

(which probably arise from different conditions that cells from each vial are exposed to prior to being 

stored in cryovials) in terms of differentiation efficiency and therefore we believe that it is important to 

derive wild-type control and genetically modified lines using iPSCs from the same vial. Secondly, we 

need to determine if there has been any nonspecific or unintended genetic mutations introduced into 

genome (aka. off-target mutations). By doing do, we will gain more confidence with our interpretation 

on the effect of genetic modification introduced. 

At the beginning of this study, we made two hypotheses: 1) Functional beta cells can be generated 

using our own iPSC lines, and 2) the rs7903146 locus is involved in beta cell development and function 

via modulating the level of TCF7L2 and nearby loci such as ACSL5. We proved our first hypothesis by 

successfully generating functional beta cells, which express essential markers for beta cell identity. 

These cells could also increase its insulin secretion by up to 4-fold in response to high glucose. However, 

were partially correct with our second hypothesis. Using rsKO lines, we showed that the rs7903146 

region regulates ACSL5 expression, whether directly or indirectly, whereas, in contrast to what we 

hypothesized, TCF7L2 expression remained unchanged. However, it remains unclear this will also be 

the case in rs7903146 knock-in lines, which we failed to generate. Lastly, we showed that decreased 

level of functional TCF7L2 proteins that work via Wnt signalling leads to inefficient PP induction, thereby 

resulting in poor beta cell differentiation efficiency, which supports our hypothesis. 
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Conclusion 

We pioneered the first iPSC lines in NZ using integration-free Sendai virus-based reprogramming. Both 

MANZ2-2 and MANZ4-37 expressed pluripotency markers with trilineage differentiation potential and 

normal karyotype. We also developed a novel protocol that efficiently converts our iPSCs into functional 

beta cells. This was achieved by comprehensively testing multiple chemical factors, thereby making 

incremental improvement to our protocol. Our iPSC-derived beta cells are glucose-responsive and 

express essential transcription factors for beta cell function (e.g. PDX1, NKX6.1, NEUROD1 and 

NKX2.2) ), providing a system which was exploited to study the role of rs7903146 in beta cell 

development and function. Furthermore, we provided a detailed analysis of our iPSC-derived beta cells 

by performing scRNA-seq, which represents a necessary step towards generating “native-like” beta 

cells in vitro. In doing so, we also investigated the mechanism of how TGFβ signalling is involved in 

beta cell maturation and identified exciting new candidate genes (ID1, ID2 and NEAT1) for follow up 

study. Taken together, we have established an iPSC platform that will open new avenues for NZ beta 

cell researchers and help advance our understanding and treatment of T2D.  
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7. Appendices 

 
Supplementary Figure 3.1 (A) STR analysis confirmed that MANZ2-2 and MANZ4-37 lines were derived from their own parental 
fibroblasts. Only 2 fingerprint markers were shown to protect the donors’ identities. (B) RT-PCR indicated the clearance of the 
Sendai virus-associated transgenes for MANZ2-2 (passage number: 9) and MANZ-4-37 (passage number: 8). Each number 
represents as follows: 1: Sendai_KLF4, 2: Sendai_KOS, 3: Sendai_SeV, 4: Sendai cMYC and 5: PPIG (positive control). (C) 
Immunostaining showing differentiation markers SSEA-1. Scale bars: 100 µm. 
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Supplementary Figure 3.2 (A) Schematic depicting the cleavage site of the sgRNAs used to knock out the TP53 gene. (B,C) 
DNA sequencing confirming that TP53-KO line carries a 104 bps deletion which creates a nonsense mutation in the TP53 gene. 
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Supplementary Figure 3.3 (A) DNA sequencing confirming the correct insertion of a desired sgRNA sequence into 
pSpCas9(BB)-2A-GFP (Addgene). (B) DNA sequencing results used for TIDE analysis to determine cutting efficiency of the 
sgRNA constructs. 
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Supplementary Figure 3.4 (A) DNA sequencing confirming the correct insertion of a desired sgRNA sequence into either pGL3-
U6-sgRNA-PGK-puromycin (Addgene) or pSPgRNA (Addgene). (B) DNA sequencing results used for TIDER analysis to 
determine editing efficiency of each combination of plasmids used in the experiment. (C) Graph showing the base-editing 
efficiency for each combination. 
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Supplementary Figure 3.5 (A,B) Phase-contrast images of MANZ2-2 and MANZ4-37 taken during the puromycin and G418 
titration kill curve experiments. 

 

 
Supplementary Figure 3.6 (A) Doxycycline titration curve determining inducibility of the TR system across different concentration 
of doxycycline. Data represent means ± SD (n = 3). (B) TCF7L2 inducibility was compared between before and after puromycine 
reselection. Data represent means ± SD (n = 3). 
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Supplementary Figure 3.7 (A) DNA sequencing confirming the correct insertion of a desired sgRNA sequence into 
pSpCas9(BB)-2A-GFP (Addgene) (B) DNA sequencing confirming that TCFKO lines carry a heterozygous 270-bps deletion in 
the TCF7L2 gene (90 amino acids deletion in TCF7L2 proteins). (C) Gel electrophoresis showing that no clones contain deletions 
in the TCF7L2 gene. 
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Supplementary Figure 4.1 Representative IHC of MANZ2-2 derived beta cells stained for C-peptide, insulin, glucagon, NKX6.1 
and DAPI. Scale bars: 200 µm. 

 

Supplementary Figure 4.2 (A) qPCR analysis showing relative gene expression of DE markers between the control and 
wortmannin treatment group. Data represent means ± SD (n = 3). (B) Flow cytometry comparing population percentage of DMSO- 
and wortmannin treated cells, stained for SOX17 and CXCR4. (C) qPCR analysis showing relative gene expression of PP markers 
between the control and wortmannin treatment group in either 12 well- or 24 well-plate. Data represent means ± SD (n = 3). 
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Supplementary Figure 4.3 (A) Insulin secretion assay showing the amount of secreted insulin and stimulation index for beta 
cells generated with the Hybrid protocol. Data represent means ± SD (n = 3). (B) qPCR analysis showing the gene expression of 
INS, GCG, SST, PDX1 and NKX6.1. Data represent means ± SD (n = 3). 

 

 
Supplementary Figure 4.4 (A) qPCR analysis comparing relative gene expression of pancreatic hormone genes between 
MANZ2-2-derived and MANZ4-37-derived beta cells. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 
(**) or < .001 (***)). (B) Insulin secretion assay showing the amount of secreted insulin and stimulation index for MANZ4-37-
derived beta cells. Data represent means ± SD (n = 3) 

 

Supplementary Figure 4.5 Insulin secretion assay showing the amount of secreted insulin for MANZ4-37-derived beta cells. 



181 
 

 

Supplementary Figure 4.6 qPCR analysis comparing relative gene expression of PP2 markers between MANZ2-2-derived and 
MANZ4-37-derived PP2 cells. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). 

 

Supplementary Figure 4.7 qPCR analysis comparing relative gene expression of PP2 markers between PP2 cells generated 
with Protocols 1 and 2. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or < .001 (***)). 

 

Supplementary Figure 4.8 (A) Flow cytometry showing population percentages of beta cells stained for glucagon and C-peptide. 
(B) Insulin stimulation index for the day 34 beta cells. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 
(**) or < .001 (***)). (C) qPCR analysis showing relative gene expression of pancreatic hormone gene between the day 27 and 
day 34 beta cells. Data represent means ± SD (n = 3) 
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Supplementary Figure 5.1 Testing the Alk5ill effect in Protocol 1 and 2 (Final Protocol) (A) C-peptide secretion assay 
showing the amount of secreted C-peptide and stimulation index for beta cells treated with or without Alk5ill. Data represent 
means ± SD (n = 2). (B) qPCR comparing relative gene expression of DMSO- and Alk5ill-treated beta cells. Data represent 
means ± SD (n = 2). (C) qPCR comparing relative gene expression for energy metabolism in DMSO- and Alk5ill-treated beta 
cells. Data represent means ± SD (n = 2). 
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Supplementary Figure 5.2 (A) C-peptide secretion assay showing the amount of secreted C-peptide and stimulation index 
across different protocols and clones treated with or without Alk5ill. Data represent means ± SD (n = 2) (B) qPCR showing relative 
gene expression across different protocols and clones treated with or without Alk5ill. Data represent means ± SD (n = 2) (C) Flow 
cytometry showing percentages of cells stained with C-peptide and NKX6.1 across different protocols and clones treated with or 
without Alk5ill. Data represent means ± SD (n = 2) (D) Individual flow cytometry graphs for Clone 1 used in (C). (E) Individual 
flow cytometry graphs for Clone 2 used in (C). (F) We failed to isolate RNAs using the MARIS protocol. 
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Supplementary Figure 5.3 (A) Our sequencing results were determined by checking its quality and GC contents. (B) UMAP 
projection of both DMSO- and Alk5ill-treated cells sampled from the end of stage 6. Cells are coloured according to their assigned 
cluster. (C) Cell type composition of terminally differentiated cells. (D) Markers used to define each cell type. (E) Serotonin 
biosynthesis. (F, G, I and J) Heatmaps showing gene expression of EC, PP, NE and Uncertain1 markers across different cell 
types. Relative expression is represented in log scale. (H) Cell maps showing the distribution of gene expression related to cell 
proliferation. 
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Supplementary Figure 5.4 List of differentially expressed genes between DMSO- and Alk5ill-treated Beta1 cells. 
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Supplementary Figure 5.5 (A,B) GO and KEGG analyses of each cell cluster showing differentially regulated gene sets in DMSO 
treatment group in relation to Alk5ill treatment group 

 

 

 

Supplementary Figure 5.6 UMAP projection of our PSC-derived cells (DMSO- and Alk5ill-treated) and native human islet cells. 
Cells are coloured according to their assigned cluster 
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Supplementary Figure 5.7 (A) UMAP projection of our PSC-derived cells (ours and Melton’s) and native human islet cells. Cells 
are coloured according to their assigned cluster. (B) Violin plot showing gene expression of EN markers in different beta cell 
clusters. (C) Violin plot showing gene expression of differentially expressed genes between DMSO- and Alk5ill-treated Beta1 
cells in different beta cell clusters. 
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Supplementary Figure 5.8 (A) qPCR comparing DE markers between WT and rsKO. Data represent means ± SD (n = 2) (B) 
qPCR showing relative gene expression of markers for DE and PP2 and rs7903146-related genes in WT and rsKO across 
different stages of beta cell differentiation. Data represent means ± SD (n = 3, two sample t-test, p value = .033 (*), .002 (**) or 
< .001 (***)) 
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Supplementary Figure 5.9 qPCR showing relative gene expression of markers for DE in WT and TR in the absence or presence 
of doxycycline (2 µg/mL). Data represent means ± SD (n = 3) 

 

Supplementary Figure 5.10 (A) qPCR showing relative gene expression of TCF7L2 amplified from the AAVS1 locus in WT and 
TR in the absence or presence of doxycycline (2 µg/mL). Data represent means ± SD (n = 3). (B) qPCR showing relative gene 
expression of various markers locus in WT and TR in the absence or presence of doxycycline (2 µg/mL), across different stages 
of beta cell differentiation. Data represent means ± SD (n = 3). (C) GSIS assay showing absolute amount of secreted insulin as 
well as insulin stimulation index in response to in LG and KCl. Data represent means ± SD (n = 3) 
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Supplementary Table 1 Details of beta cell differentiation protocols used in this study. 
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