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Abstract 

Type I Diabetes Mellitus (T1DM) is one of the immune disorders and results from the 

loss of cells that make insulin (INS), a hormone that regulates the level and availability 

of glucose within the body. The most common treatment is exogenous insulin therapy 

which involves regular insulin injections or the use of an insulin pump. However, this 

treatment is imperfect and cumbersome, driving researchers to find more effective 

methods to control blood glucose levels. One potential treatment would involve making 

INS producing beta cells using pluripotent stem cells and then using these manufactured 

cells as a beta cell replacement therapy. Making insulin-producing cells in the 

laboratory involves several stages: from stem cells to definitive endoderm, pancreatic 

endoderm, endocrine precursor, and the last step to mature beta cells. Any 

improvements in specific steps for the production of PSC derived pancreatic β cells has 

the potential to lower the cost of an eventual treatment, making such therapy more 

widely available. In this project, we examined variations in the differentiation protocols 

with the ultimate aim of increasing the yield and functionality of the final cell product.  

 

One of the significant findings to emerge from this thesis is, in Chapter 4, we show that 

SCF addition has the potential to enhance cell proliferation during the stages of early 

differentiation. A surface receptor for Stem Cell Factor, cKIT, is widely applied to 

determine endoderm formation in the differentiation process of in vitro pluripotent stem 

cells. Despite its long-standing relationship with endoderm formation, a potential role 

for SCF itself during this process has not been systematically addressed. Using a 

suspension-based differentiation system, we show that the addition of SCF to 

differentiating cultures of PSCs enhanced the proliferation of early definitive endoderm, 

marked by the expression of CXCR4 and EPCAM. This effect of SCF was discernable 

within 2 days of differentiation initiation and coincided with the down-regulation of its 

receptor, cKIT. SCF treatment appeared not to affect the kinetics of differentiation, with 

key markers such as MIXL1, SOX17, CXCR4, and EPCAM showing identical 

expression patterns in untreated and treated cultures. Taken together, our results 

indicate that SCF addition at an early stage of differentiation will potentially reduce the 

number of input PSCs required to yield a given amount of endodermal products for the 

downstream application.  
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This thesis is organized into six main chapters. Chapter 1 is a literature review 

concerning the introduction of pluripotent stem cells, Type I diabetes, pancreas 

development, normal molecules used in vivo differentiation protocol for beta cells 

generation. Chapter 2 describes the materials and methods of our experiments. Chapter 

3 investigates the role of Activin A in definitive endoderm formation, which attaches 

great importance to adding Activin A from the beginning of differentiation. Chapter 4 

shows that SCF promotes the proliferation during definitive endoderm differentiation. 

Chapter 5 presents images of the final cell product, which successfully show the signals 

of insulin. Chapter 6 is related to the limitations of previous research and the 

suggestions for future work. 
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Chapter 1 Introduction 

1.1 Pluripotent Stem Cells 

PSCs are a type of cell, which has the ability to differentiate into any cell type found in 

the body (pluripotent) and the capacity for unlimited self-renewal (immortal). PSCs can 

be divided into two types. The first one, called ESCs or embryonic stem cells, derive 

from the blastocyst stage of embryonic development. These cells were first obtained 

from the inner cell mass of the pre-implantation mouse embryos (Evans and Kaufman, 

1981; Martin, 1981). Subsequently, Human ESCs (hESCs) were derived from human 

embryos at blastocyst stage and successfully cultured in vitro (Thomson et al., 1998). 

The isolation and culture of human ESCs contributed to the establishment of human 

embryo development in vitro models. Furthermore, the potential of pluripotent stem 

cells to differentiate into different cell classes has provided a platform for cell-based 

therapies. The second type is an artificial cell called the induced PSC (iPSC), which is 

generated by transforming a somatic cell into a cell that resembles an ESC. This 

transformation was achieved by forcing the expression of four ESC transcription 

factors, - Sox2, c-MYC, Oct3/4, and Klf4, in somatic cells from a mouse. This process 

of changing the somatic cell into the pluripotent stem cell is termed as reprogramming 

(Takahashi and Yamanaka, 2006). After one year, it was demonstrated that human 

iPSCs can be obtained from human fibroblasts with the assistance of retroviral vectors 

expressing the four transcription factors above (Takahashi et al., 2007). 

Reprogramming can also be conducted with the help of lentivirus vectors expressing 

Sox2, Oct4, Lin28, and Nanog (Yu et al., 2007).  

The capacity of iPSCs and ESCs to generate different cell types has presented the 

possibility that PSC derived cells could be used to treat patients by replacing cells that 

have been lost through disease. Consequently, there is much interest in directing PSC 

differentiation to cells relevant to diseases where specific cell types are lost or 

damaged. For example, the production of insulin-secreting pancreatic beta-cells could 

contribute to the understanding and therapy for T1DM.  
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1.2 Diabetes Mellitus (DM) 

DM is a metabolic disorder, the characteristic of which is the excessive glucose 

accumulation within the body. The syndrome is caused by relative or absolute insulin 

insufficiency. The glucose accumulation in the blood can account for a series of 

disorders affecting the levels and metabolism of sugars, proteins, fats or electrolytes. 

There exist mainly two types of DM, designated Type I and Type II. As my research 

mainly concentrates on Type I diabetes mellitus (T1DM), I will restrict my discussion to 

T1DM. T1DM, also called insulin-dependent diabetes, is reported to commit as a 

consequence of the destruction of INS-producing pancreatic cells mediated by immune 

system (Todd, 2010). The Type 1 diabetes onset is often associated with the detection 

of autoantibodies directed at beta cell antigens, including insulin, in affected individuals.  

In addition, polyuria, polydipsia, polyphagia and weight loss are typical symptoms of 

type 1 diabetes. Although people at any age can be affected, the morbidity of type 1 

DM is most common among children and adolescents. Once diagnosed, patients 

usually require immediate and lifetime insulin injections to regain control of the glucose 

levels in their blood. With the growing number of diabetes patients, researchers have 

focused on identifying new treatments, including those using stem cells.   

1.2.1 Current Treatments 

Fig. 1-1 The isolation, characterization, and differentiation potential of PSCs.  

hESCs are isolated from the inner cell mass of embryos at blastocyst stage. iPSCs are generated form 

adult somatic cells with the introduction of four reprogramming factors (for example, SOX2, c-MYC, 

OCT3/4, and KLF4). hESCs and iPSCs are very similar, but it is unclear if they are exactly the same. 

These cells are regarded as pluripotent cells because of their ability to develop into cells derived from 

mesoderm endoderm, and ectoderm. The picture is taken from Picanc-Csatro (Picanco-Castro et al., 

2014). 
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-Exogenous insulin 

Exogenous insulin via daily injection or pump is the most common treatment offered to 

people with type 1 diabetes. This treatment is convenient and can be employed to 

control the level of glucose in blood such that patients can lead a relatively normal life. 

However, it is not cure for the disease because exogenous insulin does not enable or 

allow for beta cell regeneration. Even though this treatment is very effective, finding 

the correct insulin dose is still sometimes difficult. Indeed, excessive insulin can lead 

to hypoglycemia, a condition which can be life-threatening.  

- Transplantation of pancreas or islet  

It is an effective treatment for type 1 diabetes patients to undergo a whole pancreas or 

islet transplantation. However, donor scarcity and immunological rejection mean that 

this treatment option is not widely available. In addition, even when the pancreas is 

transplanted successfully, challenges still exist such as islet loss. In this case, hypoxia 

and nutrient deficiency caused by insufficient connection between host and graft is the 

major factor to graft loss (Biarnés et al., 2002). Moreover, although revascularization 

of grafts is possible, this process is very slow and inefficient, meaning that more than 

one donor is required for each treatment, exacerbating the consequences of donor 

scarcity (Roep and Peakman, 2012).  

-PSCs derived INS secreting cells replacement 

PSCs own the ability of differentiating into any cell classes derived from human beings. 

This characteristic provides the possibility of generating replacement cells and tissues 

that can be used for diabetes treatment. The achievement to reprogram somatic cells 

of patients to become induced pluripotent stem cells (iPSC) raises the practicability of 

creating immunologically matched PSC, potentially negating the immune rejection of 

stem cell derived products. Compared to the other treatments mentioned above, stem 

cell derived beta cell replacement therapy would not be limited by donor scarcity and 

could serve as long-term source of beta cells. Therefore, in theory, stem cells might 

provide a highly effective treatment for type 1 diabetes. The key is related to the 

efficiently generation of INS secreting cells using iPSC. 

1.3 Development of human pancreas in vivo 

In order to produce functional INS-secreting cells from pluripotent stem cells, scientists 

take advantage of the information obtained from the study of mouse or human 

pancreas organogenesis to develop in vitro differentiation protocols. Indeed, most of 

our knowledge concerning the factors controlling pancreatic development has been 

updated through the study of mouse development. The pancreas is a complicated 

organ consisting of various cell types, involving endocrine, exocrine and ductal cell 

lineages. These three lineages are developmentally related and they were 
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differentiated from the same progenitor population, which emerges from the primitive 

gut tube during embryonic progression. The onset of pancreas formation can be 

indicated by the appearance of dorsal buds, and two subsequent ventral buds, on the 

surface of the developing gut tube (Piper et al., 2004). As development proceeds, one 

of the ventral buds becomes vestigial whilst the other one forms a single pancreatic 

anlage by fusing with the dorsal bud (Piper et al., 2004). At this stage, both buds consist 

of a layered epithelium. The epithelium will grow into the surrounding mesenchyme 

that provides FGF7 and FGF10, which drive pancreatic epithelial cell proliferation (Ye 

et al., 2005). Apart from these positive signals for pancreas growth, pancreas 

development is also promoted by the exclusion of SHH signaling form within the 

presumptive pancreatic endoderm (Jennings et al., 2013). 

As differentiation proceeds, the pancreatic epithelium undergoes a process of active 

growth and branching, spreading finger-like protrusions throughout the organ. After 

plexus formation and remodeling (Fig. 1-2), the epithelium forms a lobular structure 

(Jennings et al., 2013). 

 

Synchronized with the morphogenesis and remodeling, these pancreatic epithelial 

cells are compartmentalized into “tip” and “trunk” domains. The tip domain involves 

multi-potential pancreatic cells (MPC) and is considered as the source of acinar-fated 

progenitors, while the adjacent trunk domain contains bipotential cells that can become 

either endocrine or duct cells (Zhou et al., 2007). Following this, the so-called 

“secondary transition” commences, in which the cells of the tip domain grow into acinar 

cells and the cells in the trunk domain turn into endocrine or duct cells. Eventually, the 

endocrine cells migrate to form clusters embedded in the acinar tissue. These 

endocrine clusters are the Islets of Langerhans, the small organoids that produce 

insulin.  

  

The pancreas is the second-largest digestive gland in humans, consisting of endocrine 

Figure 1-2 Overviews of mouse pancreas development.  

The dorsal bud is shown in the square. As the pancreatic epithelium grows it forms branches, and 

finally, generates a lobular structure. The picture is taken from Fong Cheng Pan and Chris Wright 

(Pan and Wright, 2011). 

Fig. 1-2 Overviews of mouse pancreas development. 
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and exocrine parts. The exocrine parts consist of acinar cells and pancreatic ducts. 

Acinar cells have ability of releasing digestive fluid and enzymes, which will be 

transported into the intestinal tract through the duct system. The endocrine portion 

comprised islets of Langerhans that include several cell classes that are defined by 

the hormones they secrete. For example, insulin is obtained from beta cells, glucagon 

is from alpha cells and somatostatin is from delta cells. During development, Insulin-

expressing cells first appear, followed by glucagon- and somatostatin-producing cells 

(Piper et al., 2004). These three hormones work together to help monitor the glucose 

level in the blood. Elevated level of blood glucose promotes the synthesis as well as 

releasing of insulin. Insulin maintains blood glucose balance by promoting the uptake 

of glucose and certain amino acids by hepatocytes, muscle, and fat cells. Without the 

existence of insulin, glucose accumulates in the blood resulting in a series of disorders 

in sugar, protein, fat, and electrolyte metabolism, which is clinically named as diabetes 

mellitus. 

1.4 Differentiation from pluripotent stem cells to pancreatic beta 

cells 

Insulin-secreting beta-like cells were first successfully derived from in vitro 

spontaneous differentiation of human ESC in 2001 (Assady et al., 2001). Since then, 

a series of different approaches have been reported. However, even today, many of 

these methods generate insulin positive cells of low quality and with limited efficiency. 

To improve efficiency, researchers then focused on signaling pathways believed to be 

crucial during the in vivo differentiation of beta cells. They attempted to mimic in vivo 

development of beta cells by combining growth factors, which were important in normal 

pancreatic development. According to this philosophy, D’Amour et al. devised a 

stepwise hESC differentiation and successfully produced endoderm-derived, 

functional beta cells (D'Amour et al., 2005; D'Amour et al., 2006).  

For their method, this stepwise beta cell differentiation included four key stages (Fig. 

1-3): definitive endoderm (DE), pancreatic endoderm, endocrine precursor and insulin-

secreting cells.  

Step 1 differentiation from stem cells to definitive endoderm 

Differentiation from pluripotent stem cells to definitive endoderm is the first obligatory 

step. In vivo, definitive endoderm is generated during the appearance of three primary 

germ layers: ectoderm, mesoderm and endoderm. This step involves the generation 

of mesendoderm, which can be marked by MIXL1 expression (Robb et al., 2000), and 

its subsequent differentiation to definitive endoderm, which can be identified by the 

upregulation of three transcription factors: FoxA2, Sox17, and Gsc (Ang et al., 1993; 

Blum et al., 1992; Sasaki and Hogan, 1993) as well as the expression of two cell 

surface markers: E-cadherin and CXCR4 (Yasunaga et al., 2005). During this process, 

the Nodal signaling pathway shows a critical role. The activity of Nodal, a TGFβ family 

ligand, triggers a great number of downstream signal pathways leading to the 
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activation of a transcriptional network regulating the development of endoderm 

formation. In in vitro differentiation, Activin A is used to mimic nodal activity, because 

of its high bioactivity and commercial availability.  

 

Another important signaling pathway in this process is Wnt, which acts synergistically 

with Activin A (Teo et al., 2014). As such, many differentiation protocols employ either, 

Wnt3a or the small molecular Wnt signaling agonist, CHIR99021, to augment definitive 

endoderm differentiation. Similarly, some methods use phosphatidylinositol 3-kinase 

(PI3K) inhibitors in conjunction with activin A (Henry et al., 1996). These are employed 

because definitive endoderm differentiation can be inhibited by PI3K signaling and thus 

suppressing PI3K signaling can enhance the response of hESCs to nodal related 

signals (McLean et al., 2007).  

Step 2 differentiation from definitive endoderm to pancreatic endoderm 

Definitive endoderm has potential to differentiate into a variety of vital organs like 

pancreas, liver, and lungs. The commitment of definitive endoderm into a pancreatic 

fate can be diagnosed by the upregulation of the transcription factors PDX1 and Hnf6. 

Some studies demonstrate that the differentiation from definitive endoderm towards 

pancreatic endoderm is regulated by BMP, retinoic acid (RA), and fibroblast growth 

factor (FGF) signaling pathways (Jung et al., 1999; Molotkov et al., 2005; Rossi et al., 

2001; Wang et al., 2006). By manipulating the above signaling pathways, definitive 

endoderm can be directed first into a foregut and then into a pancreatic fate. In this 

setting, FGF2 and Activin A contribute to the down regulation of SHH pathway in the 

foregut, which in turn leads to the activation of pancreatic genes (Hebrok et al., 1998). 

In some protocols, BMP antagonists like Noggin are used to suppress the liver fate, an 

alternative derivative of definitive endoderm. However, these antagonists may also 

lead to the premature induction of endocrine precursors, which contribute to the 

generation of poly-hormonal pancreatic cells (Basford et al., 2012); cells which are 

functionally immature. 

Figure 1-3 Directed differentiation of PSCs into beta cells.  

Directed differentiation of PSCs into beta cells. Top: Different stages during the differentiation. Reagents 

commonly used in experiments are also indicated in red. Bottom: Schematic of major gene expression 

markers and time-lines of differentiation.  

Fig. 1-3 Directed differentiation of PSCs into beta cells. 
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Step 3 differentiation from pancreatic endoderm to endocrine precursors 

This step involves the formation of exocrine or endocrine precursor cells and the 

growth of pancreatic progenitor cells. The development of endocrine cells is identified 

by the upregulation of the transcription factor neurogenin 3 (Ngn3). However, because 

it is only transiently expressed, Ngn3 is difficult to use as a marker of endocrine fate. 

In this step, Ngn3 is controlled by Notch signaling, which in most differentiation 

protocols is regulated with small molecule inhibitors such as DAPT (D'Amour et al., 

2006). In addition, FGF10, which can also be replaced by FGF7 (keratinocyte growth 

factor, KGF) (Basford et al., 2012), is important to cell proliferation (McLean et al., 2007; 

Rezania et al., 2014).  

Step 4 differentiation from endocrine precursors to mature beta cells 

Despite the fact that the commitment of endocrine precursors to mature beta cells is 

an obligatory step in the whole differentiation process, the methods designed to 

enhance this process are still poorly defined. Nicotinamide, which is observed to 

enhance the differentiation of cultured fetal pancreatic cells into endocrine cells, is 

widely used in many protocols (Otonkoski et al., 1993). Compared with glucagon- and 

somatostatin secreting cells, insulin-producing cells come into being first. In some 

cases, in vitro derived hormone-expressing cells are polyhormonal, and studies have 

demonstrated that such polyhormonal insulin+ cells are non-functional, which means 

these cells cannot respond to glucose (D'Amour et al., 2006; Rezania et al., 2014).  

Therefore, apart from insulin expression, functionality is a key endpoint for successful 

differentiation protocols. Transcription factors like Nkx6.1 may be important for the 

transition from insulin expression to functionality. NKX6.1 is only reported in beta cells 

within the adult human pancreas. During the developmental process, NKX6.1 is 

abundantly expressed among pancreatic epithelium but decreases in non-insulin 

expression cells with ongoing differentiation (Riedel et al., 2012). Other studies 

suggest (Zhang et al., 2009) that expression of NKX6.1 within cells that also express 

PDX1 or insulin C-PEPTIDE is important to achieve functionality. However, it still 

remains to be seen whether such co-expression is enough to direct a successful 

transition from immature to mature beta cells. In addition to NKX6.1, MafA is also an 

important indicator of beta cell maturation. Some studies suggest that thyroid hormone 

may help to upregulate the expression of MafA (Basford et al., 2012). Consequently, 

T3 is sometimes added to the later stages of in vitro differentiation protocols.  

 

Inspired by this four-step protocol, tremendous achievements have been made in 

exploring protocols that generating beta cells from PSCs. The functionality of final 

products has also been improved in recent years, which can be evaluated from the 

subsequent transplantation. In one of these studies(Yabe et al., 2017), pancreatic beta-

cells were generated by a six-stage protocol using a defined medium without serum or 

feeders. Diabetic recipient mice of these cells exhibited some degree of blood glucose 

reduction, although not all. In addition to changing the medium components, Memon 
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et al (Memon et al., 2018) showed it is feasible to increase the population of pancreatic 

progenitors marked by PDX1+NKX6.1+ by dissociating densely formed DE cells and 

replating at low density. Moreover, shortening the waiting time between PSCs and beta 

cells has been advanced as well. A rapid and footprint-free protocol (Ida et al., 2018) 

was established for pancreatic differentiation. Expression of insulin could be detected 

by immunohistochemistry as day 13 within the cells transfected with synthetic mRNAs 

encoding PDX1 and NKX6.1 by lipofection reagents.  

 

Despite the progress that has been made, the pursuit of a more efficient and stable 

protocol to generate insulin-producing cells for clinical application will never cease. 

1.5 Molecules used during the differentiation from iPSC to beta cells 

1.5.1 Activin A   

Activins, one of the TGFβ family members, exists as dimeric polypeptides that include 

two β subunits connected by a disulfide bridge (Huang and Hinck, 2016). The subunits 

are inactive during synthesis until they are cleaved by furin-like proteases (Wang et al., 

2016). There are five isoforms of Activins in humans, a heterodimer Activin AB (βA/βB) 

and four homodimers including activin A (βA), activin B (βB), activin C (βC) and activin 

E (βE). However, only activin A, B, and AB is biological active (Walton et al., 2012).  

 

Activin A is a cytokine with a molecule weight of 25kDa. It was initially purified from the 

ovarian fluid as a gonadal protein and has effect on the synthesis and release 

stimulating the follicle-stimulating hormone (FSH) by pituitary gland (Hedger and de 

Kretser, 2013). Activin A serves an essential role in modulating multiple biologic 

activities including stem cell maintenance, embryonic development, and tissue repair 

(Chen and Ten Dijke, 2016). In particular, Activin A has an important role in pancreatic 

differentiation protocols, where it is applied to promote the formation of definitive 

endoderm (Totsuka et al., 1988).  

The receptor of Activin A 

Activin A receptor mainly exists as two forms. Type I receptors (ActRI), also designated 

as Activin receptor-like kinase (ALK), include seven variations. Of these variations, 

Activin A has a high affinity for ALK4 which is also called Activin receptor type1B 

(ActRIB) (Pangas and Woodruff, 2000). The type II (ActRII) receptor is single 

transmembrane receptor, consisting of an intracellular serine/threonine kinase domain 

and the extra-cellular binding domain (Pangas and Woodruff, 2000). The two 

homologous forms of type II receptor, ActRIIA and ActRIIB, share a similar downstream 

signaling pathway. 
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The signalling pathways of Activin A  

An important pathway in Activin receptor signaling involves activation of proteins 

belong to the SMAD family (Fig 1-4). This pathway is initiated when Activin A interact 

to either ActRIIA or ActRIIB receptors, The binding accounts for the recruitment of the 

Type I receptor to form a receptor complex, followed by type I receptor being 

phosphorylated by the coupled type II receptor (Attisano et al., 1996). Next 

downstream SMAD2 or SMAD3 proteins was phosphorylated by type I receptor and 

subsequently interact with the SMAD4 protein to form another complex. Then this 

SMAD complex can enter into the nucleus to modulate the transcription of specific 

genes (Massagué and Chen, 2000). SMAD proteins regulate various cell activities 

including cell repair, proliferation, apoptosis, and differentiation.  

 

Apart from the SMAD pathway, Activin A can also regulate cell differentiation through 

other pathways, including those involving extracellular signal-regulated kinases 1/2 

(ERK1/2), c-Jun N-terminal kinases (JNKs), and p38 mitogen-activated protein kinases 

(p38MAPK) (Bao et al., 2005; Xia and Schneyer, 2009).  

 

It has been mentioned above that Activin A serves a critical function on cell 

differentiation. Specifically, researchers have utilized this activity to promote pancreas 

differentiation from PSCs (D'Amour et al., 2006; Wang et al., 2011). Their studies 

reported that the addition of Activin A enhanced the formation of mesendoderm from 

the early stages of PSC differentiation. Furthermore, sustained Activin A signalling 

helps to direct differentiation away from mesoderm and towards the formation of 

Figure 1-4 Schematic of Activin A signaling pathways.  

The binding of Activin A to the type II receptor stimulates the recruitment and phosphorylation of type 

I receptor. Phosphorylated ActRI subsequently phosphorylates downstream SMAD2/3, which next 

interacts with SMAD4 and forms a compound to modulating the expression of target genes in the 

nucleus. In addition, ActRI can trigger other downstream pathways including p38MAPK, ERK1/2, and 

JNK pathways to regulate gene expression.  

Fig. 1-4 Schematic of Activin A signaling pathways. 
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definitive endoderm (D'Amour et al., 2005). Thus, it can be summarized that Activin A 

is of critical importance for protocols describing endoderm differentiation from PSCs.  

The regulation of Activin A signaling 

There are various regulatory molecules within the body to ensure that Activin A 

functions properly in biological activities. These molecules interrupt or delay the 

signaling pathway primarily by binding to the receptors or binding to Activin A itself. The 

inhibitory SMADs like SMAD 6,7, restrain the pathway by associating with type I 

receptor and disrupt the generation of SMAD compounds (Yan et al., 2009). A 

transmembrane protein called activin membrane-bound inhibitor homolog (BAMBI) 

acts in the same way as BMP (Harrison et al., 2005). Inhibins consisting of an alpha 

subunit and a beta subunit, which is similar in structure to Activin A, serve as 

antagonists for Activin A. They compete with Activin A for the opportunity to bind type 

II receptor thus block the signal transduction (Gray et al., 2002). Furthermore, the 

interaction between inhibins and type II receptor can be strengthened by Betaglycan, 

a protein that binds to inhibins (Gray et al., 2002). Follistatin (FS) is a secreted protein 

that can bind to all Activins and prevent the binding of Activins to the Activin receptors 

(Harrison et al., 2005). As evident from the above, there are multiple mechanisms in 

place to control the level of Activin signaling, emphasizing the importance of this 

pathway in developmental and homeostasis processes. 

1.5.2 Retinoic Acid 

As noted above, retinoic acid (RA) is a common component of protocols designed to 

generate pancreatic cells from PSCs. In these methods, RA is used to induce the 

expression of a transcription factor, PDX1 that is critical for pancreatic maturation. 

 

RA is a fat-soluble molecule obtained from vitamin A (retinol) and has a striking effect 

on cell proliferation, morphogenesis, differentiation, and apoptosis (Evans and Kaye, 

1999). Vitamin A undergoes two oxidization steps to form RA. Firstly, a reversible 

reaction induced by the short chain reductase (SDR) or alcohol dehydrogenase (ADH) 

oxidizes retinol into retinal (Yang et al., 1994). Secondly, another irreversible 

oxidization stimulated by retinal dehydrogenases (RALDHs) changes retinal into RA 

(Kim et al., 1992). Retinoic acid has various isomeric forms such as 9-cis-retinoid acid, 

11-cis-retinoid acid, 13-cis-retinoid acid and the most active one, all-trans RA (ATRA). 

Regulation of Retinoic Acid within the Cells 

Retinoic acid maintains homeostasis of intracellular concentrations through both RA 

production and degradation processes. As mentioned before, RA is generated by two-

step oxidation from Vitamin A, which is obtained from daily intake. RA can also be 

degraded by conversion to inactive forms such as 4-hydroxy RA, in which process 

cytochrome P450 subfamily 26 (CYP26) enzymes play a catalytic role. (Petkovich, 
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2001). 

The Nuclear Receptor of Retinoic Acid and its Canonical Activities  

The retinoic acid receptors (RAR) and retinoid X receptors (RXR), two main forms of 

nuclear receptors, contribute to the RA canonical signaling pathway. These two 

receptors interact to form RXR-RAR heterodimers. In most vertebrates, each receptor 

is encoded by the α, β, and γ genes, which can give rise to the various combinations 

of RXA and RAR (Chambon, 1995). In the absence of retinoic acid, the heterodimers 

interact with the transcriptional co-repressor, NCoR, to become a complex and then to 

suppress target gene transcription (Gronemeyer et al., 2004). Once ligand-receptor 

binding occurs, conformational changes commit within the ligand binding domain (LBD) 

of RAR, resulting to the dissociation of co-repressor (Gronemeyer et al., 2004). 

Subsequently, the heterodimers will interact with RA response elements (RARE), a 

specific DNA sequence, to modulate the target genes transcription (Evans and Kaye, 

1999). For example, the expression of PDX1, which is a vital marker of beta cell fate, 

requires the RA signaling mediated by RAR induction (Johannesson et al., 2009). 9-

cis RA has a strong affinity for both RXR and RAR, in contrast to all-trans RA which 

only have the similar high affinity for RAR (Allenby et al., 1993).  

Non-Canonical Activities within Stem Cells   

Besides the canonical signaling pathway, retinoic acid can also regulate cell growth via 

RAR-RXR heterodimer-independent ways. In a target cell, retinoic acid is able to bind 

to CRABP, the cellular RA binding protein (Napoli, 1999), which can then mediate the 

non-canonical activities of RA. The diverse effects of these non-canonical pathways is 

dependent on the type of target cells. The specific function on stem cells is reviewed 

as follows. 

-ATRA-CRABP1 Intercepts RAF-MEK-ERK pathways to reduce cell 

proliferation.  

The non-canonical activities of ATRA-CRABP within ESCs has a negative effect on cell 

growth by regulating the ERK signal transduction pathways (Fig 1-5). The 

consequences of ATRA-CRABP can be broken down into at least three intracellular 

processes: dampened growth factor sensitivity, blockade of the G1-S phase transition, 

and weakened stem-cell characteristics.  
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ATRA-CRABP1 dampens growth factor sensitivity by competing for binding sites on 

proteins important for growth factor signal transduction (Fig 1-5-Left part). Many growth 

factors act via the ERK1/2 signaling system stimulation. For example, the activation of 

Ras GTPase is resulted from the binding of EGF and in turn activates the downstream 

RAF kinase (Kolch, 2000). The activation of RAF kinase is followed by the MAPK-ERK 

kinase 1/2 (MEK1/2) phosphorylation and subsequently the phosphorylation of ERK1/2 

(Roskoski, 2012).  ATRA-CRABP directly binds the Ras-binding domain (RBD) of 

RAF, thus reducing the interaction  between RBD and Ras (Park et al., 2019), 

resulting in the fewer activated RAF molecules to propagate the EGF growth signal. 

Therefore, the sensitivity to the growth factors is dampened.  

 

The G1 phase of ESCs is relatively short (Coronado et al., 2013). The P27 protein 

shows a striking impact on the regulation of the cell proliferation cycle and its 

dephosphorylation negatively regulates G1 cyclin complexes. As such, 

dephosphorylated P27 functions to block the cell proliferation at the G1 phase (Orford 

Figure 1-5 Overviews of ATRA non-canonical activities within stem cells, mediated by CRABP1. 

Left Part: ATRA combines with CRABP1 in the cytoplasm. Cells exposed to Growth factors like EGF 

show an increased cell proliferation mediated by MAPK signalling pathways. In the presence of both 

ATRA and EGF, the competitive binding of ATRA-CRABP1 with Raf dampens the Ras-Raf interaction 

and the subsequent phosphorylation of MEK1/2 and ERK1/2, leading to the dampened cell 

proliferation. Right Part: When growth factors are not dominant, ERK1/2 phosphorylated by ATRA-

CRABP1 enters into the nucleus and promotes the phosphorylation of PP2A and TR2. (1) Phospho-

PP2A stabilizes p27 by dephosphorylation thus blocking the G1 to S phase transition and relatively 

facilitating cell differentiation. (2) TR2 is phosphorylated at Thr-210, followed by the SUMOylation of 

phosphor-TR2, which converts activator TR2 into repressor SOMUylated TR2. Thus, Oct4 expression 

is repressed, accounting for the loss of stemness. 

Fig. 1-5 Overviews of ATRA non-canonical activities within stem cells, mediated by CRABP1. 
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and Scadden, 2008). If the growth factor signal strength is insufficient, ERK1/2 can be 

activated by ATRA-CRABP1 and transferred to the nucleus to activate protein 

phosphatase 2A (PP2A). Then PP2A dephosphorylates p27 which subsequently 

impedes the passage from G1 to S phase (Persaud et al., 2016) (Fig 1-5-Right part).   

 

Octamer-binding transcription factor 4, Oct4, is one of the transcription factors that are 

vital for maintaining stemness. The expression of Oct4 is homeostatically modulated 

by a series of activators and repressors. Testis receptor 2 (TR2) is one of the activators 

while SUMOylated TR2 serves as a repressor (Park et al., 2007). With the existence 

of ATRA-CRABP1 (Fig 1-5-Right part), activation of ERK1/2 results in the 

phosphorylation TR2 at Thr-210, which in turn results in the subsequent SUMOylation 

of TR2. This modification converts TR2 to a repressor from an activator (Park et al., 

2007). Consequently, Oct 4 expression is reduced. 

 

In conclusion, ATRA-CRABP1 can desensitize cells to the effects of growth factors and 

slow down cell proliferation via the non-canonical activity, thus permitting efficient cell 

differentiation.  

 

RA is widely used in differentiation protocol for producing pancreatic cells using PSC. 

Multiple studies (D'Amour et al., 2006; Jiang et al., 2007; Mfopou et al., 2010; Vallier 

et al., 2009; Zhang et al., 2009) have found that the expression PDX1 gene, a marker 

of pancreatic fate, requires retinoic acid. However, the use of RA alone leads to 

decreased PDX1 expression. Combining RA with the BMP signaling inhibitor, noggin, 

Mfopou et al. obtained PDX1+ cell at frequency of up to 80% (Mfopou et al., 2010). 

Other researchers have found that the timely culture of cells with combinations of 

activin A, RA, as well as nicotinamide can contribute to the pancreatic differentiation 

(Shi et al., 2005). Besides, RA and FGF4 used in combination can efficiently enhance 

the differentiation of PDX1+ foregut endoderm. The induction of PDX1 expression by 

RA is achieved by the induction of RAR through Activin A/Wnt3a or by FGF signaling 

(Johannesson et al., 2009). Other than PDX1, the upregulation of several transcription 

factors like, NGN3, or secreted hormones, like INS, cannot be detected without the 

addition of RA (D'Amour et al., 2006).      

1.5.3 Stem cell factor   

Stem cell factor (SCF) as a growth factor can regulate the maintenance, proliferation, 

and survival of stem and progenitor populations in multiple tissues and organs (Feng 

et al., 2015). The receptor of SCF, cKIT, is widely used as a marker of endoderm 

formation during PSC differentiation. Therefore, in our research, we added SCF to the 

protocol with the expectation that SCF addition could enhance the growth of 

endodermal EBs that expressed cKIT thus increasing the yield of final insulin-

producing cells. 

 

SCF, which is also called steel factor, Kit ligand and mast cell growth factor, is encoded 



14 
 

by nine exons and locates to mouse chromosome 10 while to human chromosome 12  

(Martin et al., 1990; Ropers and Craig, 1989). Four transcripts are found in mouse 

while six transcripts are found in humans. Stromal cell in varied forms such as 

fibroblasts has ability of SCF synthesis. There are two splice forms of SCF (Fig1-6-A): 

membrane-bound form (mSCF) and soluble form (sSCF). Both forms are original 

generated as membrane-bound proteins only with two different lengths. They have 

three parts: an intracellular domain, an extracellular domain and a transmembrane 

domain. Length differences are caused by the existence or absence of exon 6. Then, 

the longer one which includes exon 6 is cleaved by a proteinase to produce a 165-

amino acid-sSCF. Compared with sSCF, mSCF has a stronger effect on cKIT 

stimulation and receptor lifetime extension (Langley et al., 1993).  

The receptor of SCF 

The receptor of SCF, cKIT or CD117, belongs to the type III groups of receptor tyrosine 

kinases. It maps to chromosome 5 in mouse and chromosome 4 in humans (Chabot 

et al., 1988; Yarden et al., 1987). The cKIT receptor is composed of three regions (Fig1-

6-B): an intracellular region including the hydrophilic kinase insert domain, an 

extracellular region consisting of five domains that have homology to Immunoglobulins 

(Ig) and a transmembrane domain. The first three Ig-like domains form the ligand-

binding pocket and the other two domains regulate cKIT location and dimerization 

(Langley et al., 1993). The juxtamembrane region of the intracellular part is also 

thought to have regulatory function. The kinase domain is composed of tyrosine 

kinases 1, 2, and a kinase insert sequence. An activation loop is situated at COOH-

terminal of the protein (see Fig 1-6).  
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Figure 1-6 Structure of SCF and c-kit.  

(A) SCF exists as sSCF or mSCF. Longer mSCF is cleavage by proteinase to generate sSCF. The 

primary cleavage site is shown by ▲.  (B). Three regions of c-kit. The extracellular regions include 

three Immunoglobulins-like domains for ligand binding and two Immunoglobulins-like domains as the 

dimerization domain. The intracellular regions have two tyrosine kinase domains and a 

juxtamembrane domain. 
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Fig. 1-6 Structure of SCF and c-kit. 
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SCF and cKIT signaling pathways 

-Receptor Activation 

SCF-cKIT binding depends on the interaction between SCF dimer and the first three 

Immunoglobulin (Ig)-like domains in cKIT (Fig 1-7). After binding, cKIT monomers form 

dimers, and dimerization can be further stabilized by subsequent interactions in the 4, 

5 Ig-like domains of the monomers (Yuzawa et al., 2007). Ligand binding from the 

extracellular regions brings the kinase domains of monomers close enough to induce 

trans-phosphorylation and downstream signaling transduction (Yuzawa et al., 2007). 

The SCF-cKIT binding serves a vital part in cell survival, proliferation, migration, and 

development. 

 

-Downstream signal transduction 

Binding to SCF triggers phosphorylation of juxtamembrane domain, kinase insert 

domain, tyrosine kinase domains, and –COOH terminal in the cKIT receptor (Philo et 

al., 1996). Consequently, a series of downstream signaling transduction are activated 

(Fig 1-8), involving the PI3K (phosphoinositide 3-kinase) pathway, MAPK (mitogen-

activated protein kinase) pathway, Src pathway, JAK/STAT (Janus kinase-signal 

transducers and activators of transcription) pathway, and PLC-γ (phospholipase C-γ) 

pathway.  

Phosphorylation of the cKIT residue TUR-721 activates the PI3K pathway (Hashimoto 

et al., 2003) which subsequently induces the interaction between Akt and BAD (Bcl-2-

associated death promotor), leading to the inactivation of the death promotor (Zha et 

al., 1996) and thus cell survival. Therefore, activation of PI3K is relevant to cell survival 

and proliferation inducing properties of SCF.  

Figure 1-7 Schematic of SCF-c-kit binding.  

(A) Inactive c-kit exists as a monomer on the cell surface.  (B). The interaction between SCF dimer 

and Ig-like domain 1-3 leads to the proximity of two adjacent cKIT monomers so that Ig-like domain 

4,5 and kinase domains are close enough for subsequent interaction. (C) A homodimer is formed by 

the induction of SCF binding, which results in trans-phosphorylation among intracellular regions. 

 

Fig. 1-7 Schematic of SCF-c-kit binding. 
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Phosphorylation of the cKIT residues TYR-703 and TYR-Y936 activates the 

RAS/MAPK pathway which results in activation of Raf-1 (Kitamura and Hirotab, 2004). 

Activation of this arm of the signaling transduction pathway influences the control of 

gene transcription, cell growth and differentiation (Reber et al., 2006). 

 

Phosphorylation at residues TYR-568, TYR-Y570 and TYR-Y936 is responsible to 

interact with Src family of tyrosine kinases (Bondzi et al., 2000) which consequently 

leads to activation of JAK/STAT pathway. Once STAT receives the signal and starts to 

be phosphorylated, it enters the nucleus to regulate the expression of genes relevant 

to cell proliferation (Linnekin et al., 1997).  

TYR-730 is responsible for the interaction with PLC-γ pathway (Gommerman et al., 

2000) which is relevant to cell apoptosis inhibition (Maddens et al., 2002). 

 

In summary, the binding between SCF to cKIT leads to the activation of multiple 

pathways that mediate various biologic activities involving gene transcription, cell 

differentiation, cell survival, and proliferation. In our study, due to the contribution of 

SCF to cell proliferation, it was added to the differentiation protocol for pancreatic beta 

cell generation from iPSCs with the aim of increasing the yield of the final cell products.  

 

-Downregulation of receptor 

As discussed above, activation of KIT signaling affects many important cellular 

functions. Therefore, strict regulation of c-kit signal pathway is essential for normal cell 

activities. The attenuation of c-kit receptor can be described as three levels: removal 

of the receptor from the membrane and receptor degradation, inhibition of kinase 

activity and dephosphorylation. Each of these levels of regulation is controlled by 

specific proteins and processes. For example, an E3 ubiquitin ligase which is called 

casitas b-lineage lymphoma (c-Cbl) protein can associate directly with c-kit at Y568 

and Y936 leading to the receptor internalization (Masson et al., 2006). Lnk, a specific 

lymphocyte adaptor protein, has a negative effect on c-kit catalytic activity by binding 

to the juxtamembrane domain (Simon et al., 2008). In addition, SHP-1 (Src homology 

region 2 domain-containing protein tyrosine phosphatase-1) can dephosphorylate and 

therefore attenuate c-kit receptor (Kozlowski et al., 1998). 
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1.6 Main Aim and Hypothesis 

 

Pancreatic differentiation from PSCs proceeds through definitive endoderm formation, 

pancreatic endoderm development, endocrine precursor emergence, and the final 

stage, insulin-secreting beta cells. During this process, a series of signaling pathways, 

such as Notch signaling, WNT signaling, BMP signaling, and RAR signaling, are 

involved in the differentiation. Each of the pathways has multiple control points that 

could be manipulated to improve differentiation outcomes. However, modulating the 

level of ligand and its time of addition and removal is the simplest way to modulate the 

activity of most signal-transduction pathways. 

1.6.1 Main Aim 

In this project, we examined some of the parameters relating to two key signaling 

pathways for pancreatic differentiation, with the purpose of increasing the yield and 

functionality of final cell products. These were Activin A, which is necessary for efficient 

definitive endoderm generation, and SCF, which has the potential of promoting cell 

proliferation. The ultimate objective of this project is to improve the efficiency of beta 

Figure 1-8 Overviews of SCF-cKIT downstream signaling pathways.  

The SCF-cKIT binding triggers downstream signaling transduction pathways including PI3K, MAPK, 

JAK-STAT, and PLC-γ pathways. Different pathways correspond to the different phosphorylation sites 

in the cKIT receptor. The picture is taken from Zhichao Feng (Feng et al., 2015). 

 

Fig. 1-8 Overviews of SCF-cKIT downstream signalling pathways. 
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cell generation from PSCs so that the outcomes could be available for cell therapy of 

Type I Diabetes.  

1.6.2 Hypothesis 

Activin might be unnecessary at the initial stage 

Activin A plays an essential part in multiple processes. It is widely used in the 

differentiation from PSCs to pancreatic beta cells. Referring to the protocol reported by 

Loh et.al (Loh et al., 2014), Activin A was used from the beginning of differentiation. 

Thus, we speculate whether the Activin A addition is necessary from the start. Intending 

to identify the stage it should be involved in, we set up a series of experiments in 

Chapter 3. 

SCF may promote cell proliferation during the early stage of 

differentiation 

SCF has a striking effect on the maintenance, survival, and proliferation of stem and 

progenitor populations through the SCF-CKIT signal transduction pathway (Feng et al., 

2015). Because of these characteristics, we make a hypothesis that the addition of 

SCF would contribute to enhanced beta-cell production. Increases in yield in each step 

of differentiation improve the chance of increscent final cell product. Therefore, in 

Chapter 4, we first test the effect of SCF on enhancing cell growth from the very first 

step: from PSCs to definitive endoderm.    
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Chapter 2 Methods and Materials 

2.1 Cell Culture 

This section describes the basic cell culture procedures for different pluripotent stem 

cells involving human induced pluripotent stem cells, embryonic stem cells, and 

several gene-edited cells. Compared to iPSCs, the other two types are more fragile 

and need to be handled with extra care. 

2.2.1 List of Reagents and Equipment  

 

Table 2-1 Reagents and Materials for Cell Culture 

Reagents Supplier Reference Storage 

bFGF  PEprotech 100-18B -80 ℃ /-

20℃ 

CD Lipid concentrate Life Technologies 11905-301 4℃ 

DMEM  Invitrogen 11960-044 4℃ 

DMEM/F12  Invitrogen 11320-033 4℃ 

DPBS  Gibco 14190-144 4℃ 

E8 (Essential 8TM basal medium) Gibco A15169-01 4℃ 

F12  Gibco 21765-037 4℃ 

FBS  Sigma Aldrich 12003C -30℃/4℃ 

GlutaMax (100X) Invitrogen 35050-061 4℃ 

IMDM  Invitrogen 21056-025 4℃ 

ITS-E  Thermo Fisher 

Scientific 

51500056 4℃ 

KOSR Invitrogen 10828-028 -30℃/4℃ 

Methycellulose Sigma Aldrich M0512-250G 4℃ 
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NEAA (100x) Invitrogen 11140-050 4℃ 

Nucleosides (100x) Specialty Media ES-0008D -20℃/4℃ 

Pen-Strep (100x) Invitrogen 15140-122 -30℃/4℃ 

PVA  Sigma Aldrich P8136 4℃ 

TypLE Select Invitrogen 12563-029 4℃ 

β-Mercaptoethanol Invitrogen 21985-023 4℃ 

 

 

Table 2-2 Components for MEF/Feeder Medium 

 

 

 

Table 2-3 Components of HES Medium 

* For iPSC Medium, increase the volume of bFGF to 50μl. 

Component Stock Concentration Volume for 1x (100ml) 

DMEM 1x 88.5ml 

FBS 1x 10ml 

GlutaMax 100x 1ml 

Pen/Strep 100x 0.5ml 

Component Stock Concentration Volume for 1x (100ml) 

DMEM/F12 

 

1x 77.4ml 

KOSR 1x 20ml 

GlutaMax 100x 1ml 

NEAA 100x 1ml 

bFGF 100μg/ml 10μl *  

Pen/Strep 200x 0.5ml 

β-Mercaptoethanol 1000x 100μl 
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Table 2-4 Equipment and instrument 

Equipment Supplier Reference 

15ml centrifuge tube Thermo scientific 339650 

50ml centrifuge tube Thermo scientific 339652 

Cell culture dish 60x15 with vents Greiner bio-one 628160 

Filter tips (1ml, 200μl, 20μl,10μl) Corning Life TF-1000/ 200/ 20 / 

10-L-R-S 

Heracell VIOS 160i Incubator Thermo scientific 75007214 

Pipetman P20, P200, P1000 Gilson F144563, 

F144565,F144566 

Refrigerated centrifuge 5810/5810 R Eppendorf 5810000092 

Serological pipette (5ml, 10ml, 25ml, 50ml) Drummond 

scientific 

6-000-005/ 010/ 

025/ 050 

Sterile disposable filter units (500ml) Thermo scientific 566-0010 

T25 cell culture flask (EasYFlask) Thermo Scientific 156367 

 

 

 

Table 2-5 Cell List for Cell Culture 

Cell Line Detail 

MEF Mitotically inactivated mouse embryonic fibroblast, iPSC Core  

AF1, B8 Induced from the donors who have type I diabetes 

IGGC HES 3 Insulin (INS)-GFP Glucagon-mCHERRY 

IGGCGB Insulin (INS)-GFP Glucagon-mCHERRY GADPH-BFP 

Mixl-GFP mixl GFP cl#7 

SOX17 HES 9 sox17#122 1A 

PB001.1, PB0010.5 Induced from male donor 

PB005.1 Induced from female donor 
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2.2.2 Feeder Dependent Culture 

ESCs were cultured in a T25 flask with the support of mouse embryonic fibroblasts 

(MEFs) using iPSC Medium or HES medium. 

Preparation of T25 flask coated with MEFs  

Before plating MEFs, the culture flask was coated with 5ml Feeder Medium at 37℃, 

5% CO2 for one day. Cryopreserved MEFs were thawed in 37 ℃  water bath 

immediately after taking them out of -80℃ freezer. The thawed MEFs were washed 

with 5ml Feeder Medium or PBS and centrifuged for 3 minutes at 1500 revolutions per 

minute (rpm) at 4℃. The supernatant was discarded and the cells were re-suspended 

using fresh medium. 50,000 MEFs were added to each T25 flask, which had been 

previously coated with feeder medium for at least 24 hours, and the medium volume 

was made up to 5ml. The MEF containing flask was then returned to the 37℃incubator. 

At least 15 minutes was allowed for the cells to attach to the flask before it was used 

for PSC culture. For different size of flasks, the number of MEFs and the volume of 

Feeder Medium required are shown in Table 2-6. 

            

Table 2-6  MEF Plating for Different Flask Specifications 

Flask Specification MEF Density Medium Volume 

T25 50k 5ml 

T75 150k 15ml 

T175 350k 25ml 

 

Cell culture and passage to feeders-coated T25 flasks  

Flasks were used for cell culture once a majority of MEF cells had been anchored to 

the flask bottom, which usually took more than 15 minutes. PSCs from -80℃ freezer 

were thawed quickly but gently in a 37℃ water bath. Similar to MEFs, thawed PSCs 

were washed with 5ml iPSC or HES medium and underwent centrifugation at 1500rpm 

for 3 minutes at 4℃. 5ml of iPSC or HES medium was used to re-suspend cells. The 

Feeder Medium was removed from the T25 flask before adding the PSCs. The flask 

containing the PSCs was then placed in to a 37℃ incubator. Medium was changed 

every day to ensure timely removal of metabolic waste and to provide an adequate 

supply of nutrients.  

 

PSCs proliferate rapidly. As a consequence, cells can become too crowded to maintain 

monolayer growth, which may lead to their differentiation. Similarly, insufficient 

nutrients or a build-up of toxic metabolites may also cause cell death. For these 

reasons, cells were passaged when the density exceeded 80 %. To passage the cells, 
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medium was aspirated from both the new and old flask. The cells were rinsed with 5ml 

PBS. At least 5 ml of EDTA/PBS cell detachment media was used to cover the whole 

flask bottom.  The flask was then returned to the  37℃ incubator for 5 minutes. The 

cells were then checked under the microscope to determine if the cell margins had 

become round and bright. Once this was observed, the EDTA solution was discarded 

and the flask tapped to make cells dislodge from the bottom. Once the cells were 

detached, 5ml of iPSC or HES media was added into the flask. The cell suspension 

was passed up and down the pipette 2-3 times to break up large cell clumps and then 

transferred into the MEF-coated flasks at a passage ratio of 1:3 (or 1:4) for preservation 

or 1:1 (or 1:2) for differentiation the next day. The medium volume was made up to 5 

ml and the passage number, passage ratio, date, and operator were recorded on the 

top of the flask. Cells were checked under the microscope before being returned to the 

incubator at 37℃ in 5% CO2. 

Cell cryopreservation and thawing 

Cell cryopreservation for the early generations is necessary in order to create stocks 

for future work. Early passage cells are preferable as PSCs are less optimal for 

differentiation after 30 generations. 

  

Cells were rinsed with PBS and were dislodged from the flask using EDTA/PBS 

solution using the same procedures as described for cell passaging. The cells were re-

suspended in 2ml iPSC or HES media pre-mixed with 10% DMSO and then distributed 

into two 1 ml cryopreservation tubes. The tubes were marked with the name of cell line, 

date, passage number, and operator name. The cryotubes were placed at -80℃ for at 

least one day before the transfer for long term storage in liquid nitrogen. PSCs thawing 

has been described in the above steps. 

2.2.3 Feeder free culture 

PSCs can be adapted from MEF supporting system to MEF free system which involves 

culture in feeder-free E8 medium.    

Preparation of T25 flask coated with Geltrex 

Before seeding PSCs, the flask was coated with Geltrex instead of MEFs. Each vial of 

250μl Geltrex provided enough solution to cover 8 flasks. The unthawed Geltrex was 

diluted with ice cold PBS in small amounts but multiple times until a 1% Geltrex solution 

was obtained. 3ml of Geltrex solution was added to each flask. The flask was rocked 

gently to ensure the solution covered the entire bottom of the flask. The flask was then 

placed in a 37℃ incubator for at least 30 minutes before use. Geltrex coated flasks 

could be stored for the long term as long as the surface was moist.  
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The method for passaging cells on to Geltrex coated flask was the same as described 

for feeder dependent system. 

Adaptation from MEFs to Geltrex 

After digestion, PSCs were re-suspended with a mixture of iPSC (or HES) medium and 

E8 medium. The ratio of iPSC to E8 medium was gradually decreased until there was 

only E8 medium left. In addition, a low percentage of KOSR (for example) 2.5% was 

sometimes required to enable PSCs to be maintained in feeder-free cultures.   

2.2 Pancreatic Beta Cell Differentiation  

Differentiation from PSCs to INS secreting beta cells in the laboratory has been divided 

into several stages. In our study, we tested various combinations of cytokines and 

growth factors in the suspension-based system to optimize the differentiation protocol. 

Pluripotent stem cells were cultured with small molecules on swirler throughout the 

differentiation process.   

2.2.1 List of reagents and materials  
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Table 2-7 Reagents and Materials for Differentiation 

Reagents Supplier Reference Storage 

rh Activin A (Recombinant human Activin A) Stem RD Act-100 -80 ℃ /  

-20℃ 

DMH-1 Sigma Aldrich D8946 -80 ℃ /  

-20℃ 

Pi3ki (PI-103 Kinase Inhibitor) Cayman Chemical 371935-74-

9 

-80 ℃ /  

-20℃ 

Rock Inhibitor (Y-27632)  Stem cell 

technologies 

72302 4 ℃ /   

-20℃ 

CHIR 99021 Stem cell 

technologies 

72054 -80 ℃ /  

-20℃ 

SCF (Stem Cell Factor) LONZA Australia 300-07-

1000 

-80 ℃ /  

-20℃ 

ATRA  Sigma Aldrich R2625 -80 ℃ /  

-20℃ 

T3 Sigma Aldrich T6397 -80 ℃ /  

-20℃ 

KGF Life Technologies PHG0094 -80 ℃ /  

-20℃ 

 

 

 

 

 

 

Table 2-8 Components of Magic Medium 

Component Stock Concentration Volume for 1x (100ml) 

IMDM 1x 50ml 

F12 1x 50ml 

BSA 20% 0.5ml 

ITS-X 100x 1ml 

PVA 100x 1ml 
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Table 2-9 Cytokines Format of Differentiation 

  

Methylcellulose 100x 1ml 

NaAscorbic Acid 100x 1ml 

GlutaMax 100x 1ml 

NEAA 100x 1ml 

Lipids 500x 0.2ml 

Nucleosides 100x 1ml 

Pen/Strep 100x 1ml 

DAY Cytokines Concentration 

Day 0 Activin  100ng/ml 

Pi3Ki 50nM 

Rocki  10μM 

CHIR  2μM 

Day 1-2 Activin  100ng/ml 

DMH1 1μM 

Day 3-7 

 

RA 2μM 

FGF7/KGF  50ng/ml 

Move To Lower Speed Swirler 

Day8-10 RA  2μM 

FGF7/KGF  50ng/ml 

Day11 T3 1μM 
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2.2.2 Cell Lines  

In our research, we tested the generalizability of the results with a variety of cell lines, 

including SOX9-tdTomato, AF1, B8, IGGC (HES3, InsulinGFP& GlucagonCherry), 

IGGCGB (InsulinGFP, GlucagonCherry& GADPHBFP), PB lines, MIXL-GFP, SOX17-

mCherry, and ENVY-GFP cell lines.  

AF1 (Joshi et al., 2019) and B8 are iPSC lines derived from organ donors who had 

type1 diabetes. IGGC, IGGB, Mix-GFP (Davis et al., 2008), SOX17-mCherry, and 

ENVY-GFP (Costa et al., 2005) were gene-edited PSCs in which genes encoding 

fluorescent proteins were targeted to specific loci as indicated. PB lines were derived 

from normal volunteers (Vlahos et al., 2019): PB005.1 induced from a female donor 

and PB001.1 as well as PB010.5 were induced from the male donors. IGGC, MIXL1-

GFP, SOX17-mCherry, and ENVY-GFP are embryonic stem cell lines whilst AF1, B8, 

SOX9, IGGB, and PB lines are induced pluripotent stem cells lines. 

2.2.3 Differentiation from PSCs to Definitive Endoderm 

Preparation before differentiation set up 

Pluripotent stem cells were passaged at the ratio of 1:1 to a feeder free flask one day 

prior to the differentiation set up, with the aim of removing the dead and unhealthy cells. 

Then the flask was incubated at 37℃ overnight. On second day, PSCs were treated 

with fresh medium three hours in advance to ensure that the cells growing under 

optimum conditions and to remove dead cells. 

Set up the differentiation from PSCs to definitive endoderm 

Ice cold PBS was used to rinse cell surface. The cells underwent a digestion using 0.5 

mM EDTA/PBS and were cultured in 37℃ for 2 minutes. When edges of the cells 

begun to detach (as evidence by the cells becoming refractile), the EDTA was 

discarded to prevent over-digestion. The flask was tapped to make the cells detach 

from the bottom. The cells were re-suspended with the mixture of Magic Medium and 

cytokines (See Table 2-9, day 0 Medium or Fig 2-1) and the cell suspension was 

Figure 2-1 The Cytokines Schematic of Differentiation from Pluripotent Stem Cells to Pancreatic 
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Fig. 2-1 The Cytokines Schematic of Differentiation from Pluripotent Stem Cells to Pancreatic 
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pipetted 2-3 times to dissociate large cell clusters. In some later experiments, the cell 

suspension was passed through a 40 micron cell strainer to remove large clumps. The 

cell suspension was transferred to a 6cm dish marked as day 0 of differentiation and 

the dish was then incubated on a rotating platform at 60rpm, 37℃ for 24h. A confluent 

T25 flask was enough to set up two or three “swirler” dishes. 

 

After 24 hours, the cell suspension was transferred into a 15ml conical centrifuge tube. 

1ml PBS was used to rinse the dish and the solution was transferred into the centrifuge 

tube as well. Since the aggregation was too weak to survive from centrifugation, it was 

simply left to stand for 8-10 minutes allowing cell clusters to settle into the bottom of 

the tube. The supernatant was discarded and the cell pellet was re-suspended using 

the Day 1-2 medium mixture shown in Table 2-9 or Fig 2-1. After re-suspension, the 

cell clusters were transferred to the washed dish and returned to the incubator on the 

swirler at 60rpm, 37℃  for 48 hours. On day 3, the cells reached the definitive 

endoderm stage identified by the co-expression of EpCAM and CXCR4 using flow 

cytometry (Yasunaga et al., 2005).     

 

In Chapter 3, we tested several variables related to Activin A-induced formation of 

definitive endoderm according to the protocols of Loh et.al (Loh et al., 2014), including 

the concentration, the addition time point, and the replacement of Activin A. Different 

conditions of the experiment are set up as Table 2-10. 

 

Table 2-10 Conditions of experiment described in Chapter3 

Condition 1 2 3 4 

Day 0 Activin A 100ng/ml ------- ------- ------- 

CHIR 2μΜ 2μΜ 10μΜ 2μΜ 

Pi3Ki 50nM 50nM 50nM 50nM 

Rocki 10μM 10μM 10μM 10μM 

Day1-4 Activin A 100ng/ml 100ng/ml 100ng/ml ------- 

DMH1 1μΜ 1μΜ 1μΜ 1μΜ 

 

Differentiation to pancreatic endoderm from definitive endoderm  

From day 3 to day 7, Magic medium was supplemented with retinoic acid and KGF. 

The procedure for medium change was similar as described on day 1. The only 

difference was the definitive endoderm bodies were re-suspended with a new medium 
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mixture (Shown in Table 2-9 or Fig. 2-1).  

Only the IGGC (HES3, InsulinGFP& GlucagonCherry) cell lines were used for subsequent 

differentiation because of their specific fluorescent tags that reported insulin and 

glucagon expression.  

Differentiation from pancreatic endoderm to endocrine precursor 

From day 8 to day 10, the key small molecules included in the differentiation medium 

were retinoic acid, and KGF. After a medium change at day 8, the dishes were 

transferred to the swirler at 40rpm. During this stage, the cells continued to form 

embryonic bodies. However, we observed that this lower speed (40rpm versus 60rpm) 

was more likely result in the formation of large cell aggregates and prevents the 

destruction of EBs caused by rotation of cultures at higher speeds. 

    

In these two stages, retinoic acid acts a crucial role in driving the differentiation forward. 

To efficiently generate pancreatic endoderm and endocrine precursor endoderm, in 

Chapter 5, we examined the protocols using RA in different concentrations. The 

conditions are shown in Table 2-11. On day 3, cells were re-suspended and distributed 

into two dishes with RA concentrations of 1μM or 2μM. After 48 hours to day 5, each 

dish was divided again into two dishes, maintaining one of the dishes at its original 

concentration and increasing the RA concentration in the other (shown in Table 2-11). 

On day 8, these four dishes were cultured with the medium at their original RA 

concentration and were transferred to the swirler at a low speed (40rpm) for 

subsequent differentiation.  

 

Table 2-11 Conditions of experiment described in Chapter 5 

 

Dish Name RA 1-1 RA 1-2 RA 2-2 RA 2-10 

Day 0 Activin A 100ng/ml 

Pi3Ki 50nM 

Rocki 10μM 

CHIR 2μM 

Day 1-2 Activin A 100ng/ml 

DMH1 1μM 

Day 3-5 

 

RA 1μM 2μM 

KGF 50ng/ml 

Day 6-7 

 

RA  1μM 2μM 2μM 10μM 

KGF 50ng/ml 

Move To Lower Speed Swirler 

Day8-10 RA 1μM 2μM 

KGF 50ng/ml 

Day11 T3 1μM 
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Differentiation from endocrine precursor to insulin producing beta cells  

Some studies (Basford et al., 2012) suggest that the thyroid hormone may contribute 

to the upregulated expression of MafA, which is an important marker of beta cell 

maturation. Thus, thyroid hormone T3 is sometimes used in the later steps of in vitro 

differentiation protocols. For our protocol, Magic Medium was supplemented with 1μM 

T3 and was used for differentiation cultures from day 11. The medium was refreshed 

every three days until green insulin-producing cells were observed under the 

fluorescent microscope. The mixture of insulin-producing and non-producing cells was 

cultured with only Magic Medium shown in Table 2-8. 

2.3 Flow Cytometry 

Flow cytometry is widely used as a tool for analysis of single cells. By detecting the 

light signal controlled by different lasers, flow cytometry has the ability to measure 

multiple cell parameters such as cell granularity, size, and fluorescence intensity. The 

light signals can originate from fluorescent proteins encoded by specific genes, as well 

as fluorescent dye conjugated antibodies that bind to the cell. 

2.3.1 List of Reagents and Antibodies 

 

Table 2-12 Antibodies used for flow cytometry 

Antibody Dilution Maker Cat NO. Fluorescence 

EpCAM 1/50 Biolegend 324208 APC 

1/30 324219 BV 

1/300 324222 PE-Cy7 

CXCR4 1/50 Biolegend 306518 BV 

 1/100  306513 PE-Cy7 

cKIT 1/30 Biolegend 313206 APC 

 1/50  313204 PE 

 1/50  313215 BV 

CD9 1/10 BD 

Pharmingen 

555371 FITC 
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Table 2-13 Reagents and Equipment for Flow Cytometry Analysis 

 

 

 

Table 2-14 Fluorophores for Flow Cytometry 

  

Reagents and equipment Supplier Reference 

Round Bottom Tube with Cell-strainer Cap (5ml) BD Falcon 352235 

BD LSRFortessa Cell Analyzer BD LSRFortessa 649225 

BD Cytofix/Cytoperm Kit BD Biosciences  

BD Cytofix/ Cytoperm  51-2090KZ 

    BD Perm/Wash Buffer (10x)  51-2091KZ 

Fluorophores Laser Excitation Wavelength/ nm Filter 

APC Red 640 670/14 

BV 421 Violent  405 450/50 

FITC Blue 488 530/30 

mCherry Yellow Green 561 610/20 

PE Yellow Green 561 586/15 

PECy7 Yellow Green 561 780/60 

PI Blue 488 670/30 
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2.3.2 Flow Cytometry analysis for expression of surface marker 

Preparation of cell samples 

Flow cytometry was carried out at certain time points during cell differentiation. For 

flow cytometry analysis, the EB sulotion was transferred from dishes to a conical 

centrifuge tube and then it was left to rest for nearly 10 minutes. After the EBs had 

settled, the supernatant was discarded and the EBs were rinsed using 5ml of cold ice 

PBS, followed by centrifugation for 3 minutes at 1500rpm, 4℃. After removal of the 

supernatant, 1-2ml of TrypLE Select was added to the tube which was then cultured in 

a 37℃ water bath for 5 minutes to dissociate the EBs. During this period, specific 

antibodies required for subsequent experiments were diluted in FACS Wash (2% BSA 

in PBS) solution on ice as described in Table 2-12.  

 

Once the TrypLE digestion of EBs was completed, the solution was pipetted up and 

down several times to obtain the suspension of single cells. Then 3ml of PBS was 

added to terminate the digestion. Next, the cell suspension was placed into a FACS 

tube capped by a filter and was centrifuged to remove cell clumps. The supernatant 

was discarded and the cell pellet was re-suspended in 50-100μl of prepared antibody 

mixture and was incubated for 10 minutes on the ice, at dark. At the end of staining, all 

the samples were rinsed using 5ml of FACS Wash (2% BSA in PBS) and then was 

centrifuged, followed by the repeated rinsing step. After rinsing again, the cells were 

re-suspended in 200μl of PI (Propidium Iodide, 1:1000) solution and the samples were 

ready for flow cytometry analysis. 

 

Operation for flow cytometry analysis 

Before each run, the FACS machine was calibrated using fluorescent BEADS to 

ensure all the lasers were functional. Before sample running, parameters were set in 

the BD FACS software, including the number of events to collect and to display, as well 

as the flow speed for collection. The FACS tube was flicked gently to obtain a well-

mixed sample for FACS analysis. When preforming multicolor fluorescence analysis, 

compensation adjustments were necessary to account for spectral overlap between 

fluorophores (listed in Table 2-14).  

2.3.3 Intracellular flow cytometry 

Detection of antibody that binds to intracellular proteins is more complex than 

techniques for assessing antibody binding to surface proteins. Fixation and 

permeabilization of cells are required to enable the entrance of antibodies into the cells. 

In our experiments, we used the Fixation/Permeabilization Kit made by BD Company 

(shown in Table 2-13) 

 

Procedure of intracellular FACS  

The digestion step using TrypLE Select was the same as described for FACS analysis 
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using surface markers. After the digestion, the samples were rinsed with 5ml of PBS 

and were centrifuged for 3 minutes at 1500rpm, 4℃ . The following steps were 

performed on ice. 300μl of cold BD Cytofix/Cytoperm solution was required for each 

sample and was maintained for 20 minutes, with the aim of cell fixation. 10X BD 

Perm/Wash buffer was diluted using distilled water at the ratio of 1:9. The fixed cells 

were permeabilized by rinsing once in 1x BD Perm/Wash buffer. To stain for 

intracellular proteins, the fixed samples were re-suspended using 50μl of 1x BD 

Perm/Wash buffer that contained a pre-determined optimal concentration of a 

fluorochrome-conjugated antibody or an appropriate negative control. The samples 

were incubated on ice for at least 40 minutes, protected from light. After rinsing with a 

1x BD Perm/Wash buffer twice, the samples were ready for FACS analysis. It is 

important to note that PI cannot be used in intracellular FACS because all the cells are 

fixed. 

 

2.4 Measurement of Cell Number, Diameter and Area 

SCF-cKIT signal pathway is reported to be beneficial for cell survival and proliferation. Thus, 

to explore the role of SCF in cell growth, we set differentiations with or without 100ng/ml 

SCF on day 1 and from day 2-4, and we measured the cell number, diameter and area of 

embryonic bodies of two groups.  

2.4.1 List of Reagents and Equipment 

 

Table 2-15 Reagents and equipment for cell count 

  

 

2.4.2 Cell Counting 

Reagents and equipment Supplier Reference 

Trypan Blue Sigma Aldrich T8154 

Coutness II FL Automated Cell Counter Thermo Fisher AMQAF1000 

Coutness II FL Reusable Slide  A25750 

Coutness II FL Resuable Slide Holder 

 

 AMEP4746 

Zeiss Axiovert 200 microscope Carl Zeiss Axiovert 200 
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The digestion step using TrypLE Select is the same as that for FACS analysis. After 

the digestion, the cells were re-suspended with PBS and were mixed thoroughly. 10μl 

of Trypan Blue Stain was then mixed with 10μl of each sample. 10μl of mixture was 

applied to the cell counting chamber. The chamber was inserted to the automated cell 

counting machine to initiate the cell counting. The results of cell counting included total 

cell number and live cell number.  

2.4.3 Cell Diameter and Cell Area measurement 

Cell Diameter measurement 

Embryoid bodies were monitored under the microscope that was connected with 

ZEISS Microscope Software ZEN. Circles around the outline of embryoid bodies were 

drawn manually (See as Fig 2-2). The software automatically measured the diameter 

of the circle, which was also the diameter of the EB.  

 

Cell Area measurement 

Embryoid bodies were not perfect spheres. As such, if circles were drawn on the long axis, 

the results overestimated the EB size. To address this issue, we also measured the area 

of the EBs using Fiji Software. In order to do this, it was necessary that the EBs were 

fluorescent, enabling the software to easily distinguish them from background. After 

capturing the image using the Zeiss imaging software, the images were opened through 

Fiji software. The image was adjusted until the whole EB was shown in white while the 

background was shown in black. The area of each white object was measured by clicking 

Figure 2-5 Diameter of red cicle is the diameter of EB as well.  

A picture of EBs under a microscope. A circle that coincides with the outline of embryonic body was 

drawn manually. The circle is shown in red. Zen Software automatically generated the value of circle 

diameter, which was also the diameter of EB. 

Fig. 2-2 Diameter of red circle is the diameter of EB as well. 
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“Analyse Particles”. An incomplete particle would not be measured when “Exclude on 

edges” was selected. The overview is presented as Fig 2-3.     

 

 

 

 

 

 

 

 

2.5 Detection of Cell Proliferation and Cell Apoptosis 

The contribution of SCF to increasing cell number and EB area maybe have occurred 

via two mechanisms: enhanced cell proliferation or dampened cell apoptosis. To 

investigate the mechanism, we used specific kits to detect cell proliferation and cell 

apoptosis in Chapter 4.  

2.5.1. Lists of Reagents and Materials 

 

Table 2-16 Assay Kits for Cell Proliferation and Apoptosis Detection 

Reagents  Amount Details Reference 

Click iT Plus EdU Flow Cytometry Assay Kits Life Technologies C10635 

Figure 2-117 Overview of area measurement using Fiji software.  

The original picture of EBs was opened through Fiji Software. Then the threshold was adjusted from 

“Image” until the outline was clear. Then after “Analyse Particles” from “Analyze” was selected, the 

software would automatically measure the area of EB and present the results. 

 

Fig. 2-3 Overview of area measurement using Fiji software. 
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2.5.2. Cell Proliferation Detection using Click-iT Plus EdU Flow 

Cytometry Assay Kits 

Cell proliferation includes G1, S, G2, and M phases, in which replication of genetic 

material occurs in the S phase. Thymidine is one of the basic groups required during 

DNA synthesis. EdU (5-ethynyl-2’-deoxyuridine), one of the pyrimidine analogs, can 

incorporate into the genetic material in place of thymidine during active cell proliferation. 

This assay kit bases on the click covalent reaction between an alkyne and a picolyl 

azide, which is catalyzed by copper. The alkyne is an integral part of EdU and the 

picolyl azide is conjugated to Alexa Fluor 647 dye, which can be captured by standard 

flow cytometry. Thus, the percentage of EdU+ events in flow cytometry analysis reflects 

the percentage of cells undergoing S-phase in the population.  

In addition to Edu, BrdU (5-bromo-2’deoxyuridine) is also widely used in assay kits 

detecting cell proliferation as a nucleoside analog to thymidine. BrdU incorporates into 

DNA when cells are cultured with BrdU medium. Then, cells will be fixed and DNA will 

undergo denaturation with fixing solution, allowing for the accessibility of the 

incorporated BrdU to the anti-BrdU antibody. A secondary antibody, which is in 

conjugation with a fluorescent dye, is then applied to examine the binding of the anti-

EdU powder (Component A) 20mg NA  

Alexa Fluor® 647 picolyl azide 

(Component B)  

260μl DMSO solution  

DMSO (Component C) 8.5ml NA  

Click-iT fixative (Component D) 10ml 4% PFA in PBS  

Click-iT saponin-based permeabilization and 

wash reagent (Component E) 

100ml 10x solution  

Copper protectant (Component F) 1ml 100mM aqueous 

solution 

 

Click-iT EdU buffer additive (Component G) 400mg NA  

FITC Annexin V Apoptosis Detection Kit I  BD Pharmingen 556547 

10x Binding Buffer 50ml 5166121E 

FITC Annexin V 0.5ml 5165874X 

Propidium Iodide Staining Solution 2ml 5166211E 
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BrdU antibody.  

Compared with BrdU, the EdU assay kit is easier, faster, and more accurate. EdU and 

picolyl dye are much smaller thus spread more easily within the cell. Of greater 

significance, no rigorous DNA denaturation treatment (using acid, heat, or DNase) is 

required, effectively avoiding sample damage, and contributing to the observation of 

cell proliferation at the overall level. In addition, because the EdU assay can be 

performed without a denaturation treatment, the destruction of antigen recognition 

sites for other proteins is reduced. Thus, after using the EdU assay kit, samples can 

still be prepared for flow cytometry analyzed for expression of surface or intracellular 

markers. 

 

Procedures   

Before the reaction, reagents were prepared at room temperature. To prepare a 10mM 

solution of EdU, 8ml of DMSO was added into Component A (EdU, 200mg) and the 

solution was mixed thoroughly. The remaining stock after use was stored at less than 

-20℃. To make 1x permeabilization and wash buffer, Component E (Click-iT® saponin-

based permeabilization and wash reagent, 10x) was diluted with 1% BSA in PBS and 

was stored at -4℃ after use. To prepare 10x EdU buffer additive, 2ml of distilled water 

was added to Component G (Click-iT® EdU buffer additive, 400mg) and mixed until all 

the powders dissolved. The solution was stored at less than -20℃. 

 

Culture of cells with EdU. Medium change is required before start to provide optimal 

conditions for cell growth. The culture medium was mixed thoroughly with 10μM of 

EdU. The negative control incubated in medium lacking EdU. Both dishes were 

incubated for 2 hours under standard conditions (swirler, 37℃, 5%CO2). 

 

Fixation and permeabilization. The samples as well as negative control were rinsed 

with 3ml of 1% BSA in PBS, followed by the digestion with TrypLE Select in 37℃ water 

bath for 5 minutes. The samples were then centrifuged for 3 minutes at 1500rpm and 

were washed with 1% BSA again. After discarding the supernatant, 100 μ l of 

Component D (Click-iT® fixative) was used to re-suspend the cells and the suspension 

was incubated at room temperature for 15 minutes, protected from light. To terminate 

the fixation, 3ml of 1% BSA in PBS was added to rinse cells, followed by centrifugation 

and supernatant removal. Once cells were ready for permeabilization, they were 

incubated with 100μ l of 1x Click-iT® saponin-based permeabilization and wash 

reagent and maintained for 15mins. A centrifuge step was not required this time. 

 

Covalent reaction. Before starting, 10x EdU buffer additive was diluted into a 1x 

solution with distilled water. Less than 15 minutes before reaction, the Click-iT® Plus 

reaction mixture was prepared as listed in Table 2-17 below.  
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Table 2-17 Click-iT® Plus reaction cocktails 

Components (μl) Number of samples 

 1 2 5 10 30 50 100 

PBS 438 875 2190 4380 1320 2190 4380 

Component F  10 20 50 100 300 500 1k 

Fluorescent dye 

picolyl azide 

2.5 5 12.5 25 75 125 250 

1X EdU Buffer 

Additive 

50 100 250 500 1.5k 2.5k 5k 

Total reaction 

volume 

500 1k 2.5k 5k 15k 25k 50k 

 

 

Each sample were mixed well with 500μl of reaction cocktails. The total volume for 

each sample was 600μl, including the reaction cocktails and the permeabilization 

buffer left over from the previous step. Then the whole reaction system was incubated 

at room temperature for 30 minutes, protected from light. After the reaction, 3ml of 1x 

permeabilization and wash reagent was used to rinse samples once, followed by the 

centrifugation and supernatant removal. For subsequent flow cytometry analysis, each 

sample was re-suspended with 300μl of 1x Click-iT® saponin-based permeabilization 

and wash reagent. The fluorescent signal in this experiment was best detected with 

logarithmic amplification. It was vital to note that for the accuracy of comparison, the 

same collection rate was required for each sample within an experiment.  

 

2.5.3. Cell Apoptosis Detection using FITC Annexin V Apoptosis 

Detection Kit  

Cell apoptosis, also called programmed cell death, happens normally during 

embryonic development and it is tightly regulated. A series of morphologic 

characteristics are presented during cell apoptosis, including the loss of cell membrane 

integrity, compaction of the nucleus, degradation of cellular proteins and fragmentation 

of genome. In our study, we use FITC Annexin V Apoptosis Detection Kit I, which took 

advantage of the translocation of PS (phosphatidylserine) caused by membrane 

damage, to detect cell apoptosis. In healthy cells, PS is on the intracellular surface of 

the plasma membrane. When the cell undergoes apoptosis, loss of membrane 

structure leads to the PS translocation from intracellular to the extracellular surface of 

the plasma membrane, allowing for accessibility of Annexin V to PS.  

Annexin V that has a high affinity for PS is a Ca2+ dependent phospholipid binding 
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protein that. The conjugation to FITC does not change the high affinity and provides 

the possibility of detecting cell apoptosis using flow cytometry. Propidium Iodide (PI) is 

widely used as a probe to distinguish live from dead cells. Healthy cells with an intact 

membrane block the entrance of PI. It can only pass through the plasma membrane of 

a dead or destroyed cell. Combining Annexin V with PI, it is possible to identify the 

stage of apoptosis by flow cytometry analysis. Viable cells are double negative staining 

for Annexin V and PI. The cells undergoing the early stage of apoptosis only show the 

membrane transformation thus they are positive staining for Annexin V but negative 

for PI. Cells undergoing necrosis or in the end stage of apoptosis are positive staining 

for both Annexin A and PI. 

 

Procedures 

Preparation of sulotions was performed at room temperature. To obtain 1x binding 

buffer, 10 x Annexin V Binding Buffer was diluted with distilled water at a ratio of 1:9. 

EBs were rinsed with cold PBS and centrifuged for 3 minutes at 1500rpm, 4℃ and 

then digested with 1-2ml TrypLE Select in a 37℃ water bath for 5 minutes. The 

samples was then pipetted several times to ensure a single cell solution for the cell 

counting. 

Controls: Three controls groups were required to set up flow cytometer, including 

unstained cells (no PI and Annexin V), cells only stained by PI (no FITC Annexin V) 

and cells only stained by FITC Annexin V (no PI).  

Staining. Cells were washed twice with ice PBS. After the removal of supernatant, the 

pellet was re-suspended with 1x Binding Buffer to reach an end concentration of 1x 

106 cells/ml. 100μl of cell mixture was removed to a new culture tube which served as 

a reaction vessel. The tube containing the experimental samples was mixed with 5μl 

of PI and 5μl of FITC Annexin V. Control groups were mixed with the corresponding 

reagents and the volume was topped up with 1x Binding Buffer. All the solutions were 

gently mixed and then maintained protected from light for 15 minutes at room 

temperature. After 15 minutes, the reaction in each sample was ended with 300μl of 

1x Binding Buffer. We found that flow cytometry analysis was only reliable if preformed 

within one hour from the completion of straining. 

 

2.6 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

RT-qPCR is a technic for real-time monitoring of the progress of a PCR reaction. It 

based on the real-time change in the fluorescence signal, which correlates with the 

change of amplification-products in each cycle of the PCR reaction, and quantifies the 

original template by analyzing the standard curve. RT-qPCR performed in a two-step 

assay involves RNA elution, reverse transcription, and a PCR step. Internal references 

are usually housekeeping genes such as GAPDH and beta-actin, which have a 

constant expression in the cell and are not susceptible to environmental factors. The 

expression level of target genes in the initial template can be easily determined by 
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comparing the difference (delta cycle time, ΔCt) between the expression of target 

gene and internal reference in each sample. Compared to directly comparing the 

expression of target gene, ΔCt is less influenced by RNA yield, quality, and reverse 

transcription efficiency across different samples. In chapter 5, this method was applied 

in pre-experiment to confirm that PDX-1 expression could be induced by the addition 

of 2μM RA.  

2.6.1 List of Reagents and Equipment 

Table 2-18 Reagents and equipment for RT-qPCR 

 

 

Table 2-19 List of TaqMan Probes used 

2.6.2 Procedures 

RNA Isolation 

Cell pellet was vortexed vigorously with 350μl Lysis Buffer RLY and 3.5μl β-ME for cell 

lysis. The lysate was then loaded into ISOLATE II Filter placed in a 2ml Collection Tube, 

followed by centrifugation at 11,000xg for 1min. Homogenized lysate was mixed with 

350μl ethanol (70%) and pipetted up and down 5 times. The mixture was transferred 

into ISOLATE II RNA Mini Column, which was settled in a new 2ml Collection Tube, 

and centrifuged 30s at 11,000xg, with the aim of RNA binding to the column. 350μl 

Membrane Desalting Buffer was then added onto the silica membrane of column, 

Reagents and equipment Supplier Reference 

QuantStudio™ 5 System 

 

Thermo Fisher A28138 

MicroAmp™ EnduraPlate™ Optical 96-Well Clear 

Reaction Plates with Barcode 

Thermo Fisher 4483354 

MicroAmpTM Optical Adhesive Film Thermo Fisher 4311971 

TaqManTM Fast Advanced Master Mix Thermo Fisher 4444554 

Isolate II RNA Mini Kit Bioline BIO-52073 

Tetro cDNA synthesis kit Bioline BIO-65043 

TaqMan Probes Assay ID Supplier Reference 

GADPH Hs99999905_m1 Thermo Fisher 4331182 

PDX1 Hs00236830_m1 Thermo Fisher 4331182 
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followed by centrifugation at 11,000xg for 1min to dry membrane. 100μl DNase 

Reaction mixture, including 10μl reconstitute DNase I and 90μl Reaction Buffer for 

DNase, was used to digest DNA for 15mins at room temperature. Subsequently, the 

sample was cultured with 200μl Wash Buffer RW1 for 1min and centrifuged 30s at 

11,000xg. After this step, the RNA-bound silica membrane was rinsed first by 600μl 

and then by 250μl Wash Buffer RW2. When collecting RNA, 40μl RNase-free water 

was added onto silica membrane directly, ending with centrifugation at 11,000xg for 

1min. Another 20μl RNase-free water was used to re-collect RNA. If not in use, eluted 

RNA was stored at -80℃.  

 

cDNA Synthesis 

cDNA is synthesized from RNA undergoing reverse transcription and served as 

template for PCR. Reaction mixture was prepared as Table 2-20. RNA was the last 

one to be added into the tube. The reaction mixture was placed at room temperature 

for 10mins. Then, it was transferred to 45℃  heat block for 30-40mins for cDNA 

synthesis. The reaction was terminated by incubating at 85℃ for 5mins. cDNA was 

stored on ice temporarily or at -30℃ if not in use.  

 

Table 2-20 Reaction Mixture for cDNA Synthesis 

Component Volumes per reaction  

RNA X μl (500ng) 

Random Hexamers 1μl 

dNTPs 1μl 

5x RT Buffer 4μl 

RNase Inhibitor 1μl 

Reverse Transcriptase 1μl 

DEPC-treated dH2O (12-X)μl 

Total reaction volume 20μl 

  

 

PCR reaction 

Reagents were prepared as Table 2-21. TaqMan faster master mix and probes were 

mixed first and were added into 96-well plate, followed by the addition of cDNA and 

dH2O. The 96-well plate was covered by optical adhesive film to reduce evaporation 

and contamination. After centrifugation for few seconds, the plate was placed into 

specific machine for RT-qPCR. 
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Table 2-21 Preparation for PCR 
Reagents Volume per sample 

TaqManTM Fast Advanced Master Mix 5μl 

Probe 0.5μl 

dH2O 3.5μl 

cDNA 1μl 

Total Volume 10μl 

 

2.7 Statistical Analysis 

For statistical analysis, the 2-tailed student t-test was applied to evaluate the 

significance of differences between means. Differences were regarded as significant 

at a P value of 0.05 or less. Statistical analysis was completed using the statistical 

package of GraphPad Prism.  
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Chapter 3 The effect of Activin A on the differentiation 

from iPSCs to Definitive Endoderm 

As mentioned above, Activin A signaling has a great contribution to cell differentiation, 

and in particular, pancreas development from PSCs (D'Amour et al., 2006; Wang et al., 

2011). From this chapter, we checked several variables related to Activin A-induced 

DE (definitive endoderm) formation, the early step in differentiation. 

3.1 The addition of Activin A is beneficial for the efficient definitive 

endoderm formation. 

In in vitro cultures, Activin A is always used as a substitute for nodal to differentiate 

hESCs into definitive endoderm. In the protocol reported by Loh (Loh et al., 2014), 

undifferentiated cells were cultured with Activin A from the beginning of differentiation. 

We set out to test if Activin A is definitely required during definitive endoderm formation, 

and, if so, at what stage it needs to be included. We set up first experiment with four 

conditions (See as following Table 3-1). The control, Condition 1, was arranged on the 

basis of Loh’s protocol (Loh et al., 2014). The only difference between Condition 1 and 

2 is the addition of Activin A on day 0. While in Condition 4, Activin A is absent on days 

0-4. 

 

 Table 3-1 Conditions in the first experiment 

 

As noted earlier, CHIR (Wnt agonist) and Pi3Ki can synergize with Activin A to promote 

the mesendoderm formation. Thus, in Condition 3, no Activin A was added on day 0, 

but instead, 10μM CHIR (a relatively high concentration) was included to test if this 

treatment primed cells for differentiation once Activin was provided on the following 

days. On day 4, we used flow cytometry to monitor definitive endoderm formation. The 

antibodies used are shown in Table 2-12. 

 

CD9+ CXCR4- EpCAM+ stem cells were distinguished from definitive endoderm that 

was CD9- CXCR4+ EpCAM+. In these experiments, the proportion of CD9-

EpCAM+CXCR4 + was taken as the % of cells forming definitive endoderm. This first 

set of experiments used the SOX9-reporter cells and were repeated four times to 

Condition 1 2 3 4 

Day 0 Activin A     

CHIR     

Pi3Ki     

Rocki     

 

Day1-4 Activin A     

DMH1     
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assess the degree of experimental variation. Fig. 3-1A shows representative flow 

cytometry plots for each condition as well as a histogram summarising the results 

across the 4 experiments. This analysis indicates that the frequency of CD9+ cells in 

Condition 2 was significantly (p=0.0004) higher than that observed for the control 

Condition 1. The higher percentage of CD9+ cells in condition 2 indicates that the 

differentiation process is not as efficient as condition 1. However, the frequency of 

CD9+ cells persisting in conditions 3 and 4 was similar to that seen in condition 1. This 

indicates that differentiation rates of condition 3 and 4 at the level of CD9 expression 

may not be affected by the Activin A absence. A similar trend was seen in single 

experiments conducted with the iPSC lines AF1 and B8. 

 

In contrast to the result seen for CD9 expression, conditions 1 and 2 displayed a similar 

frequency of cells that were EpCAM+CXCR4+ (definitive endoderm). Both Condition 

3 (p=0.0095) and Condition4 (p<0.0001) were significantly different from Condition 1 

in the frequency of cells that were EpCAM+CXCR4+. In addition, the graph also shows 

that the results of Condition 2 were more variable than those of the other three groups.  

These significant differences and increased variability indicate that all three test 

conditions, especially Condition 4, were not as efficient as Condition 1. Therefore, we 

concluded from these experiments that Activin A addition from day 0 was the most 

effective protocol for efficient definitive endoderm formation.  
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Figure 3-81 The timing of Activin A addition affects the rate of differentiation towards definitive 

endoderm.  

Flow cytometry analysis for different conditions and the summarising histogram. CD9+ CXCR4- 

EpCAM+ stem cells were distinguished from definitive endoderm which was CD9- CXCR4+ EpCAM+. 

The name of cell lines is shown in red. “Ns” means no significant difference was obtained using a 

student t-test. (A) The representative flow cytometric plots for each condition presenting the frequency 

of CD9+ events. The histogram of sox9 reporter cells, summarising the results of 4 experiments, 

indicates that there is a significant (p=0.0004) difference in the frequency of CD9 expressing cells 

between Condition 1 and Condition 2. Single experiments using two other cell lines (AF1 and B8) 

exhibits a similar trend. The y-axis shows the average % of CD9- cells. A higher percentage infers a 

higher degree of differentiation. The error bars show the SEM for n=4. (B) Representative flow 

cytometry plots for each condition show the frequency of CXCR4+ EpCAM+ cells. The histogram of 

sox9 reporter cells shows that both Condition 3 (p=0.0095) and Condition 4 (p<0.0001) show a 

significant difference from Condition 1 in the frequency of cells that were EpCAM+CXCR4+. The single 

experiment of two other cell lines, AF1 and B8, exhibits a similar trend. The y-axis shows the average 

of % of CXCR4+EpCAM+ cells. The error bars show the SEM for n=4. The gates were identified 

according to Supplementary Material Fig S1. 

 

B. 

 

Fig. 3-1 The timing of Activin A addition affects the rate of differentiation towards definitive 

endoderm. 
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3.2 Absence of Activin A on day 1 delays the early differentiation 

process 

Although the results obtained with Condition 2 were more variable, sometimes this 

condition generated definitive endoderm more efficiently than Condition 1. Thus, to 

examine whether such contradictory experimental results really exist or due to other 

factors, we monitored these two conditions in more detail by tracking the progress of 

differentiation everyday using flow cytometry. Analysis of a single experiment using the 

curve fitting function in the EXCEL software package (Fig 3-2), suggested that 

differentiation trajectory of Condition 1 is like a “J” whilst that of Condition 2 is like “S”. 

That means that cells in Condition 1 differentiated rapidly whilst those in condition 2 

were delayed by approximately 1 day, the time difference corresponding to the delay 

in Activin A addition. This result suggests again that Activin A promotes the 

development of definitive endoderm since the time of its addition. Furthermore, it also 

suggests the differentiation towards definitive endoderm does not commence until this 

factor is added.  

 

From the trajectory of Condition 2, the percentage of CXCR4-EpCAM positive cells 

reached the same level as in Condition 1 on day 4 while the expression of CD9 was 

still higher than that in Condition 1. Combined with the results described above, we 

observed that efficient differentiation in Condition 2 occurred less frequently. Thus, we 

infer that the infrequent priority of Condition 2 might be influenced by variables other 

than Activin A addition. For example, the pre-differentiation state of cells including cell 

density, age, and proportion of dead cells will influence the differentiation process. 

Besides, rough manipulation when preparing an experiment as well as the high density 

of cells in each dish will delay the differentiation as well.  
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In addition, the differentiation trajectory of Condition 1 also suggested that most cells 

have become definitive endoderm in less than 4 days. To examine this possibility, we 

set up another experiment to track the differentiation progress of Condition 1. Fig 3-3 

shows flow cytometry plots for each day and histogram of the results across 3 

experiments. This analysis demonstrates that both day 2 and day 3 is similar to day 4 

in the frequency of CD9- CXCR4+ EpCAM+ cells. This result suggests that the 
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Figure 3-273 Absence of Avticin A on day 0 slows down the differentiation process.  

Flow cytometry analysis and line chart of Sox9 cell lines throughout definitive endoderm formation. 

Condition 1 is shown in blue. Condition 2 is shown in red. The scattered plots connected by a smooth 

curve of a single experiment suggested that differentiation trajectory of Condition 1 is like a “J” whilst 

that of Condition 2 is like “S”. (A)The flow cytometry plots for Condition 1 and 2 show the frequency of 

CD9+ cells on each day and the trajectory curve according to the CD9 expression. The y-axis shows 

the average percentage of CD9+ cells. (B) The flow cytometry plots for Condition 1 and 2 show the 

frequency of CXCR4+ EpCAM+ cells on each day and the trajectory curve based on CXCR4 

expression. The y-axis shows the average percentage of CXCR4+EpCAM+ cells. 

 

Fig. 3-2 Absence of Avticin A on day 0 slows down the differentiation process. 
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formation of definitive endoderm maybe completed by differentiation day 2. The 

images of cultures in the bright field (Fig 3-4) showing the similarity in morphology also 

support this preliminary conclusion. However, because the limited cell types and the 

expression of CD9 and CXCR4 are not sufficient to conclusively prove that definitive 

endoderm formation has occurred, further experiments involving gene expression 

analysis using various cell lines are required to support this conclusion.  

 

  

Figure 3-490 Definitive endoderm formation from PSCs has the potential to be shortened to 3  

Flow cytometry analysis for each day and the histogram summarizing results of 3 experiments. “Ns” 

means no significant difference in t-test. (A) The flow cytometry plots display the frequency of CD9+ 

events for each day. The histogram of sox9 reporter cells indicates that both day 2 and day 3 are 

similar to day 4 in the frequency of CD9 expressing cells. The y-axis stands for the average of % of 

CD9+ cells. The error bars are SEM for n=3. (B) The flow cytometry plots for each day show the 

frequency of CXCR4+ EpCAM+ cells. The histogram of sox9 reporter cells shows that the similarity 

also exists in the frequency of cells that were EpCAM+CXCR4+. The y-axis shows the average of % 

of CXCR4+EpCAM+ cells. The error bars show the SEM for n=3. 

B. 
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Fig. 3-3 Definitive endoderm formation from PSCs has the potential to be shortened to 3 days. 



49 
 

 

  

3.3 Conclusions 

Activin A is a critical growth factor for inducing endoderm differentiation from pluripotent 

stem cells. Multiple researchers found that sustained Activin A signaling could not only 

enhance the formation of mesendoderm during the early period of PSC differentiation 

but also contribute to directing the differentiation away from mesoderm and towards 

definitive endoderm. As a consequence, Activin A is widely used in many protocols to 

induce the early stages of differentiation. However, whether Activin A is necessary and 

at what time to add Activin A is still unclear. Using a swirler-based differentiation system 

with three iPSCs lines, we have found that the addition of Activin A on day 0 provides 

the most effective protocol for efficient definitive endoderm formation, reflected by the 

decreased expression of CD9 and the co-expression of CXCR4 and EpCAM in flow 

cytometry analysis  

 

The absence of Activin A at the beginning of differentiation resulted in a delay in the 

CXCR4 expression and the extended expression of CD9, implying the process of cell 

differentiation was delayed. However, because this conclusion is based on a single 

experiment, further experimental replicates are required to confirm this result.  

 

From the differentiation trajectory analysis, we also noticed that the addition of Activin 

A on day 0 drives the differentiation process, allowing the formation of definitive 

endoderm by the third day. This result provides a possibility of shortening the 

differentiation cycle. Nevertheless, this achievement of definitive endoderm was only 

identified using three surface markers. To strengthen the conclusion, more markers 

need to be taken into consideration.     

 

 

Figure 3-668 Embryoid Bodies have similar morphology in the bright field on days 2-3. 

Images of embryoid bodies in the bright field show that cells on day 1 did not aggregate enough to 

form EBs. While the EBs were formed on day 2, which were similar in morphology to the day 3-4 but 

with poor size uniformity. These images in the bright field are consistent with the results of flow 

cytometry analysis: the formation of definitive endoderm may be completed by differentiation day 2. 

Scale Bar: 100μΜ 

day 1  

 

day 2  

 

day 3  

 

day 4  

 
Fig. 3-4 Embryoid Bodies have similar morphology in the bright field on days 2-3. 
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Chapter 4 SCF Promotes Proliferation during 

Definitive Endoderm Differentiation of Human 

Pluripotent Stem Cells 

In addition to shortening the differentiation cycle, we also examined conditions that 

might act to expand the cell number during the differentiation cycle. Increasing the 

number of cells at any stage during the differentiation has the potential increasing the 

yield of INS expressing cells at the last step of protocol. SCF (Stem Cell Factor) is one 

of the growth factors involved in the maintenance, survival and proliferation of stem 

and progenitor populations in multiple tissues and organs (Feng et al., 2015). Stem 

cell factor can bind to a surface receptor, c-KIT, a marker that is widely used to identify 

endodermal cells during PSC differentiation. Despite its routine use as a marker, a 

potential role for cKIT signaling has not been previously reported. Therefore, in the 

follow series of experiments we examined whether SCF addition could enhance the 

growth of endodermal EBs that expressed cKIT.  

4.1 Effect of SCF on cell number and the size of endoderm embryoid 

bodies. 

Our preliminary experiments using cultures in Condition 1 suggested that cKIT 

expression was initiated at differentiation day 1 (Fig 4-1). Therefore, we added 0, 1, 10 

or 100ng/ml SCF to cultures (in Condition 1) at day 1 and then analyzed cultures at 

day 4. In these experiments we made use of the results that binding of SCF to cKIT 

leads to its down-regulation (Shimizu et al., 1996), meaning that reduced levels of cKIT 

on the cell surface indicate that the SCF/cKIT signaling pathway has been activated. 

Therefore, our flow cytometry analysis specifically examined the level of cKIT 

expression in the various treatment groups. This analysis showed that 100ng/ml SCF 

led to the largest reduction in cKIT expression, confirming that the cKIT signaling 

pathway had been activated in cells treated with this concentration of the ligand (Fig 

4-2). Therefore, 100 ng/ml SCF were used in all future experiments.  

Figure 4-1 cKIT expression is initiated on day 1 in normal condition.  

Flow cytometry analysis of cKIT expression on each day. Compared to undifferentiated cells, cKIT 

expression is initiated on day 1 and show a clear increasing on day 2. The undifferentiated cells as 

control culture are shown in blue. The colours of the curves from day1 to day 4 are red, green, yellow, 

and grey. On these flow cytometry histograms, the x-axis indicates the expression levels of cKIT and 

the y-axis shows the relative cell frequency at the particular level of cKIT expression.  

 

Fig. 4-1 cKIT expression is initiated on day 1 in normal condition. 



51 
 

 

 

SCF works to increase cell number by activating the SCF-cKIT signaling pathways, 

whose downstream signals are known to enhance cell survival and proliferation. As 

SCF is known to down-regulate its own receptor (Shimizu et al., 1996), to test whether 

this pathway is actually activated, flow cytometry was used to monitor the level of cKIT 

expression on day 4. As illustrated in Fig 4-3, all the cell lines show a decreasing level 

of cKIT expression, which confirms the stimulation of the SCF-cKIT signal pathway. 

Besides, it is also apparent that all the cell lines can respond to SCF at the receptor 

level, which provides the basis for using SCF on day 1 to increase the number of cells. 

  

 

 

 

Figure 4-233 Flow cytometry analysis of SCF titration at differentiation day 4. 

The control culture that did not receive SCF is shown in blue. 1ng/ml SCF is yellow. 10ng/ml SCF is 

green. 100ng/ml SCF is red. SCF can lead to the down-regulation of its receptor, c-KIT. The overlay 

reports only 100ng/ml SCF can be distinguished from control group. Thus, the optimal concentration 

for our experiment is 100ng/ml. On these flow cytometry histograms, the x-axis indicates the 

expression levels of cKIT and the y-axis indicates the relative frequency of cells with a particular level 

of cKIT expression.  

Fig. 4-2 Flow cytometry analysis of SCF titration at differentiation day 4. 

Figure 4-425 High concentration of SCF leads to the reduction of cKIT expression.  

Flow cytometry analysis of differentiation with different concentrations of SCF. No SCF added on day 

1 is shown in blue whilst 100ng/ml SCF is shown in red. Analysis of five cell lines all exhibits that high 

concentration of SCF leads to the decreasing cKIT expression. 

 

Fig. 4-3 High concentration of SCF leads to the reduction of cKIT expression. 
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4.1.1 The addition of SCF can help to increase the size of endoderm 

embryoid bodies. 

Having established that 100 ng/ml SCF was able to activate the cKIT signaling pathway, 

we next examined how this treatment affected EB growth by assessing the overall 

volume of EBs from days 2 to 4. To guarantee that the outcomes we obtained were not 

restricted to a given PSC line, we set up our experiment with five different iPSC cell 

lines (PB001.1, PB005.1, PB010.5, Mixl-GFP, and SOX17-mCherry) and measured 

the diameters of the embryoid bodies by microscope analyzer on days 2, 3 and 4 

(Method 2.4.3).  

 

This analysis showed that, with exception for SOX17-mCherry cell line, embryoid 

bodies representing of all the cell lines showed an increase in size following treatment 

with SCF (Fig 4-4-A). This data also indicates that effect of SCF on EB size can be 

observed within 1 day following treatment and that this relative size difference 

persisted until differentiation day 4. Furthermore, it is also apparent that EBs derived 

from the SOX17-mCherry line, which were significantly larger at day 2 than those 

formed from the other lines, did not respond to SCF treatment. However, the results 

obtained from Fig 4-3 shows that all the cell lines can respond to SCF at the receptor 

level, even SOX17-mCherry. Take these results together, we proposed a hypothesis 

that because of their larger initial volume, the potential for a further increase in the size 

of SOX17-mCherry EBs may have been limited by factors such as nutrition supply to 

the internal cells.  

  

The above experiments were performed by measuring the longest axis of the EBs and 

then calculating the volume based on that measurement. This calculation assumed 

that the EBs were perfect spheres, which is at a best approximation to their actual 

shape. To test the validity of this method, we next chose new cell lines that were 

engineered to express fluorescent proteins, enabling us to observe the fluorescent EBs. 

In this way, the analyzer can clearly identify the boundaries of EBs. To make it more 

accurate, we use Fiji software to measure the area of fluorescent EBs directly instead 

of measuring the longest axis manually and then calculating the volume (Fig 4-4-B). 

To make the effect of SCF treatment on EB area clear, we present the results of this 

analysis as the ratio of areas of EBs on day 2 from SCF treated / untreated groups (Fig 

4-4-C). To estimate the overall effect of SCF treatment, we integrated the results to 

calculate the predicted volume of EBs and then normalized these results to take into 

account the initial volume of different cell lines (Fig 4-4-D). From the histograms, it can 

be observed that all the columns exhibit a ratio greater than 1 and even up to 1.5, 

which indicates the addition of SCF leads to the larger endoderm bodies. 
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Figure 4-537 SCF increases the diameter and area of EBs.  

No SCF added on day 1 is shown in white whilst 100ng/ml SCF is shown in black. (A) Histograms of 

embryoid bodies’ diameters with different concentrations of SCF on day 2-4. The last histogram shows 

a significant difference of diameters on day 2 between SOX17-mCherry and other cell lines. (B) 

Fluorescent images of endoderm embryoid bodies on day 2 using PB001.1-BFP cell lines. (C) The 

area ratio of +SCF to –SCF using 6 different cell lines is more than 1. (D) Histogram summarizing the 

results of all the 6 cell lines mentioned in (C). Analysis of different cell lines all exhibits that a high 

concentration of SCF leads to the increasing size of endoderm embryoid bodies. 

Fig. 4-4 SCF increases the diameter and area of EBs. 
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4.1.2 SCF treatment increases the number of cells during the stages of 

early differentiation. 

Next, we sought to determine how SCF increases the volume of EBs. There are two 

possibilities: one is individual cells within the EB have a larger volume or, more likely, 

the total number of cells has increased, which can be detected by the cell counter. To 

address the second possibility, we counted the number of cells on day 2, the day after 

adding SCF, and calculated the ratio of experimental to control group (Table 4-1). To 

visualize the results more intuitively, this data is also displayed as histograms (Fig 4-

5).  

 

 Table 4-1 Preliminary Results of Cell Count 

 

 

 

Analysis of each cell line shows that the number of cells cultured in SCF group was 

always more than that in –SCF group. This result suggests that addition of SCF helps 

to increases the number of cells by approximately two fold, so that for a given number 

of EBs, the EBs volume can be doubled accordingly.  

 

4.2 The effect of SCF on cell proliferation and differentiation 

4.2.1. SCF increases the proportion of cells undergoing proliferation 

One of the possibilities to increase the cell number is to promote cell proliferation 

directly. DNA synthesis is the most vital part of cell proliferation. Directly measuring 

X105 PB001.1 IGGC IGGCGB HoxA5 

SCF 0 3.05 5.50 4.55 31.90 4.50 17.1 0.475 3.75 

SCF 100ng/ml 6.69 7.65 11.4 98.60 11.23 50.3 1.18 7.25 

Ratio 2.19 1.39 2.51 3.09 2.73 2.94 2.63 1.93 

Figure  vc The ratios of +SCF to –SCF are invariably more than 1 

(A) Histogram presenting the ratio of cell numbers in endoderm cultures, +SCF to –SCF. (B) 

Histogram summarizing the results from 4 cell lines in (A) 

A B

Fig. 4-5 The ratios of +SCF to –SCF are invariably more than 1 
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DNA synthesis is regarded as the most accurate way to measure the proliferation 

ability of cells. One of the nucleoside analogs of thymidine, EdU (5-ethynyl-2´-

deoxyuridine), can incorporate into the genetic material during active cell proliferation. 

By detecting the attached fluorescent dye, flow cytometry can be used to determine 

the percentage of cells undergoing DNA synthesis and therefore help to estimate the 

proportion of cells undergoing S-phase. After SCF addition on day 1, we used an EdU 

cell labelling kit on day 2 to detect the percentage of cells undergoing DNA synthesis 

(Fig 4-6), which in turn reflects cell proliferation. In the histograms summarizing four 

repeated experiments, a significant difference can be observed between –SCF and 

+SCF groups. This result suggests that SCF leads to an increased percentage of S-

phase cells and thus increase the rate of cell proliferation during differentiation. On 

average, the percentage of EdU+ cells within the SCF+ group was 19.3 compared to 

12.5 within the SCF- group, which is a 1.5 fold increase. If cell proliferation is viewed 

as an idealized form of exponential growth, the number of cells will change to 1.5n fold 

after cell passaging n times.  

 

 

4.2.2. SCF shows no apparent effect on early apoptosis 

In addition to cell proliferation, another possibility for increasing cell number is to 

reduce the level of cell death within the cultures. Cell death could take place through 

a series of different mechanisms, including apoptosis (also called programmed cell 

death), necrosis, autophagy and oncosis. The most widely studied mechanism is 

apoptosis, which can occur in response to radiation, toxic agents, and growth factor 

B. 

 

Figure  SCF increases the percentage of cells in S-phase.  

–SCF is shown in blue while +SCF is shown in red. (A) Representative FACS plots presenting the % 

of EdU+ cells (undergoing DNA replication) with ±SCF conditions. (B) Histogram of PB001.1 cells 

across 4 independent experiments showing that SCF significantly increases the frequency of EdU+ 

cells at differentiation day 2. The y-axis exhibits the average of % of EdU+ events. The error bars stand 

for the SEM for n=4.  

 

A． 

 

Fig. 4-6 SCF increases the percentage of cells in S-phase. 
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withdrawal (Maurer et al., 2006). In order to explore the effect of SCF on apoptosis, an 

Annexin V labelling kit was used. This kit is based on the observation that a membrane 

lipid, phospholipid phosphatidylserine (PS), will translocate from the inside of cells to 

the outside during apoptosis. Therefore, cells dying caused by apoptosis become PS 

positive. Annexin V in conjunction with FITC has a strong affinity for PS. Therefore, it 

can be used in flow cytometry analysis serving as a probe to identify cells in the 

apoptotic phase. We performed this test between differentiation days 2-4 using flow 

cytometry (Fig 4-7). From this analysis, no significant difference was seen between 

two conditions on each day, which implies that the level of apoptosis is similar between 

the SCF treated and untreated groups. As a consequence, we deduce that SCF will 

not influence cell apoptosis in the early stage of differentiation.  

 

 

4.2.3. SCF has no significant effect on cell differentiation  

Although it is beneficial to generate larger EBs, it is also important to determine 

whether SCF effects the differentiation process. As mentioned before, the generation 

of mesendoderm can be marked by MIXL1 expression (Robb et al., 2000), and its 

subsequent differentiation to definitive endoderm can be marked by the upregulation 

of transcription factor SOX17 (Blum et al., 1992; Sasaki and Hogan, 1993). In order to 

examine whether SCF had effects on cell differentiation other than c-KIT down-

regulation, we monitored the expression of two endoderm-related markers, EpCAM 

and CXCR4, and of two transcription factors, MIXL1 and SOX17, daily during the early 

stage of differentiation (Fig 4-8). In our experiment, EpCAM+CXCR4+ endoderm is 

distinguished with undifferentiated cell, which is EpCAM+CXCR4-. The higher portion 

of double positive cells indicates the more efficient the differentiation process. In Fig 4-

8, from the three independent repeats with three different cell lines, we found no 

B. A. 

Figure SCF has no apparent effect on early apoptosis.  

(A) Representative plots in flow cytometry exhibiting that the frequency of early apoptotic cells 

(measured by labelling with Annexin V) is not altered by the presence of SCF. (B) Histogram of 

PB001.1 cell summarizing 4 independent repeats presenting no significant difference in the 

percentage of Annexin V+ cells between +/- SCF conditions. The y-axis stands for the average of % 

of Annexin+ events. The error bars are the SEM for n=4. 

Fig. 4-7 SCF has no apparent effect on early apoptosis. 
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significant difference was shown in the frequency of CXCR4+EpCAM+ endodermal 

cells between +SCF and –SCF treatment groups. These findings are supported by the 

results obtained by a single experiment using two PB lines. Besides, the expression of 

both transcription factors, SOX17 and MIXL1, was not influenced by SCF addition 

either. Hence, we conclude that SCF has no impact on the differentiation from iPSCs 

to endoderm, with key markers including MIXL1, SOX17, CXCR4 and EPCAM showing 

identical expression patterns in untreated and treated cultures. Therefore, it may be 

feasible to involve SCF into the differentiation protocol without compromising the 

differentiation process.    
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Figure  SCF has no obvious effect on early differentiation.  

(A) Representative Flow cytometry analysis of PB001.1 with different concentrations of SCF on each 

day. No SCF added on day 1 is shown in blue whilst 100ng/ml SCF is shown in red. (B) Histograms 

of each cell line summarizing three repeats. All three cell lines showed no significant difference among 

±SCF groups at the level of CXCR4 and EpCAM expression. (C) Histograms of two PB-lines by a 

single experiment. The trend corresponds to (B). (D) Histograms of Sox17-mCherry and Mixl1-GFP 

lines summarizing three repeats indicate that SCF addition has no effect on SOX17 and Mixl1 

expression on each day. 

 

A. 

B. 

C. 

Fig. 4-8 SCF has no obvious effect on early differentiation. 
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4.3 Conclusions 

The surface receptor for Stem Cell Factor, cKIT (Gouon-Evans et al., 2006), can serve 

as a indicator of definitive endoderm formation in pluripotent stem cell differentiation in 

vitro. Despite its long-standing relationship with endoderm formation, a potential role 

for SCF itself during this process has not been systematically addressed. Using a 

suspension-based differentiation system, we have shown that SCF promoted the 

proliferation of early definitive endoderm, identified by co-expression of CXCR4 and 

EpCAM using flow cytometry (Yasunaga et al., 2005). This effect of SCF could be 

detected within 2 days of differentiation initiation and was coincided with the down-

regulation of its receptor, cKIT. Combined with the detection of cell proliferation and 

apoptosis, our results indicate that SCF addition from the early steps of differentiation 

shows the potential to reduce the number of input PSCs required for generating a given 

amount of endodermal cells for subsequent applications. This conclusion has been 

verified in multiple cell lines. However, the initial volume of EBs may need to be 

controlled to take full advantage of the growth promoting effects of SCF from the early 

period of endoderm differentiation.  
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Chapter 5 Observation of Hormone Expressing Cells 

with Different Concentrations of Retinoic Acid 

5.1 PDX-1 expression can be induced by 2μΜ RA    

Retinoic acid regulates pancreatic development by the induction of PDX-1 expression, 

which is one of the crucial transcription factors for pancreatic differentiation, through 

retinoic acid receptors (Johannesson et al., 2009). It was confirmed in pre-experiments 

(Cultured as Table 2-9 or Fig 2-1) that the addition of 2μΜ RA could induce PDX-1 

expression. Based on the RT-qPCR technique (See Method 2.6), the RA-treated group 

presented a lower delta cycle time than the untreated group, which suggested a higher 

PDX-1 expression (See in Fig 5-1). Retinoic acid is an important component of the 

protocol designed for producing INS cells using pluripotent stem cells. However, 

despite its widespread use, the timing and concentrations of RA addition have not been 

fully investigated.  

 

5.2 Insulin-GFP expression observed at different RA concentrations  

For this chapter, we initially examined the influence of different RA concentration of RA 

addition varies significantly between different methods (Described in Table 2-11). As 

such, we conducted preliminary experiments to determine how variations in the 

delivery of RA to differentiating cultures of PSCs affected the eventual generation of 

insulin-expressing cells. Briefly, from day 3-5, cells generated following stage 1 of 

differentiation were cultured in the magic medium supplemented with 1μΜ or 2μM RA. 

Then the dish with 1μΜ RA was divided into two secondary groups with 1μΜ or 2μΜ 

RA, while the 2μΜ RA dish was divided into 2μΜ and 10μΜ RA groups. On day 8, 

Figure  PDX-1 expression could be induced by the addition of 2μΜ RA. 

Histogram showing delta cycle time of RA untreated and treated groups obtained from RT-qPCR. For 

a given level of PCR products, the more cycles required stood for the less gene expression in the 

original sample. The ΔCt of +RA was one-half that of –RA group, suggesting a higher PDX-1 

expression in the +RA group. The results of the original cycle times for two groups are in the 

Supplementary Material Fig S2.  

 

Fig. 5-1 PDX-1 expression could be induced by the addition of 2μΜ RA. 
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these four dishes were cultured at their original RA concentration again (See in Table 

2-11). To facilitate analysis of the differentiation outcomes we used the HES3 ESC line 

IGGC (HES 3 Insulin -GFP Glucagon-mCherry), in which expression of insulin is 

reported by GFP and glucagon expression is reported by mCherry. In these pilot 

experiments, the effect of different RA concentrations was qualitatively determined by 

examining GFP and mCherry expressing cells under a fluorescent microscope from 

day 11 onwards. This form of analysis was chosen for initial experiments as it allowed 

the assessment of multiple conditions over an extended time course without the need 

to terminate cultures for analysis.  

 

During the observation of these cultures, we considered previous observations made 

with the differentiation studies using IGGC reporter cell line. As mentioned earlier, our 

previous analyses suggested that insulin expressing cells appear first, followed by cells 

that express glucagon. In addition, we had also previously observed that some cells 

are polyhormonal – that is, expressed both insulin and glucagon. Finally, although not 

easily assessed with this format, we had anecdotal observations that cells would 

transition from being insulin positive to glucagon positive, eventually becoming insulin 

negative. In addition to looking for these phenomena during the course of 

differentiation, we also used these experiments to rule out conditions that had obvious 

effects on cell viability.  

 

Observation of differentiation cultures suggested that embryoid bodies treated with RA 

10μΜ (RA 2-10) disintegrated, suggesting that 10μΜ RA was too high to permit cell 

survival. Of the other three conditions, a small amount of GFP signal was first observed 

on day 14, representing the beginning of insulin expression (Fig 5-2), whilst no 

glucagon expression was observed at this time. In addition, as can be seen from Fig5-

2, we also observed that EBs had an irregular shape that often contained two distinct 

morphological structures, either loose or dense. Moreover, we also observed that cells 

expressing insulin only appeared within regions of the EB that corresponded to the 

dense structures.  
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Figure  Insulin-producing cells appeared on day 14.  

Images captured with the fluorescent microscope on day 14. The signals of GFP were observed 

among dense clusters of each group on day 14, which stands for the expression of insulin. For the H3 

IGGC cell line, the expression of insulin correlates with GFP expression and of glucagon correlates 

with mCherry. Group RA1-1 was cultured with 1μM RA from day 3-5 and maintained 1μM RA from day 

8-10. Scale Bar: 100μΜ  

Fig. 5-3 Insulin-producing cells appeared on day 14. 
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Figure Co-expression of insulin and glucagon was observed on day 17.  

Images captured with the fluorescent microscope on day 17. INS and glucagon co-expression was 

observed within EBs on day 17 of differentiation. For the H3 IGGC cell line, cells expressing insulin 

were shown in green while expressing glucagon were shown in red. The cells expressing both INS 

and glucagon appeared in the RA2-2 group, which is pointed by an arrow. Scale Bar: 100μΜ 

Fig. 5-2 Co-expression of insulin and glucagon was observed on day 17. 
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By day 17, the size of embryoid bodies had increased. At this stage, the red fluorescent 

signal indicating the expression of glucagon could be observed in some of the EBs but 

this expression was often restricted to a smaller region over which GFP positive cells 

were present. The occasional cell which co-expressd insulin and glucagon was also 

evident (Fig 5-3).  

The area covered by cells with a fluorescent signal in individual EBs appeared to have 

expanded by day 20, shown in Fig 5-4. Cells secreting either INS or glucagon were 

easily observed at this stage and the frequency of cells which co-expressed both 

hormones increased. Although not formally documented, by day 23 of differentiation, 

the fluorescence signal was markedly decreased and could only be observed in only 

one or two EBs. This decrease in the prevalence of hormone expressing cells occurred 

despite the fact the EBs appeared to be in good condition and did not display signs of 

cell death. The observation that hormone expression is short-lived in these cultures is 

consistent with previous observations from our laboratory. It is unclear if this loss of 

expression is due to loss of hormone expressing cells or down-regulation of hormone 

expression within the endocrine cells that are present.   

5.3 Conclusion 

In this chapter, hormone-expressing cells were successfully obtained with our protocol 

from day 14. However, the hormone expression appeared to be transient and 

dampened on day 23, a reminder of taking maintenance of hormone expression into 

account. Furthermore, since the results obtained from the microscope, which lacked 

Insulin-GFP 

 

Glucagon-mCherry 

 

Bright Field 

 

Merge 

 

Figure Endocrine hormone expression increased within the embryoid body on day 20.  

Images captured with the fluorescent microscope on day 20. A large number of fluorescent signals 

appeared within an embryoid body. Co-expression still existed on day 20 and was pointed by an arrow. 

Scale Bar: 100μΜ 

Fig. 5-4 Endocrine hormone expression increased within the embryoid body on day 20. 
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quantification, the difference between each group was hard to discern. Nevertheless, 

we did establish that 10μΜ RA was too high for good EB viability, meaning that future 

experiments could exclude this condition. The influence of other RA concentrations on 

the expression of insulin and glucagon will require at more quantitative analysis using 

flow cytometry and molecular techniques such as RT-qPCR (Delayed because of 

COVID 19).    

 

 

 

 

 

  



65 
 

Chapter 6 Discussion and Conclusion 

Type I diabetes is one of the immune disorders and results from the loss of cells that 

produce insulin, a hormone that regulates the level and availability of sugar within the 

body. The most common treatment is insulin replacement, either by injection or by an 

insulin pump. Considering its inconvenience and difficulty of dosing determination, 

researchers are investigating whether beta cell replacement therapy derived from 

pluripotent stem cells could be effective in the treatment for type I diabetes. In our 

research, we focused on factors influencing the generation of beta cells from PSC. In 

chapter 3-5, various combinations of cytokines and small molecules were examined, 

with the aim of increasing the yields and functionality of final cell products. In my thesis, 

we confirmed that adding Activin A to the undifferentiated stem cells from the beginning 

plays an important role in efficient definitive endoderm formation. From these 

experiments, we provided a possibility of shortening the differentiation cycle from PSCs 

to beta cells as well. In addition, one of the most significant findings to emerge from 

our study is that the addition of SCF to differentiating cultures promoted the 

proliferation of early definitive endoderm and appeared not to affect the kinetics of 

differentiation. At the end of my study, insulin-producing cells identified through the 

expression of GFP reporter gene were successfully observed under the microscope. 

In conclusion, we examined a number of variables during the differentiation of beta 

cells from PSCs in the very first step and could obtain insulin-excreting cells in the last 

stage of differentiation process.  

Figure 6-1 Summary.  

Adding Activin A on day 1 is necessary for efficient definitive endoderm formation. These experiments 

also proposed the hypothesis of shortening the differentiation cycle. Besides, SCF was found to 

increase the yield of cells at the early differentiation stage. At the end, insulin positive cells identified 

by GFP reporter expression was observed.  
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Positive Cells 

Fig. 6-1 Summary. 
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The influence of COVID-19 on my research work 

Our original research aim was to reconstruct the pathology of Type I diabetes in vitro 

by generating the relevant immune and insulin secreting cells from PSC. We planned 

to combine the insulin+ cells (my work) and immune cells (the work of other team 

workers) together in culture to examine how they interact. The establishment of this 

model will contribute to a deep understanding of disease mechanisms and also provide 

a platform for the development of regenerative medicine and immunotherapy. However, 

COVID-19 has led to a border lockdown and therefore, I have not been allowed to 

return since my leave in late January. As a result, our research program had to be 

terminated early and we can only describe and discuss the experiments completed in 

the previous 18 months in this thesis. The thesis mainly focuses on the efficient 

generation of insulin positive cells from pluripotent stem cells, especially the early 

stage in differentiation, from PSC to definitive endoderm. Quantitative assays for 

subsequent differentiation and co-culture with immune cells are delayed and can only 

be completed after this difficult period. 

6.1 More variables to take into account when investigating the 

Activin A effect  

In Chapter 3, we set up four conditions to identify the importance of Activin A in 

definitive endoderm formation. Although the results confirmed that Activin A addition 

from day 0 is the most effective protocol for efficient definitive endoderm formation, 

further work is warranted to take more variables into consideration. 

  

Defining the window of Activin A requirement   

In Chapter 3, the difference between differentiation condition 1 and 2 was that Activin 

A addition was delayed 24 hours. Our results indicated the 24-hour absence of Activin 

A delayed the differentiation from PSCs to definitive endoderm. However, 24 hours is 

a relatively long period with the 3-4-day definitive endoderm differentiation step. Thus, 

it might be possible to delay the addition of Activin A for 9, 6, or 3 hours without 

significantly affecting the overall differentiation rate. Variations in the times of Activin A 

addition may help determine what stages it is necessary and thus also provide the 

possibility of reducing the use of this expensive growth factor. 

 

Titration of Activin A concentration is required for optimization 

Besides the time point of Activin A addition, the concentration required to induce 

definitive endoderm is also worth considering. Referring to the methods reported by 

Loh et.al (Loh et al., 2014), the concentration of Activin A in our experiment was 

100ng/ml, which was sufficient to induce the definitive endoderm formation. However, 

it is unclear if 100ng/ml is unnecessarily high and also whether changing the time of 

addition would affect how much activin A is required. Hence, in future investigations, it 

would be valuable to set up multiple differentiation cultures with Activin A at a gradient 
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concentration, in order to identify the optimal Activin A concentration for definitive 

endoderm generation.  

 

Replacing Activin A with high concentration CHIR may take longer to achieve 

the same effect.  

Compared to Condition 1, no Activin A was added to Condition 3 on day 0, but instead, 

CHIR was included at a relatively high concentration. As previously stated, 

CD9+CXCR4-EpCAM+ stem cells are distinguished from definitive endoderm, which 

is CD9-CXCR4+EpCAM+ shown in flow cytometry. In these experiments, we found 

that on differentiation day 4, the decrease in the frequency of CD9+ cells in Condition 

3 was consistent with that shown in Condition 1 but the frequency of CXCR4+EpCAM+ 

definitive endoderm cells was significantly lower in Condition 3. This result indicates 

less efficient differentiation towards definitive endoderm in Condition 3. In summary, 

addition of CHIR at a higher concentration promoted the decrease in CD9 expression, 

but conversely retarded the appearance of CXCR4 expressing cells. A possible 

explanation for this effect might be that high concentrations of CHIR can be used to 

complement the deficiency of Activin A but this consequence take longer to appear. 

This possibility could be investigated by performing flow cytometry analysis later than 

day 4, allowing time for the frequency of CXCR4+ expressing cells to increase. 

However, a more likely explanation is that, in the absence of Activin A, CHIR directs 

cells down a different developmental pathway that is not marked by CXCR4 expression. 

It has been observed (Kubo et al., 2004) that high concentrations of Nodal protein such 

as Activin A promoted definitive endoderm formation while low concentrations 

promoted mesoderm formation. It therefore be suggested that mesoderm markers 

such as PDGFRα (Tada et al., 2005), CD13 and ROR2 (Skelton et al., 2016) should 

be examined in further experiments to check if cells in Condition 3 have turned in to 

mesoderm.  

 

 

Conclusion: formation requires more supports 

Beyond examining the function of Activin A, the trajectory of differentiation in Condition 
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Figure 6-193 PSCs differentiate into endoderm, mesoderm and ectoderm with different 

cytokines and signals. 

Mesoderm 
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Fig. 6-2 PSCs differentiate into endoderm, mesoderm and ectoderm with different cytokines 

and signals. 
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1, while preliminary, suggests that most cells have become definitive endoderm in less 

than 4 days. Subsequent flow cytometry analysis of CD9, CXCR4 and EpCAM from 

day 2 to day 4 further validates that the formation of definitive endoderm may be 

completed on differentiation day 2. This finding reported here is similar as the 

conclusions drawn by Loh et al (Loh et al., 2014) and supports the idea of shortening 

this step in the differentiation process, potentially making the generation of the final 

cell products more efficient. However, with the limited cell types and a small number of 

markers used in our study, caution must be applied, as the findings might not be 

conclusively proved. Further research including gene expression analysis with multiple 

cell lines should be undertaken to support this conclusion.  

 

6.2 Examining other variables to maximize the SCF effect on cell 

proliferation  

Differentiation from PSCs to beta cells in the laboratory involves multiple steps. 

Increasing the cell numbers in any step provides the possibility of increasing the yield 

of INS secreting cells at the final stage. It is well known that stem cell factors have a 

critical contribution to cell proliferation and survival. The SCF receptor, cKIT, is widely 

used as a marker for definitive endoderm formation. In Chapter 4, we showed that SCF 

incorporation into differentiating cultures of PSCs promoted early definitive endoderm 

proliferation, as marked by CXCR4 and EPCAM expression, and the effect of SCF 

could be detected within 2 days after its addition. Furthermore, the addition of SCF had 

no apparent influence on cell differentiation based on the expression of important 

genes like SOX17, CXCR4, and MIXL1 in experimental and control groups. In 

summary, the addition of SCF from the early stage resulted in an increasing amount of 

definitive endoderm thus provides the potential to increase output beta cells obtained 

from a given number of PSCs. The analysis of the SCF addition undertaken here has 

extended the knowledge of enhancing cell proliferation during the definitive endoderm 

generation from PSCs. Due to the importance of SCF, further studies for optimization 

need to be carried out in order to validate its addition to more widely used differentiation 

protocols. 
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Optimizing the concentration of SCF 

In our research, the concentration of SCF was 100ng/ml, which was determined 

following a concentration titration including 1ng/ml, 10ng/ml, and 100ng/ml. Although 

SCF presented an obvious effect on cell proliferation at this concentration, the intervals 

are so wide that it is hard to tell if 100 is the optimum concentration. Titration of 

concentrations between 10 to 100ng/ml at smaller intervals are would be worth 

examining in future work. Identify the exact concentration required to increase cell 

numbers might contribute to taking more full advantage of SCFs growth promoting 

effects and also conserving the use of this expensive growth factor. 

 

Maintaining SCF signaling 

According to our preliminary experiments, cKIT expression was initiated on day 1, the 

second day of differentiation. In order to examine the effect of SCF, down-regulation of 

cKIT was induced by SCF addition on day 1 and was monitored on day 4, three days 

after SCF addition. Such a pattern of SCF addition led to a critical increase in cell 

number and EB volume at the early differentiation stage. Nevertheless, there is still an 

incomplete picture of when SCF addition would be beneficial. For example, it remains 

unclear whether SCF-induced cKIT downregulation is reversible or whether signaling 

pathways regulating cell proliferation are inactivated once cKIT is no longer present on 

the cell surface. Similarly, it remains unknown whether SCF can play the same role in 

subsequent stages of differentiation. This question would be worth investigating as 

experiments by others suggest that cKIT remains expressed on endodermal 

derivatives at least until differentiation day 7. These outstanding questions regarding 

Figure 6-225 Overview of SCF effect on endoderm formation.  

The addition of SCF, which downregulated its receptor cKIT expression, led to a larger size of EB by 

increasing the number of cells within an EB. Moreover, SCF increased the percentage of cells in S-

phage but showed no effect on apoptosis and kinetics of pancreatic differentiation. 

Fig. 6-3 Overview of SCF effect on endoderm formation. 
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the function of SCF during endodermal differentiation could be easily addressed using 

the techniques of flow cytometry, measurements of EB volume and cell number as 

described in chapter 4.   

 

The effect of initial EB volume further increases in cell number 

The downregulation of cKIT caused by SCF addition was observed within a series of 

cell lines. Embryoid bodies of each cell line, with an exception for SOX17-mCherry cell 

line, exhibited a corresponding increased size as well. The decrease in cKIT 

expression of SOX17-mCherry cells indicated that the cKIT signaling pathway had 

been activated in these cells but this activation did not result in increased cell numbers. 

We hypothesized that the lack of increase in cell numbers or EB volume may have 

been related to the large initial EB volume. Day 2 EBs derived from SOX17-mCherry 

cell line were significantly larger in volume than EBs derived from the other PSC lines 

(See Fig. 4-4). This larger volume may have limited the exchange of nutrients or 

oxygen for cells in the core of the EB or retarded the clearance of metabolic waste. 

Further investigations using the SOX17-mCherry cell line could test this idea by using 

conditions that created smaller EBs. For example, we have found that the EB size is 

affected by the cell density used for setting up the differentiation and the rotational 

speed of swirler cultures. Either or both of these variables could be used to re-examine 

the effect of SCF on the SOX17-mCherry reporter PSCs. 

 

SCF treatment does not affect the kinetics of cell differentiation.  

The differentiation process from PSCs to DE can be divided into two stages, the 

generation of mesendoderm, which can be identified by MIXL1 expression (Robb et 

al., 2000), and its further differentiation to DE, which can be marked by three 

transcription factors: Sox17, Gsc,and FoxA2 (Ang et al., 1993; Blum et al., 1992; 

Sasaki and Hogan, 1993) and two surface markers: CXCR4 and E-cadherin 

(Yasunaga et al., 2005). In our experiments, SCF has been shown to increase cell 

number without affecting the original differentiation, as described by the lack of 

significant differences in expression of CXCR4, EpCAM, SOX17, and MIXL1 between 

the SCF treated and untreated groups. This finding lays the groundwork for the 

inclusion of SCF in established protocols for generative insulin producing cells from 

PSCs. In future experiments, the effect of SCF would need to be assessed using a 

broader range of gene markers including genes representing insulin and glucagon. 

Finally, apart from the trajectory differentiation, it would be necessary to determine if 

SCF addition affected the functionality of the end cells – take the example of beta cells, 

the capacity to release insulin responding to glucose stimulation. 

 

6.3 The effect of RA concentrations on hormone producing cells 

Retinoic acid serves as a critical molecule used in pancreatic differentiation protocols. 

It has an enormous contribution to the induction of PDX1 expression, one of the 

transcription factors necessary for pancreas development. We set up the experiments 
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with different RA concentration in Chapter 5 and initially collected the fluorescent 

images as preliminary results for analysis.  

 

A high concentration of RA adversely effects EB viability. 

We found that EBs treated with 10μM of RA dissociated and died rapidly the next day, 

suggesting RA concentration effects cell viability. This observation therefore suggests 

that the viability of cells at a range of different RA concentrations might be worth 

examining. Similarly, it is also possible that RA may also affect cell proliferation. 

Therefore, it is possible that there might be specific concentrations of RA that were 

optimal for producing the higher amount of beta cells in the last step of differentiation 

and that this concentration may not be the same as that required to give the higher 

frequency of beta cells. Thus, optimal the amount of RA used in pancreatic 

differentiation may require a level that balances differentiation against potential cell 

loss. 

 

Quantitative analysis of the effect of different RA concentrations. 

Except for the dissociation and death of EBs to which 10μM of RA was added, all other 

three dishes successfully produced insulin-secreting cells and appeared to be similar 

in levels of insulin expressing cells. However, we only collected the preliminary results. 

An issue that was not addressed in this chapter was a quantitative analysis of these 

experiments, which is delayed by COVID-19. There is abundant room for further 

progress in determining the optimal concentration of RA. Retinoic acid signaling 

mediated by RAR induction controls the expression of related genes. The influence of 

RA concentration could be detected using molecule technics such as RT-qPCR. The 

difference in gene transcription leads to altered RNA thus infers the difference of 

protein generation. Based on the principles of RT-qPCR (Described in Method 2.6), 

the different outcomes resulted from different RA concentrations could be quantitatively 

assessed through this method.    

 

In addition to RT-qPCR, flow cytometry is useful as well, since the cell line used has 

fluorescent reporters. Various flow cytometry lasers could be chosen to capture the 

fluorescent signal and then provide the ratio of GFP as well as mCherry positive cells, 

representing the cells express insulin and glucagon. The subsequent analysis of the 

effects of different RA concentrations on pancreatic differentiation is therefore easily 

addressed. 

 

Hormone expression is maintained only for a short time  

From the fluorescent images obtained every three days, the expression of insulin was 

first observed on day 14, followed by the observation of glucagon on day 17. The 

expression of both hormones almost disappeared by day 23. Medium changes were 

performed every three days until the GFP signal was seen under a fluorescent 

microscope. From day 14 onwards, the EBs containing a mixture of GFP positive and 

negative cells was cultured with only Magic Medium, without any specific growth 

factors to enhance the proliferation of the desired cell types. Therefore, we hypothesis 
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that addition of specific cytokines and growth factors might potentially enhance the 

number and frequency of insulin expressing cells. Indeed, most common protocols 

include a number of components designed to promote the differentiation of INS positive 

cells from day 10-14 differentiation onwards (Basford et al., 2012; Jiang et al., 2007; 

Rezania et al., 2014; Wesolowska-Andersen et al., 2020).  

 

An additional possibility is that the fluorescent signal does not accurately reflect the 

presence of hormone expressing cells once they have matured. This possibility could 

be addressed by staining the EBs for with anti-insulin antibody to directly assess the 

frequency for beta cells. Similarly, we could not directly determine the lineage 

relationship between the two main hormone producing cells because the three-day 

observation interval is too long. This relationship could be investigated using time-

lapse photography to continuously follow the evolution of cells from the beginning to 

the end of hormone expression. Further research with frequent observation and 

quantitative testing is there a justified next step in documenting the differentiation 

process more accurately. 

 

6.4 Summary 

The ultimate objective of our research was optimizing the differentiation protocol from 

PSCs to beta cells thus assisting in the establishment of cell regenerative treatment 

for T1DM. Although it was delayed because of COVID-19, our study has added to our 

knowledge in the effect of Activin A, RA and especially SCF on pancreatic 

differentiation. The insights gained from this study may be assistance to the more 

efficient production of beta cells from PSCs and contribute to widely available beta cell 

derived from PSC therapy for Type I Diabetes, which would be a fruitful area for future 

work. 
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Fig. S1 Analysis Plots of Undifferentiated Cells. The gates of CD9 or CXCR4 expression were 

determined from the plots of negative control- undifferentiated stem cells, which was CD9+ CXCR4-

EpCAM+. 
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Fig. S2 Original RT-PCR results of RA treated and untreated groups. GAPDH served as a internal 

reference. Y axis showed the cycle time of DNA replication required to reach a given amount of final 

product. Delta cycle time is calculated by the cycle time of PDX1 minus GAPDH. 
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