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ABSTRACT 

Differentiation of stem or progenitor cells into functional cells is crucial for the 

restoration of cells lost as a result of injury or disease. The differentiation of stem cells 

into insulin-expressing cells initially showed great promise. However, the generation 

of mature β-cells has proven to be extremely difficult, and progress has been much 

slower than originally expected. Therefore, the aim of my research was to develop a 

better strategy for generating mature β-like cells from immature insulin-producing 

cells, and this project established that 1 alpha, 25-dihydroxyvitamin D3 is a maturation 

regulator of immature insulin-producing cells. The in vitro-generated mature β-like 

cells exhibited glucose-responsive insulin secretion. Gene expression analysis 

revealed that the mature β-like cells expressed several essential β cell-related genes 

(Insulin 1, Pdx1, MafA, Nax6.1, and Ucn3). Transplantation of only ~ 4 x 105 mature 

β-like cells immediately halted the progression of hyperglycaemia and it fully reversed 

diabetes in STZ-induced diabetic mice within a few weeks. These cells contributed to 

the regulation of glucose metabolism in diabetic recipients by rapid clearance of blood 

glucose in a similar pattern to their counterparts after intraperitoneal glucose injection. 

This work established an efficient differentiation strategy to guide immature insulin-

producing cells towards mature β-like cells and it identified 1 alpha, 25-

dihydroxyvitamin D3 as a maturation molecule. These findings may lead to the 

development of a strategy to generate transplantable β cells for cell-based therapies of 

diabetes.  

In T2D, hyperglycaemia results from decreased insulin secretion and increased insulin 

resistance. The complex aetiology of T2D is yet to be fully defined. Genetic 

susceptibility is thought to be a predominant determinant of reduced insulin secretion. 
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In order to obtain a better understanding and improved treatments of diabetes, detailed 

knowledge of the genes controlling variation in insulin production is important. I have, 

therefore, also worked toward the identification of genes responsible for the variation 

of pancreatic insulin content. This was achieved using a genetically diverse mouse 

population called “The Gene Mine”. Three promising candidate genes, namely Abi2, 

Idh1, and Map2, were identified from analysis of total pancreatic insulin content data 

(obtained from the Gene Mine strains). Bioinformatic analysis revealed several genetic 

variants among these genes related to the high pancreatic insulin content phenotype. 

Increased knowledge regarding the role of these candidate genes in the regulation of 

pancreatic insulin content may contribute to a better understanding of susceptibility to 

T2D.  
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 General introduction 

Diabetes mellitus is a major public health issue. It encompasses a group of metabolic 

disorders that are characterised by an elevated level of glucose in the bloodstream. 

These disorders are classified into two broad categories: type 1 diabetes (T1D) and 

type 2 diabetes (T2D). According to the recent data, approximately 422 million adults 

are living with diabetes mellitus worldwide (WHO, 2016), with T1D accounting for 

approximately ≤ 9% of all cases. T1D is caused by a lack of insulin-producing -cells. 

This is the result of autoimmune destruction of these cells in the pancreas. The onset 

of T1D is associated with both inherited and external risk factors (Dean and McEntyre, 

2004). Age of onset of T1D is 10-19 years, although it can occur at any stage of life 

and it is a lifelong condition for which there is still no cure.  

T2D is a multifactorial disorder characterised by impaired insulin secretion and insulin 

resistance. Both genetic and environmental factors such as obesity, a lack of adequate 

exercise, over-eating, and stress play significant roles in the development of T2D (as 

reviewed by Kaku, 2010). Individuals who are healthy are able to maintain a normal 

physiological condition that keeps the plasma glucose concentration within a healthy 

range through a balanced interaction between insulin secretion and tissue sensitivity 

to insulin (as reviewed by DeFronzo, 1988). In T2D, these mechanisms are disrupted, 

thereby causing two pathological defects: impaired insulin secretion and impaired 

insulin action. Impaired insulin secretion occurs as a result of pancreatic β-cell 

dysfunction, while impaired insulin action arises due to the development of insulin 

resistance (as reviewed by Holt, 2004).  

The worldwide burden of diabetes continues to increase, and proper treatments are 

required to reduce this burden. For T1D, the ideal treatment would be the replacement 

of -cells by transplantation of hormone-secreting islet cells or by regeneration of 
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endogenous -cells accompanied by control of the autoimmune response. However, 

islet transplantation is severely restricted due to the scarcity of donor islets. Improving 

diabetes by the use of cellular therapies requires a renewable source of transplantable 

mature β-cells, which is presently very limited, and such in vitro generated β-cells 

require further improvements for clinical application (Ameri et al., 2017; Rezania et 

al., 2014; Pagliuca et al., 2014). Although current cellular replacement procedures that 

are based on the infusion of isolated primary islets or whole pancreas transplantation 

are effective, they are not suitable for treating the majority of patients due to the 

inadequate supply of donor organs. 

The idea of generating transplantable insulin-expressing cells by differentiation of 

pluripotent stem cells held great promise initially (as reviewed by Wen et al., 2011), 

but the generation of mature -cells has proven to be extremely difficult, and progress 

has been much slower than originally expected. The central aim of my project was to 

produce mature β-like cells (insulin-producing cells that are able to fully reverse 

diabetes in streptozotocin-induced diabetic mice) from in vitro generated immature 

insulin-producing cells which themselves were derived from mouse islet progenitor 

cells. In order to investigate this differentiation process, I performed gene expression 

profiling of these in vitro-generated mature -like cells, and I assayed their insulin 

secretion in vitro following glucose stimulation. Lastly, I examined whether, after their 

transplantation in streptozotocin (STZ)-induced diabetic mice, these mature -like 

cells could reverse the diabetic phenotype. Information learned about how to mature a 

mouse β cell will need to be tested on human immature β cells. This work has the 

potential to yield an efficient differentiation strategy to guide the differentiation of islet 

progenitor cells into mature -like cells. Importantly, this would represent a major step 
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forward in the development of a strategy to generate transplantable -cells for cell-

based diabetes therapies.  

It is also imperative to have a clear understanding of the role that genetics plays in the 

development of β-cells and maintenance of β-cell mass. A considerable variation in β-

cell mass between individuals has been described in humans (Ritzel et al., 2006; Meier 

et al., 2008) and a lower β-cell mass has been reported in individuals with T2D 

compared with their nondiabetic counterparts (Butler et al., 2003). It is likely that there 

could be variation in insulin production due to the variation in β-cell mass. Insulin 

secretion (as reviewed by van Tilburg et al., 2001) as well as insulin production could 

be subject to genetic variance at several loci. In order to obtain a better understanding 

and improved treatments of diabetes, detailed knowledge of the genes controlling the 

variation in insulin production is important. I have, therefore, also worked toward 

identifying the genes responsible for the variation of pancreatic insulin content. For 

these studies, I used The Gene Mine, which is a mouse resource for rapid identification 

of the genes underlying complex traits. Pancreatic insulin levels were measured in 68 

different Gene Mine mouse strains, and significant variation in insulin content was 

found among these strains. Investigation of the genetic variations among these strains 

will help identify the genes responsible for the regulation of pancreatic insulin content.  

 Diabetes  

Diabetes mellitus is a disease that occurs when the pancreas is unable to make insulin 

or when the body cannot make proper use of the insulin that is secreted by pancreatic 

β-cells to control blood sugar levels. Diabetes mellitus can be diagnosed by several 

methods, such as the determination of fasting plasma glucose (≥ 7.0 mmol/L), random 

plasma glucose (≥ 11.2 mmol/L), and glycated haemoglobin (Hb A1C) (≥ 6.5%) 
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levels, as well as by an oral glucose tolerance test (as reviewed by Adapa and TK, 

2015). A brief description of the symptoms, types, complications, and management of 

diabetes is provided below. 

1.2.1 Symptoms  

Most people with T2D may not have symptoms, whereas most people with T1D have 

symptoms. They tend to develop more rapidly in T1D than in T2D. Common 

symptoms experienced by individuals with both T1D and T2D include excessive thirst, 

polyuria, constant hunger, fatigue, weight loss, constipation and blurred vision (Kumar 

and Clark, 2012). These symptoms can vary from individual to individual. T1D can 

occur suddenly, while T2D is insidious in onset, often diagnosed many years after 

hyperglycaemia develops, usually due to the onset of complications.  

1.2.2 Types of diabetes  

As mentioned in the introduction section there are two main types of diabetes: type 1 

diabetes and type 2 diabetes, (as reviewed by Ali et al., 2017). There are also several 

other type of diabetes such as gestational diabetes, which can arise during pregnancy 

and that may or may not persist after delivery (as reviewed by Siddiqui et al., 2013). 

T1D      

T1D, sometimes called juvenile-onset diabetes, usually develops in children or young 

adults, although it can affect people at any age (Bloom et al., 1975). It is a chronic 

autoimmune disease (as reviewed by Holt, 2004). In T1D, the patient’s immune system 

destroys the insulin-producing β-cells.  

It is not yet fully understood how this autoimmune reaction is activated. There are 

several features which indicate that T1D is an autoimmune disease (as reviewed by Al 

Homsi and Lukic, 1992) , such as alteration of T cell-mediated immunoregulation and 
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the presence of immunocompetent and accessory cells in infiltrated pancreatic islets. 

In addition, the presence of islet-specific autoantibodies such as islet cell cytoplasmic 

antibodies (ICCA), islet cell surface antibodies (ICSA), glutamic acid decarboxylase 

autoantibodies (GAD), and insulin autoantibodies (IAA) is another significant feature 

that characterizes T1D as an autoimmune disease. ICCA antibodies are directed 

against islet cell cytoplasmic protein(s). These antibodies are found in 90% of T1D 

patients. ICSA antibodies are directed against islet cell surface antigens, and they are 

found in 80% of T1D cases (as reviewed by Raju and Raju, 2010). GAD antibodies of 

T1D are specific for the glutamic acid decarboxylase (GAD65) isoform (Daw and 

Powers, 1995), and they are found in more than 80% of TID patients. IAA was 

identified in approximately 40% of young T1D children (as reviewed by Raju and 

Raju, 2010). The presence of ICCA or GAD antibodies can be a predictor of future 

development of T1D.  

T2D    

T2D was formerly known as non-insulin dependent diabetes or adult-onset diabetes. 

This condition is characterised by insulin resistance and impaired insulin secretion 

(Albert et al., 1997; as reviewed by Kaku, 2010). Defects observed in insulin secretion 

include a relative decrease in basal secretion, a decreased insulin secretion response, 

glucose insensitivity as well as amino acid hypersensitivity of insulin release (as 

reviewed by Al Homsi and Lukic, 1992). Most cases T2D have onset in individuals 

over 40 years of age, although it can occur at any age and it can remain undetected for 

many years. T2D can be associated with obesity, decreased physical activity, and 

hereditary factors (Eriksson et al., 1991). Evidence for the involvement of heritable 

factors in T2D has come from a variety of population, family, and twin-based studies 

(Poulsen et al., 1999; Meigs et al., 2000). 
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In T2D, abnormalities are noted in the alpha cells, beta cells, and delta cells of 

pancreatic islets. The number and the volume of β-cells are usually reduced to half of 

the normal values, while the alpha cell mass is increased, which causes 

hyperglucagonemia (as reviewed by Al Homsi and Lukic, 1992). Amylin, which is 

secreted by β-cells, tends to aggregate in pancreatic islets. This is one of the typical 

features in most individuals with T2D, and it is probably an important characteristic 

for the development of β-cell failure in T2D (as reviewed by Kahn et al., 1999 and 

Hull et al., 2004).  

Gestational diabetes   

Gestational diabetes (GDM) occurs when high blood glucose levels are observed 

during pregnancy. Gestational diabetes occurs in 2.2% to 8.8% of all pregnancies 

(Cheung and Byth, 2003), although the incidence can be higher in specific populations. 

An increase in insulin resistance may occur during pregnancy. In such a condition, 

normoglycaemia is maintained as a result of increased insulin secretion, and a failure 

to compensate by increased insulin secretion results in the development of GDM 

(Catalano et al., 1993). Screening for GDM usually occurs at around 24-28 weeks of 

pregnancy (Brody et al., 2003), as insulin resistance increases during the third 

trimester. It can be diagnosed by an oral glucose tolerance test.  

There are several risk factors that play a significant role in the development of GDM. 

These include obesity, a family history, older age, a prior history of GDM, polycystic 

ovary syndrome, and hypertension (Hedderson and Ferrara, 2008).  

Gestational diabetes can be associated with serious adverse pregnancy outcomes, 

which can include neonatal hypoglycaemia, macrosomia (newborn who is 

significantly larger than average), and shoulder dystocia (an obstetric complication 

when fetal shoulders fail to deliver shortly after the fetal head) (Langer and Mazze, 
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1988; Hod et al., 1991; Jang et al., 1997; HAPO Study Cooperative Research Group, 

2008). Several studies have shown that GDM can result in increased fetal 

malformations and perinatal mortality (Sepe et al., 1985; Hod et al., 1991; Beischer et 

al., 1996; Schaefer et al., 1997; Schmidt et al., 2001). In most cases, gestational 

diabetes disappears after delivery, although a risk of developing T2D later in life 

remains for these women. Worldwide, around half of the women who have a history 

of GDM develop T2D within ten years after delivery. Strikingly, the offspring of GDM 

pregnancies also have a higher risk of developing a diabetes phenotype (Silverman et 

al., 1991). 

 Complications 

Individuals with diabetes can develop serious health complications arising from long-

term exposure to uncontrolled high blood glucose levels. These complications can 

include neuropathy (dysfunction of nerves), nephropathy (disease of kidney), 

retinopathy (disease of retina), cardiovascular disease, stroke, and peripheral vascular 

disease. Additional complications such as dental disease and birth complications can 

arise in pregnant women who have diabetes. 

Approximately 65% of all deaths of people with diabetes involves cardiovascular 

disease (Geiss et al., 1995). The mortality rate due to heart disease is 2 to 4 times 

higher in people with diabetes than those without diabetes. The risk factors for 

cardiovascular disease (e.g., hypertension, hypercholesterolemia, and smoking) are 

similar for people with or without diabetes, but the presence of only one of these risk 

factors may lead to poorer outcomes among diabetic people than those without 

diabetes (Stamler et al., 1993).  
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Diabetic retinopathy is one of the most common complications among diabetic 

patients, and it contributes to approximately 10,000 new cases of blindness per year 

(as reviewed by Deshpande et al., 2008). It develops slowly and is associated with 

prolonged hyperglycaemia. In patients with T2D, the incidence of diabetic 

nephropathy is low during the first 10 to 15 years. It then increases rapidly to a 

maximum at about 18 years after diabetes onset and then tapers off (Andersen et al., 

1983; Bojestig et al., 1994). Strict metabolic control can significantly reduce the risk 

of developing microalbuminuria and also the risk of progression to persistent 

proteinuria (Feldt-Rasmussen et al., 1986; Wang et al., 1993).  

A large proportion (30%-50%) of people with diabetes suffer from diabetic peripheral 

neuropathy (DPN) (Adler et al., 1997; Candrilli et al., 2007). Hyperglycaemia is the 

primary risk factor for DPN (Adler et al., 1997) and it can lead to severe impairments 

such as foot ulceration and subsequent amputation (Pecoraro et al., 1990; Apelqvist et 

al., 1993; ).  

Approximately 15% of people with diabetes may have to undergo a devastating 

procedure called nontraumatic lower-extremity amputations (LEAs) as a result of DPN 

complications along with peripheral vascular disease. Individuals with diabetes are at 

a much higher risk (10 to 20 times higher) of having to undergo LEAs than those 

without diabetes. Diabetic patients aged 65 or over accounted for approximately 55% 

of all non-traumatic LEAs (Sugarman et al., 1998). About 85% of all people who 

underwent LEAs and who had diabetes for more than 30 months suffered from a 

chronic, non-healing foot ulcer (Pecoraro et al., 1990). 

Hyperglycaemia, high blood pressure, and hypercholesterolemia are the three most 

significant risk factors common to the above-mentioned diabetes-related 
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complications. Improvements in glycaemic control, cholesterol level, and blood 

pressure can reduce a person’s risk of developing such complications. 

 Management and treatment of diabetes 

The primary goal of diabetes treatment is to maintain blood glucose levels within a 

target range (4 to 6 mmol/L, fasting) so as to prevent complications from the disease. 

The management and treatment of diabetes depend on the individual and the type of 

diabetes. 

1.4.1 Management and treatment of T1D 

Insulin therapy is the mainstay of T1D management and is accomplished by the use of 

rapid and long-acting insulin analogues. Insulin is delivered subcutaneously, either by 

multiple daily injections or by insulin infusion using insulin pumps. Effective 

management of T1D also includes regular monitoring of blood glucose levels, a 

healthy diet and eating plan, and regular exercise. Hypoglycaemia may develop during 

exercise unless the insulin dose is reduced or extra carbohydrates are consumed (Felig 

et al., 1982).  

T1D management strategies are evolving rapidly. In addition to insulin, parallel non-

insulin therapies are being actively pursued, which include the use of incretin agents, 

sodium/glucose cotransporter 2 (SGLT-2), and combinations of SGLT-1/2 inhibitors. 

Continuous glucose monitoring technology along with glucose prediction algorithms 

has enabled the development of artificial pancreas delivery systems, and these systems 

are actively undergoing testing in clinical trials (as reviewed by Subramanian et al., 

2000).   

Cell replacement therapies such as pancreas and islet cell transplantation can restore 

normoglycaemia (as reviewed by Lakey et al., 2003). However, these options are 
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limited by donor availability and the need for immunosuppression. Some newer 

strategies, which may obviate the need for immunosuppression, such as islet cell 

encapsulation techniques, are currently under development. Efficient and smart insulin 

delivery systems are also being evaluated which are capable of releasing insulin 

depending on the ambient glucose (as reviewed by Subramanian et al. 2000). 

1.4.2 Management and treatment of T2D 

Diet and lifestyle changes are considered to be the cornerstone for the management of 

T2D. Recent approaches to T2D depend on healthy lifestyle choices such as; regular 

physical activity, a healthy diet, maintenance of healthy body weight, and regular 

monitoring of blood glucose levels. Non-insulin hypoglycaemic agents are commonly 

used to manage hyperglycaemia in T2D, and these agents include sulphonylureas, 

biguanides, alpha-glucosidase inhibitors, meglitinides, thiazolidinediones, dipeptidyl 

peptidase (DDP)-4 inhibitors, glucagon-like peptide-1 agonists, amylin analogues, bile 

acid sequestrants, and dopamine agonists (Kerr et al., 2007; Rodbard et al., 2009; 

Kumar and Clark, 2012; Inzucchi et al., 2012). The primary objective of these drugs 

is to correct the underlying metabolic disorder (e.g. insulin resistance and insulin 

secretion). Insulin therapy is important in T2D treatment when the blood glucose level 

cannot be controlled by diet, exercise, weight loss, and oral medications. The treatment 

choice and the therapeutic targets should be individualized, which could be based on 

clinical data as well as patient parameters (as reviewed by Brunetti and Kalabalik, 

2012). 

1.4.3 Management and treatment of gestational diabetes  

Gestational diabetes (GDM) can result in adverse pregnancy outcomes and long-term 

complications for both the mother and the child. Therefore, it is essential that GDM is 
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recognised and appropriately managed. For example, a diabetes care team can provide 

advice and information for women with GDM to help facilitate self-care. This includes 

providing information regarding GDM, blood glucose monitoring, a healthy lifestyle, 

and dietary counselling. When the above lifestyle measures are unable to achieve the 

glucose targets, insulin therapy is introduced. As insulin therapy is safe and effective, 

it is considered to be the gold standard of pharmacotherapy for gestational diabetes (as 

reviewed by Cheung, 2009). The use of hypoglycaemic agents during pregnancy is 

contraindicated, and these agents were not approved by the most government and 

medical agencies for use during pregnancy. Leading diabetes organizations 

recommend ceasing the use of oral agents during pregnancy if the woman had been 

taking them prior to the pregnancy (McElduff et al. 2005; Kitzmiller et al., 2008). 

However, the rules have been changed recently regarding the use of Metformin during 

pregnancy (http://www.adips.org/downloads/GDM Metformin Broch English.pdf). It 

is now generally acceptable and safe to use. 

 Overview of the pancreas and pancreatic 

organogenesis 

1.5.1 Pancreas 

The pancreas is an endoderm-derived glandular organ of the digestive system, located 

behind the stomach and close to the duodenum. It plays a pivotal role in the regulation 

of both nutrient metabolism and glucose homeostasis. The adult pancreas consists of 

three different types of tissue: exocrine tissue, which secretes digestive enzymes; 

ductal tissue, which transports digestive enzymes; and hormone-producing tissue, 

which is located in the islets of Langerhans. An overview of pancreas development is 

provided in Figure 1.1. 

http://www.adips.org/downloads/GDM%20Metformin%20Broch%20English.pdf
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Figure 1.1 Overview of pancreas development  

(Adapted from LifeMap Discovery, Embryonic development and stem cell 

compendium, 2012). 

1.5.2 Pancreatic organogenesis  

The earliest morphological sign of the developing pancreas is observed at around 

embryonic day E8.75-E9.0 of mouse embryo, after the formation of the gut tube. 

During this time, the formation of the dorsal pancreatic bud is marked by thickening 

of the endoderm, which continues to grow into the surrounding mesenchyme and 

develop paired ventral pancreatic buds (Figure 1.2). The dorsal and ventral pancreatic 

buds ultimately fuse and differentiate into endocrine cells and exocrine cells. The 
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endocrine cells then leave the epithelium and form islets within the mesenchyme, 

while the exocrine cells retain epithelial characteristics and form ducts and acini.  

 

Figure 1.2 Pancreas development at embryonic day E9, E10, E12 of a 

mouse embryo (adapted from Edlund, 2002). 

During this phase of development the pancreas forms from dorsal and ventral 

tissue buds. 

 

Exocrine pancreas 

The exocrine pancreas, which makes up 99% of the pancreas volume, consists of 

acinar and ductal cells and it synthesizes enzymes that are essential for digestion. 

These enzymes are secreted into the duodenum after which they pass to the intestine 

(Ross and Pawlina, 2011).  

Endocrine pancreas 

Human endocrine pancreas consists of approximately 1 to 3 million islets, amounting 

to approximately 1% to 2% of the volume of the pancreas. Each islet contains a few to 

several thousand cells (Ross and Pawlina, 2011) (Figure 1.3). Hormones produced in 

islets are secreted by five different types of cells: alpha cells, beta cells, delta cells, PP 

cells (Figure 1.4) and epsilon cells. The alpha cells comprise approximately 20% of 

each islet and they produce the hormone glucagon. Low blood glucose levels stimulate 

glucagon secretion, which plays a key role in blood glucose regulation. The β-cells 
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account for approximately 75% of each islet and they produce the hormone insulin (as 

reviewed by Young, 2013). The release of insulin is stimulated by elevated blood 

glucose levels. Delta cells account for four percent of the islet cells, and they secrete 

the hormone somatostatin (as reviewed by Young, 2013). This is an inhibitory 

hormone that blocks the release of both glucagon and insulin. PP cells account for only 

about one percent of the islet cells, and they produce the pancreatic polypeptide 

hormone (as reviewed by Young, 2013). Pancreatic polypeptide is released following 

a meal as well as in response to fasting. This hormone may play a role in appetite and 

also in the regulation of pancreatic endocrine and exocrine secretions (as reviewed by 

Young, 2013). Epsilon cells compose less than 1% of all islet cells and they produce 

the hormone ghrelin that may play role in inducing hunger. 
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Figure 1.3 Section of a mouse pancreas showing pancreatic islet.  

A. Stained with DAPI (blue); B. stained with insulin (green); C. stained with 

glucagon (red); D. merged (stained with DAPI, insulin, and glucagon). 

 

 

Figure 1.4 Anatomy of the mammalian pancreas.  

a. Pancreas; b. Pancreatic islet embedded in exocrine tissue (adapted from 

Bardeesy and DePinho, 2002). 
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 Pancreatic β-cells  

1.6.1 Function of β-cells 

By producing and releasing insulin, β-cells play a major role in the regulation of blood 

glucose level. When blood glucose levels start to rise, β-cells rapidly respond by 

secreting some of their stored insulin, while at the same time they also increase their 

production of insulin. This peptide hormone plays a key role in carbohydrate 

metabolism. Generally, insulin stimulates glucose uptake from the circulation. It 

stimulates the storage of glucose by activation of glycogen synthesis and use of 

glucose by promoting glycolysis (Ross and Pawlina, 2011). Insulin also plays role in 

inhibiting the activity of lipase, activating the synthesis of glycerol (Ross and Pawlina, 

2011) and also has an anabolic effect in causing protein formation. 

1.6.2 Structure and synthesis of insulin 

 Insulin is composed of two peptide chains, an A-chain and a B-chain. The A-chain 

consists of 21 amino acids while the B-chain consists of 30 amino acids. These two 

chains are joined by disulphide bonds. Insulin can form a homodimer by forming 

hydrogen bonds between the ends of two B-chains. Three dimers oligomerize in the 

presence of zinc ions to form a hexamer (as reviewed by Weiss et al, 2000 and Fu et 

al., 2013).  

In vivo, insulin is first synthesized as a single polypeptide called preproinsulin. In the 

insulin synthesis pathway, preproinsulin is translocated into the endoplasmic 

reticulum of β-cells. The signal sequence is cleaved from the N-terminus of the peptide 

by a signal peptidase, thereby generating proinsulin. After this N-terminal cleavage, 

proinsulin is folded and its disulphide bonds are oxidized. It is then transported to the 

Golgi apparatus. From there, proinsulin is packaged into secretory vesicles, and it 

https://en.wikipedia.org/wiki/Proinsulin
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forms mature insulin after being processed by a series of proteases. The C-peptide is 

removed from the centre of the proinsulin peptide sequence; the two other ends (the A 

chain and the B chain) remain connected by disulphide bonds (Figure 1.5) (as reviewed 

by Weiss et al, 2000 and Fu et al., 2013). 

 

Figure 1.5 Insulin synthesis (adapted from Weiss et al., 2000). 

Preproinsulin is translocated into the endoplasmic reticulum of β-cells and is 

converted to proinsulin, which is then transported to the Golgi apparatus and forms 

mature insulin after being processed by a series of proteases. 

1.6.3 Release of insulin 

The release of insulin is essential for meeting metabolic demand. Under normal 

conditions, β-cells can respond to changes in blood glucose concentrations by 

releasing insulin (Schmitz et al., 2008). In addition to glucose, certain fatty acids and 

amino acids can also stimulate insulin secretion. β-cells release insulin in two phases. 

Increased blood glucose levels trigger a rapid first phase of release which lasts about 

10 minutes. During the second phase, newly formed vesicles are generated 

independently of blood sugar levels, and they slowly release insulin (as reviewed by 

Fu et al., 2013). 
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 Differentiation and generation of functional beta 

cells 

1.7.1 Cellular differentiation 

Cell differentiation is a process whereby one specific cell type changes into another 

cell type to perform a specific function (as reviewed by Slack, 2007). In multicellular 

organisms, differentiation occurs throughout the development of complex organ 

systems. Differentiation even continues in fully developed organisms whenever it is 

required (e.g., for tissue repair). Adult stem cells are key to this process as they can 

divide and differentiate during cellular turnover, tissue maintenance, and repair 

processes.  

1.7.2 Generation of functional β-cells by differentiation of 

pluripotent stem cells  

Over the past several years, progress regarding stem cell differentiation studies has led 

to important discoveries that have opened up the possibility of in vitro production of 

replacement cells that may be suitable for various disease treatments. I here discuss 

several seminal studies of the differentiation of pluripotent stem cells towards insulin-

producing cells. 

All of the cell differentiation protocols to date have failed to generate β-cells that fully 

replicate all of the functions of the endogenous β-cells in the human pancreas. Several 

functional anomalies have been observed between the stem cell-derived insulin-

producing cells and bona fide β-cells (Hrvatin et al., 2014). Most of the stem cell-

derived insulin-producing cells did not exhibit accurate glucose responsiveness in in-

vitro glucose-stimulated insulin secretion assays (GSIS). Proper glucose 
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responsiveness was observed when these cells were transplanted into diabetic mice 

and were then allowed to undergo a long period of further differentiation. Moreover, 

differences in gene expression profiles were also observed between the stem cell-

derived insulin-producing cells and bona fide β-cells. However, recently several 

attempts has been taken to form mature glucose-responsive β-cells in vitro (Rezania et 

al., 2014; Ameri et al., 2017; Southard et al., 2018).  

In a study by D’Amour et al. in 2006, human embryonic stem (hES) cells were 

differentiated into endocrine populations by a process that is similar to in vivo 

pancreatic organogenesis. In this study, the hES cells were directed towards hormone-

expressing endocrine cells through a five-step differentiation protocol: definitive 

endoderm, primitive gut tube, posterior foregut, pancreatic endoderm, and endocrine 

precursor (Table 1.1). These differentiated cells were able to synthesize insulin and 

other pancreatic hormones. However, the secretion of C-peptide by these cells did not 

respond well to glucose stimulation. There were many immature insulin-producing 

cells among them that co-expressed glucagon.  

Table 1.1 Five-step differentiation protocol (adapted from D’Amour et al., 

2006) 

In the protocol, growth factors, medium and duration for each stage are shown. CYC, 

KAAD-cyclopamine; RA, all-trans retinoic acid; DAPT, γ-secretase inhibitor; Ex4, 

exendin-4. 

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

Definitive endoderm 

 

Primitive gut 
tube 

Posterior 
foregut 

Pancreatic 
endoderm 
and 
endocrine 
precursor 

Hormone 
expressing 
endocrine cell 

Activin + 
Wnt 

Activin FGF10 + CYC RA + CYC + 
FGF10 

± DAPT; 
Ex4 

± EX4; IGF1;HGF 

RPMI + 0% 
FBS 

RPMI + 
0.2% 
FBS 

RPMI + 2%FBS DMEM + 1% 
B27 

DMEM + 
1% B27 

CMRL + 1%B27 

1-2 days 1-2 days 2-4 days 2-4 days 2-3 days 3+ days 
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Although some studies have reported that differentiated hES cells are capable of 

improving hyperglycaemia in induced diabetic mice, the amount of C-peptide 

produced by these cells was not enough to be clinically relevant (Jiang et al., 2007). 

Shim et al. in 2007 successfully differentiated hESCs towards pancreatic endoderm 

under defined culture conditions. The cells were capable of improving hyperglycaemia 

in STZ-induced diabetic mice after further in vivo differentiation, although the C-

peptide-positive cells that were observed in the kidney graft expressed multiple 

hormones, unlike the mature β-cells. These cells also did not uniformly express the 

essential mature β-cell-specific markers.  

In another study (Jiang et al., 2007), hES cells were differentiated into functional 

insulin-producing cells by a stepwise approach using a combination of retinoic acid 

(RA) and Activin A along with other maturation factors. The differentiated cells 

reversed the diabetes phenotype to a certain extent after transplantation in STZ-

induced diabetic mice (the blood glucose concentration was approximately 10 

mmol/L), although the C-peptide concentration was too low to be clinically relevant. 

In 2010, Mfopou et al. applied D’Amour’s protocol to five different hES cell lines. 

Four of these hES cell lines generated cells that appeared to be equivalent to gut 

endoderm cells, although none of them gave rise to pancreatic cells as reported by 

D’Amour for the CyT203 line (D’Amour et al., 2006). These differentiated cells 

expressed several hepatocyte markers and they acquired a number of liver cell-specific 

functions such as albumin secretion, urea production, and glycogen storage. This study 

showed that exposure to fibroblast growth factor and bone morphogenic protein could 

generate PDX1-positive cells that were equivalent to early pancreatic progenitors, 

although they required additional signals to become fully functionally differentiated. 
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From 2007 to 2012, most of the studies followed the D’Amour’s five-stage 

differentiation protocol with different types of cell lines. Most of these attempts were 

not particularly successful in generating pancreatic endocrine cells or high-efficiency 

insulin-positive cells (Mfopou et al., 2010; Nostro et al., 2011). Although D’Amour’s 

study presented a promising strategy, it was not broadly applicable as the efficiency of 

differentiation varied widely in the various hES cell lines that were tested. In 2008, 

Osafune et al. studied and compared the differentiation potential of 17 human 

embryonic stem cell lines, and they found that they varied in terms of their propensity 

to differentiate. Some of these cell lines exhibited high-efficiency differentiation 

towards specific lineages.  

A significant concern with transplanting cells derived from pluripotent stem cells has 

been the risk of forming teratomas, even from a small percentage of undifferentiated 

stem cells. This tumour forming potentiality and limited ability to generate pure 

differentiated cell populations have hampered the use of human pluripotent stem cells 

for cell-based therapies (Cheng et al., 2012). A new differentiation protocol was 

recently proposed to generate functional β-cells (in vitro) from human pluripotent stem 

cells (Pagliuca et al., 2014). Using this protocol, insulin-producing β-cells were 

generated from human pluripotent stem cells, and no residual cells expressing 

pluripotent cell markers were observed. These in vitro generated β-cells were able to 

secrete insulin and mitigate the progression of hyperglycaemia after their 

transplantation in diabetic mice. However, differences were observed in the gene 

expression profiles of these in vitro generated β-cells and the adult human β-cells, and 

two critical β-cell markers, MAFA and UCN3 were not investigated in this study 

(Pagliuca et al., 2014). The amount of insulin detected in the serum of animals 

transplanted with these stem cell-derived β-cells was lower than that of animals 
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transplanted with cadaveric donor islets. In 2014, Rezania et al. described a seven-

stage protocol to convert hESCs into insulin-producing cells. Although these cells 

were able to show glucose-stimulated insulin secretion and reverse diabetes in mice 

within a short period of time, characterization of them revealed notable differences 

between these cells (hESCs derived insulin-producing cells) and primary human β-

cells. In 2018, Southard et al. generated a pluripotent cell line specifically to form 

insulin expressing cells. These iPSCs-derived insulin-producing cells were capable of 

reversing diabetes in rodents but possessed a low proportion of residual 

undifferentiated cell, which could lead to tumorigenic potential. Therefore, although 

this work was very encouraging, differentiated cells were not of a sufficient standard 

for to warrant progressing to clinical trials.  

1.7.3 Generation of functional β-cells through cellular 

reprogramming 

Embryogenesis results in cells undergoing a sequence of developmental commitment 

decisions to generate the 200 different cell types of the vertebrate body. This sequence 

is controlled by different types of inducing factors (as reviewed by Zhou and Melton, 

2008). By identifying the specific transcription factors responsible for a specific 

commitment process in normal development, and by overexpression of these factors 

in the target cells, it has become possible to direct one differentiated cell type to 

another (Zhou et al., 2008). Generally, more than one transcription factor involved in 

the normal embryonic development of a particular cell type needs to be overexpressed 

to transform cells from one state to another (as reviewed by Slack, 2007). In addition 

to activating the target genes, these transcription factors also direct the cells into a new 

stable state of gene expression (Akinci et al., 2012). For a reprogramming technique 

be effective, the appropriate combination of transcription factor genes needs to be 
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selected. It is therefore essential to that great care is taken with the selection of these 

stage-specific transcription factors. During embryonic development, specific 

combinations of transcription factor genes play specific roles in different tissue 

lineages.  

In 2008, Zhou et al. reported that adult pancreatic exocrine cells could be 

reprogrammed towards β-cells (in vivo) by the three transcription factor genes Pdx1, 

Ngn3, and Mafa. Several years later, Akinci et al. were able to transform pancreatic 

(in vitro) exocrine cells towards insulin-producing cells by using the same combination 

of transcription factor genes (Pdx1, Ngn3, and Mafa). These transcription factor genes 

were introduced into the exocrine cells by use of an adenoviral vector. However, 

although the pancreatic exocrine cells differentiated towards insulin-expressing cells, 

they lacked many critical features of functional β-cells. The transdifferentiated β-cells 

failed to express several genes essential for β-cell function. Moreover, these cells were 

not capable of undergoing glucose-sensitive insulin secretion (Akinci et al., 2012). 

Insulin-positive cells have also been generated from mouse embryonic liver cells by 

transduction of cells with an adenoviral vector encoding the above combination of 

transcription factors (Yang et al., 2013). Although these transdifferentiated insulin-

producing cells persisted for several weeks, they remained immature, producing a low 

amount of insulin while failing to respond to a glucose challenge. 

 Maturation of in vitro- and in vivo-differentiated 

β-cells 

A proportion of fetal β-cells are polyhormonal, expressing several different hormones 

including glucagon and somatostatin in addition to insulin (De Krijger et al., 1992; 

Polak et al., 2000; Riedel et al., 2012), in contrast to adult β-cells, which only express 
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insulin. Unlike adult β-cells, fetal β-cells do not respond properly to stimulation by 

high and low glucose levels (Beattie et al., 1994; Hayek and Beatie, 1997). An 

increased glucose threshold for insulin secretion has been reported to be an essential 

marker for β-cell maturation (Blum et al., 2012). To date, most of the insulin-

expressing cells generated (in vitro) from human pluripotent stem cells using existing 

protocols have been polyhormonal. These insulin-producing cells are able to undergo 

immature glucose-stimulated insulin secretion (GSIS) (D’Amour et al., 2006; Jiang et 

al., 2007; Kroon et al., 2008; Nostro et al., 2011). Therefore, these cells can be deemed 

to be more similar to human fetal β-cells than to human adult β-cells (Hrvatin et al., 

2014). 

Transplantation of hESC-derived progenitor cells has been used as an alternative in 

vivo strategy for promoting β-cell maturation (Rezania et al., 2012). Compared to 

normal human islet equivalents, this strategy requires approximately 15 additional 

weeks after transplantation to successfully give rise to a similar glucose tolerance 

profile (Pagliuca et al., 2014). 

In 1985, in vivo maturation of human β-cells was shown by Tuch et al., where human 

fetal pancreas was implanted into diabetic immunodeficient mice.   In 2008, Kroon et 

al. (of Novocell) also provided a convincing evidence of in vivo maturation of β-cells. 

Human embryonic stem cells were differentiated towards pancreatic endoderm and 

they were then implanted in diabetic mice. These cells underwent further 

differentiation in vivo, thereby yielding glucose-responsive endocrine cells. Three 

months after their implantation in diabetic mice, the serum level of human C-peptide 

was similar to that of the mice implanted with human pancreatic islets. These insulin-

positive cells were monohormonal (like mature β-cells) and they were able to co-

express PDX1, NKX6.1, MAFA, C-peptide, and prohormone processing enzyme 
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(Kroon et al., 2008). However, as these differentiated cells could not be purified before 

transplantation, some grafts were found to contain immature teratoma or teratomatous 

tissue elements. Although this study was very encouraging, doubts remain regarding 

the clinical application of these differentiated cells (a mixed population of hESC-

derived cells) as approximately 15% of the transplanted mice developed grafts with 

teratoma elements. Being able to purify the desired cell subtype or to eliminate the 

undesirable cell types is essential for avoiding the formation of teratomas.  

Another group (Matveyenko et al., 2010) subsequently tried to reproduce the findings 

of Novocell’s study (Kroon et al., 2008). Unfortunately, the results could only be 

partially reproduced. Over a more extended time period, only a limited number of 

endocrine cells were produced. In the study by Matveyenko et al., hESC-derived 

endoderm (PE) was implanted in athymic nude rats. These cells were transplanted in 

two ways, either by subcutaneous implantation into TheraCyte encapsulation devices 

or by implantation into the epididymal fat pads. At 20 weeks post-implantation, no 

development of viable pancreatic tissue was observed in the TheraCyte encapsulation 

device. On the other hand, the PE progressed to develop islet-like structure in 50% of 

the epididymal fat pad implants. However, unlike mature β-cells, the level of human 

C-peptide in the rat serum was found to be clinically insufficient and the glucose levels 

were not regulated (Matveyenko et al., 2010).  

1.8.1 Transcription factor genes related to maturation 

The identification of maturation markers of functional beta-cells for in vitro production 

of mature β-cells is instrumental for studying this process. Several transcription factor 

genes related to maturation have been identified to date. The expression levels of 

essential β-cell-specific genes and proteins could vary between mature and immature 
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β-cells, and this could explain the functional differences between them. To identify 

these differences, the expression of important β-cell-specific genes, such as important 

β-cell transcription factors (e.g., Pdx1, Nkx2.2, Nkx6.1, Foxa1, Foxa2, NeuroD1, 

MafA, MafB, and Hnf4a) and key proteins involved in glucose sensing and insulin 

secretion and Insulin1, Insulin2, and Glut1, 3, 4 among others was assessed in mature 

and immature β-cells (Blum et al., 2012). No significant changes were observed 

between immature and mature cells in terms of the RNA expression levels of most of 

these genes, except for MafB, which was expressed at a 2.5-fold higher level in 

immature β-cells. In a more detailed gene expression analysis, Ucn3 was identified as 

an important β-cell maturation marker. The expression levels of Ucn3 mRNA 

increased more than seven-fold in mature β-cells compared to immature β-cells. 

Nevertheless, Ucn3 on its own might not have the ability to induce β-cell maturation. 

It remains to be determined whether Ucn3 knockout mice exhibit defective β-cell 

maturation (Blum et al., 2012). 

In 2014, Hrvatin et al. compared the overall gene expression profile of pure (i.e., 

sorted) insulin-expressing cells derived from three human pluripotent cell lines with 

human fetal pancreata and adult human islets. Genes were identified that were 

differentially expressed in the human pluripotent stem cell-derived insulin-positive 

(hPSC-INS+) cells versus adult β-cells. In vitro-generated hPSC-INS+ cells were found 

to be more similar to the immature human fetal β-cells than to mature human adult β-

cells (Hrvatin et al., 2014). 

 In a previous study, combined deletion of Foxa1 and Foxa2 could drive the mature β-

cells to a stage with an immature-like GSIS phenotype (Gao et al., 2010). Genetic 

ablation of NeuroD1 in adult mouse β-cells has been reported to result in a similar 

effect (Gu et al., 2010). Pdx1 and MafA were found to also play a significant role in 
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the maturation process. The expression of these genes was turned on after that of 

insulin (Nishimura et al., 2006). 

Several studies have identified target genes of MafA and Pdx1. MafA was found to 

positively regulate genes that play an important role in insulin synthesis and also in 

insulin secretion, such as Glut2, Pdx1, Nkx6.1, Pcsk1, and pyruvate carboxylase 

(Wang et al., 2007). Pdx1 plays an important role during pancreas formation (Jonsson 

et al., 1994; Offield et al., 1996) and β-cell differentiation (Ahlgren et al., 1998) by 

regulation of the expression of a large number of genes (Keller, 2007).   

Overexpression of the gene for the transcription factor Pdx1 in P2 islets increased the 

expression levels of the MafA, Neurod1, and glucokinase (Gck) genes. This also led to 

an increase in insulin content, although the glucose responsiveness was not enhanced. 

On the other hand, overexpression of MafA resulted in increased expression of 

Neurod1, Nkx6-1, Gck, and Glp1r. No change in insulin content was observed by MafA 

overexpression, although it did result in glucose-responsive insulin secretion (Aguayo-

Mazzucato et al., 2011). Another study found that while MafA facilitates glucose-

stimulated insulin secretion, its dominant-negative mutant (DN-MafA) inhibited this 

(Wang et al. in 2007). Neonatal β-cells undergo a coordinated gene expression 

programme during functional maturation in which Mafa plays a crucial role. Although 

Pdx1 failed to increase the glucose responsiveness, overexpression of either Pdx1 or 

MafA in P2 islet cells significantly enhanced their maturation (Aguayo-Mazzucato et 

al., 2011). The identification of the neonatal physiological stimuli that regulate MafA 

and Pdx1 expression is of great importance, as proper knowledge of maturation 

markers will help with the development of in vitro strategies for the production of 

mature β-cells. 
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The generation of mature β-cells is a key step for drug discovery and cell 

transplantation therapy in diabetes. The aim of the first part of my study was to develop 

a strategy to produce mature β-like cells using mouse embryonic islet progenitor cells. 

 Statement of Aim 1  

My first aim was to produce mature β-like cells from immature insulin-producing cells. 

To achieve this goal I undertook the following experimental procedures and analyses: 

1. Differentiation of islet progenitor cells towards immature insulin-producing cells 

followed by maturation of these immature insulin-producing cells into mature β-

like cells.     

2. Gene expression profiling of in vitro-generated mature β-like cells  

3. Measurement of glucose-stimulated insulin secretion  

4. Confirmation of the function of mature β-like cells through in vivo analyses 

5. Characterisation of grafts containing the mature β-like cells by hematoxylin and 

eosin staining and immunohistochemistry. 
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  The Collaborative Cross  

Although there have been many important developments in genetic research in recent 

years, the identification of genes underlying complex traits nonetheless still largely 

depends on a range of expensive and time-consuming approaches. The rapid 

identification of genes with the aim of being able to more rapidly develop therapeutics 

would, therefore, be greatly assisted by new approaches that reduce these bottlenecks. 

One such alternative approach for the identification of complex trait genes is referred 

to as ‘the Collaborative Cross’ (CC) (Churchill et al., 2004). The aim of the CC was 

to significantly assist with evaluation of the role of natural host genetic variation in 

regulating disease outcomes (Churchill et al., 2004).   

The CC has proven to be a highly valuable experimental genetic reference population 

for the genetic analysis of traits. Genes identified in the CC population must be tested 

in humans. When this has been done, the human orthologues often mediate the same 

trait(s) (e.g. Yuan et al., 2019). The CC population consists of a series of recombinant 

inbred strains that were derived from crossing of eight founder strains. In light of the 

proven potential of this system to elucidate the genetic basis of complex traits, for the 

second part of my study, I have used this genetic reference population called ‘The 

Gene Mine’, established by Professor Grant Morahan (Morahan et al., 2008) to 

investigate the genetic basis of diabetes. 

1.10.1 Breeding process of the Gene Mine 

The Gene Mine breeding program started with eight founder strains (A/J, C57BL/6J, 

129S1/SvImJ, NOD/LtJ, NZO/HiLtJ, CAST/Ei, PWK/PhJ, and WSB/EiJ), which 

were selected from a set of 100 strains in order to maximize genetic diversity (Morahan 

et al., 2008). As described in Morahan et al., 2008, the eight founder strains, 
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designated as G0, were crossed in 56 different combinations to produce the G1 mice. 

G1 mice were mated to produce the G2 mice. G2 mice were then crossed to produce 

the G3 mice that contained alleles from each of the eight founder strains. Sib-mating 

was started from this stage (G3) to begin the inbreeding process. The brother-sister 

mating incorporated random recombination events (Morahan et al., 2008). After more 

than 20 generations, each strain can be deemed to be inbred and has a different mosaic 

pattern of inheritance of alleles from all of the others (Figure 1.6).  

 

Figure 1.6 Breeding process of the Gene Mine (adapted from Morahan et al., 

2008). 

1.10.2 Power of the Gene Mine 

The Gene Mine is a powerful resource for the genetic characterization of any mouse 

phenotype. This resource is particularly useful for rapid gene mapping and the 
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identification of quantitative trait loci (Ram et al., 2014). Genetic diversity and 

mapping power are maximized in the Gene Mine. A major advantage of using the Gene 

Mine is that this inbred population is reproducible and the genetic characterization of 

each inbred strain needs to be performed only once, after which these data can be used 

to characterise any new trait. The founder strains encompassed more than 85% of 

common species genetic variability (Yalcin et al., 2011). More than 38 million single-

nucleotide polymorphisms (SNPs) and Insertion or deletions (Indels) were identified 

among the founder strains, thus attesting to the genetic diversity of the Gene Mine. In 

2006, Valdar et al. calculated the power of CC and they showed that 500 CC strains 

provide 67% power to detect a quantitative trait locus (QTL) with a 5% additive effect. 

When the QTL effect size exceeded 10%, the power rose to approximately 100%. 

Unfortunately, there are fewer than 100 strains available worldwide.  

1.10.3 Reliability of gene mapping with the Gene Mine 

The accuracy of gene mapping using the Gene Mine depends on several factors. For 

example, the number of lines tested is very important. The diversity of founder 

haplotypes present per locus among these strains and the multigenic nature of the trait 

also play a role in controlling the accuracy of gene mapping.   

1.10.4 Identification of genes using the CC 

The majority of the CC strains have been genotyped with 77,808 SNP markers. Using 

this information, the founder haplotypes at each genomic interval can be imputed 

(Zhang et al., 2014). These genetic data allow rapid identification of relevant loci of a 

phenotype. Ram et al. (2014) established the proof of principle for rapid identification 

of major effect genes by identifying the causative genes of five coat colour traits 

(albino, agouti, cinnamon, chocolate, and white belly) using the Gene Mine strains. 
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They showed that around 100 CC strains could support rapid identification of genes 

mediating these traits.  

The study of Boutilier et al. in 2017 provided novel insights into the complex genetic 

regulation of Actc1 (encode the predominant α-actin isoform ACTC1 in the heart) 

expression in early adult skeletal muscles using the Gene Mine strains. They showed 

that Actc1 varies in expression by up to 24-fold in skeletal muscle and proposed that 

the best candidates for regulating Actc1 expression were the Actc1 promoter itself and 

an overlapping ncRNA. 

Yuan et al. (2016) utilized the Gene Mine mice to identify genes that are associated 

with bone volume. They identified dozens of candidate genes, among which five 

potential genes (Txnip, Nfatc1, Setbp1, Apob and Itga1) have been reported to be 

associated with femoral neck bone mineral density in human and two genes (Matn3 

and Pelo) showed promising roles in the regulation of bone mass in animal studies. 

Mao et al. (2015) used the CC strains to identify the genetic loci associated with 

motor performance and body weight. Fourteen loci associated with body weight and 

45 loci associated with rotarod performance were identified. Among these 45 loci, 

seven were also associated with body weight, thus demonstrating a correlation 

between these two phenotypes. The genes that were identified in this study 

overlapped with human neurological and obesity-related genes found in a Genome 

Wide Association study.  

The CC is a robust platform for the development of animal models that can replicate 

human disease phenotypes.  In 2015, Gralinski et al. discovered new animal models 

for a range of diseases found in human severe acute respiratory syndrome (SARS) 

patients, and they identified several SARS coronavirus (SARS-CoV) susceptibility 

loci using the CC mice. By using combined approaches (i.e., statistics, genetics, and 
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bioinformatics) the candidate genome region was narrowed down to a single 

candidate gene, Trim55, which plays a role in the inflammatory response to SARS-

CoV infection.  

In a genetic association study, the candidate genes for bone microarchitecture were 

identified using the CC strains. These genes included ones that had previously been 

reported as having functions in bone biology, in addition to genes whose function 

in bone biology had not been described previously. The genes identified as having 

a role in skeletal biology by this genetic association study were 

Avp, Oxt, B2m, Cnot7, Pcsk6, Rgma, Rb1, and Cpb2 (Levy et al., 2015).  

All of the above studies highlight the utility of CC mice for genetic investigation of 

various traits and diseases. Additionally, the CC has been shown to recapitulate 

human disease conditions (Graham et al., 2015; Gralinski et al., 2015). To date, 

genetic studies of diabetes have not been able to fully explain the large genetic 

contribution of heritability to this disorder. In humans, the studies are compromised 

due to various limitations. Recombinant inbred mouse populations have been 

developed as valuable resources for the functional characterisation of candidate 

genes. Here, I studied the genetics of pancreatic insulin content variation in one such 

sophisticated mouse genetic reference population, the Gene Mine.  

 Statement of Aim 2  

1. My second aim was to identify the candidate genes responsible for variation in 

pancreatic insulin content. To achieve this goal, following experimental 

procedures and analyses were performed: 

2. Measurement of the pancreatic insulin content of 68 Gene Mine strains 
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3. Immunohistochemistry-based analysis of low and high insulin-producing 

pancreata of these Gene Mine mice  

4. Identification of causative genes by statistical and bioinformatics analysis of the 

data 



 

 

  

 

In Vitro Maturation of Immature 

Insulin-Producing Cells  
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 Introduction 

Cell differentiation is the process by which cells become specialized and change from 

one type into another (as reviewed by Slack, 2007). Generation of functional cells 

through cellular differentiation of stem or progenitor cells is crucial for the 

replacement of cells lost as a result of injury or disease. Pluripotent stem cells (PSCs) 

have been successfully differentiated into pancreatic progenitor cells (e.g. D’Amour et 

al., 2006; Kroon et al., 2008; Rezania et al., 2012; Sui et al., 2012). Such progenitor 

cells have the ability of in vivo differentiation into insulin-secreting cells (Rezania et 

al., 2012).  

The differentiation of pancreatic progenitor cells gives rise to exocrine cells as well as 

cells that express high levels of transcription factor neurogenin 3 (Ngn3). Ngn3-

positive (Ngn3+) cells in the developing pancreas differentiate into several types of 

islet cells that can secrete insulin, glucagon, somatostatin, pancreatic polypeptide, and 

ghrelin (as reviewed by Mansouri, 2012). They are, therefore, referred to as islet 

progenitor cells (IPCs).  

Although IPCs have been the focus of in-depth research over the past decade (e.g. 

Sugiyama et al., 2007; White et al., 2008; Xu et al., 2008; Desgraz and Herrera, 2009; 

Miyatsuka et al., 2011), due to the lack of a powerful experimental system these cells 

have not yet been differentiated into mature β-cells in vitro (Xu et al., 2008). To date, 

the insulin-producing cells generated in vitro from PSCs have not reached the stage of 

mature bona fide β-cells (as reviewed by Bruin et al., 2015) due to a lack of detailed 

knowledge regarding the late development of islet lineages. Most of these insulin-

producing cells were unable to undergo accurate glucose-responsive insulin secretion 

in vitro. A proper glucose tolerance profile was observed when the cells were 

transplanted into murine recipients and allowed to undergo further differentiation for 
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approximately three and half months more than human islet equivalents (Pagliuca et 

al., 2014).  Although, insulin-producing cells generated from hESCs by Rezania et al., 

in 2014 were able to reverse diabetes in mice within a short period of time, 

characterization of them revealed notable differences between these cells (hESCs 

derived insulin-producing cells) and primary human β-cells. Though recent 

advancement (Rezania et al., 2014;Ameri et al., 2017; Southard et al., 2018) in 

producing mature glucose-responsive β-cells is appreciable, still further improvement 

is required to make them work reliably like true β-cells. 

Knowledge of the late differentiation of the islet lineage is crucial for the development 

of fully mature β-cells that can be safely used for diabetes regenerative therapies. Our 

group has previously devised a differentiation strategy to drive mouse IPCs towards 

insulin-producing cells using the multifunctional molecule nicotinamide (NIC) (Jiang 

et al., 2017). A lineage-tracing mouse line was generated for the purification of Ngn3+ 

IPCs, as well as to monitor their differentiation (Jiang et al., 2017). Although the 

insulin-producing cells that were generated previously by our group were able to halt 

the progression of hyperglycaemia and lower blood glucose levels, they did not 

completely reverse diabetes in streptozotocin-induced diabetic mice within the eight 

weeks observation period (Jiang et al., 2017). One explanation for this is that these 

cells were not mature enough to reduce blood glucose levels to a normoglycemic level, 

so a more robust differentiation protocol may require to drive them to a more mature 

state. 

Here, 1alpha, 25-dihydroxyvitamin D3 (VD3) was identified as a maturation molecule 

capable of driving immature insulin-producing cells towards mature β-like cells. 

Vitamin D plays an essential role in the regulation of insulin secretion as well as β-cell 

survival. It is one of the key factors for pancreatic β-cell function (Guo et al., 2013). 
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Vitamin D deficiency impairs glucose-stimulated insulin secretion (Norman et al., 

1980, Chertow et al., 1983; Tanaka et al., 1984; Cade and Norman, 1986) and its 

supplementation has been reported to restore glucose-stimulated insulin secretion in 

rat pancreatic β-cells (Norman et al., 1980, Clark et al., 1981; Tanaka et al., 1984; 

Cade and Norman, 1987; and Bourlon et al., 1999). Vitamin D appears to have a direct 

effect on β-cell function that is mediated by binding of its circulating active form to 

the vitamin D receptor (VDR) in pancreatic β-cells (Johnson et al., 1994). Impaired 

insulin secretion has been reported to occur following glucose stimulation in mice 

lacking functional VDR, which may be associated with a decrease in insulin synthesis 

by β-cells (Zeitz et al., 2003). Vitamin D also plays a role in regulation of the 

extracellular calcium concentration and its flux trough β-cells (Sergeev and Rhoten, 

1995). As insulin secretion is a calcium-dependent process (Milner and Hales, 1967), 

alteration of the calcium flux may affect insulin secretion (Yasuda et al., 1975; Gedik 

and Zileli, 1977; Fujita et al., 1978). An additional role of vitamin D includes the 

regulation of the function of calbindin, which is a cytosolic calcium-binding protein 

(Johnson et al., 1994) that acts as a modulator of depolarization-stimulated insulin 

release (Sooy et al., 1999). 

 In this chapter, I first discuss the method that was used to purify Ngn3+ islet progenitor 

cells. Secondly, I document a novel protocol for the maturation of immature insulin-

secreting cells. Thirdly, I describe the in vitro functional characterization that I carried 

out of the resulting mature β-like cells. 
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 Materials and Methods 

2.2.1 Generation of double gene-tagged mouse lines  

A previously generated double gene-tagged mouse line (Ngn3-GFP/RIP-DsRed) was 

used in this study (Jiang et al., 2017). For this purpose, dual gene-tagged vectors were 

produced. The RISeGFP vector backbone (Ngn3-GFP) was used to clone an 

approximately 5 kb upstream region of Ngn3 promoter sequence at EcoRI and XbaI 

sites. The pDsRed2.Ni vector backbone (RIP-DsRed) was used to clone a rat insulin 

promoter fragment (RIP,  ̴ 700 bp) at SpeI and XhoI sites. To generate Ngn3-GFP/RIP-

DsRed transgenic mice, the linearized gene-tagged constructs were injected into the 

pronuclei of 1-day-old mouse zygotes using a standard previously published method 

(Brinster et al., 1985), and the resultant transgenic mice were bred onto the C57BL/6 

background for at least 10 generations (Jiang et al., 2017). The use of animal tissues 

was approved (approved no: UWA RA/3/100/648) by the Animal Ethics Committee 

of the University of Western Australia and the King Edward Memorial Hospital Ethics 

Committee, Australia.  

2.2.2 Purification of islet progenitors by fluorescence-

activated cell sorting (FACS) 

E17.5 mouse embryos from Ngn3-GFP/RIP-DsRed mice were used to purify Ngn3+ 

islet progenitors. The use of pregnant mice to separate Ngn3+ islet progenitor cells 

from embryonic pancreas cells was approved by the Animal Resource Centre Ethics 

Committee, Murdoch University (ARC2/2013). The pregnant mice were killed by 

cervical dislocation. The E17.5 embryos were collected and foetal pancreata were 

dissected using a stereoscope (Olympus, Tokyo, Japan). The pancreata were 

enzymatically (BD dispase, BD Biosciences, NSW, Australia) dissociated into single 
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cells under aseptic conditions. This was done by adding 300 μl BD dispase along with 

600 μl of Dulbecco’s Modified Eagle Medium (DMEM), 10% fetal bovine serum 

(FBS), and 1% penicillin/streptomycin (pen/strep). The cells were then vortexed to 

ensure that all of the reagents were thoroughly mixed and they were placed in a 

thermomixer (1,100 rpm) for 1 hour at 37 ºC. A 500 μl aliquot of 10% bovine serum 

albumin (BSA) was then used to neutralize the activity of the dispase. The cells were 

then pipetted up and down 100 times until the tissue was dissociated into a single cell 

suspension. Plain DMEM was added to the cell suspension in order to dilute it. The 

cell suspension was then vortexed and centrifuged for 5 minutes at 2,500 rpm. The 

supernatant was aspirated from the tube and the cells were resuspended in 1 ml of 

DMEM with 10% FBS, 1% pen/strep, and 10 μl DNase (10 μg/ml). After gentle 

mixing, the cells were kept at room temperature for 10 min and they were then pipetted 

up and down 100 times using a 1,000 μl pipette followed by centrifugation for 5 

minutes at 2,500 rpm. The supernatant was removed and the cells were washed twice 

with FACS buffer (2% FBS in phosphate-buffered saline) and resuspended in FACS 

buffer containing 1% EDTA and DAPI (0.1 μg/ml), followed by filtration through a 

FACS tube for fluorescence-activated cell sorting (FACS). The Ngn3+ cells derived 

from the Ngn3-GFP/RIP-DsRed mice expressed high levels of green fluorescent 

protein (GFP), which facilitated FACS of these cells. 

2.2.3 Differentiation and maturation of purified islet 

progenitor cells (IPCs)  

Ngn3-GFP+ IPC populations were differentiated in 12- or 6-well plates for 4 days in 

differentiation medium in an incubator at 37 ºC and a 10% CO2 atmosphere. The 

differentiation medium was DMEM - low glucose with 2% B27 (Life technologies), 

10 mM nicotinamide, 1% pen/strep, and 200 μg/ml growth factor-reduced Matrigel 
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(Corning, Bedford, MA, USA). After four days, the cells were washed with phosphate-

buffered saline (PBS) and incubated for two days in warm maturation medium in the 

same incubator at 37 ºC. The maturation medium was DMEM - low glucose with 2% 

B27, 1% pen/strep, 1% L-glutamine and 10 nM 1alpha, 25-dihydroxyvitamin D3. This 

concentration (10 nM) of 1alpha, 25-dihydroxyvitamin D3 was found most effective 

after trying different concentrations. Higher concentrations did not make any 

significant difference. Moreover, In response to 10 nM 1alpha,25-dihydroxyvitamin 

D3, vitamin D receptors were reported to be significantly upregulated (Lee S. et al., 

1994). 

2.2.4  Glucose-stimulated insulin secretion (GSIS) assay 

Islet progenitor cells were differentiated for four days and they were then matured for 

two more days in a 12-well plate. The culture medium was aspirated from the wells 

and the cells were washed with warm PBS. After preincubation with the Krebs-Ringer 

buffer (129 mM NaCl, 4.8 mM KCL, 5 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM MgSO4, 

1.2 mM KH2PO4, 10 mM HEPES, and 1 mg/ml bovine serum albumin; adjusted to pH 

7.4 with NaOH or HCL) at 37 ºC for 1 hour, the cells were incubated at 37 ºC either 

with basal Krebs-Ringer buffer (KRB) that contained 2.75 mM D-glucose or stimulus 

KRB, which contained 16.7 mM D-glucose. Each conditioned medium was then 

collected and centrifuged for 5 minutes at 2,000 rpm to remove any cells or debris. 

The insulin concentration was then determined using a mouse insulin ELISA kit 

(Millipore, Billerica, MA, U.S.A.).  

2.2.5 Enzyme-linked immunosorbent assay  

Enzyme-linked immunosorbent assays (ELISAs) were performed according to the 

manufacturer’s instructions (Millipore, Billerica, MA, U.S.A.). Briefly, all of the 
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reagents were prewarmed to room temperature prior to starting the assay. Ten-time 

concentrate (10x) wash buffer was diluted 10-fold in deionized water. The required 

number of strips were assembled in an empty plate holder, and each well was washed 

three times with 300 μl of the diluted wash buffer per wash. After decanting the wash 

buffer, the residual amount was removed from all of the wells by inverting the plate 

and tapping it several times onto absorbent towels. Ten microliters of assay buffer was 

added to each of the blank and the sample wells. Ten microliters of rat insulin standards 

were added in the order of ascending concentration to the appropriate wells. Then, 10 

μl of quality control 1 (QC1) and 10 μl of quality control 2 (QC2) were added to the 

appropriate wells. Ten microliter aliquots of the samples were then added sequentially 

in duplicate to the remaining wells. After this, 80 μl of detection antibody (pre-titered 

biotinylated anti-insulin antibody) was added to all of the wells. The plate was covered 

with a plate sealer and incubated at room temperature for 2 hours on a microtiter plate 

shaker set to rotate at 400 rpm. After 2 hours, the plate sealer was removed and the 

solution was decanted from the plate. The plate was tapped as before to remove any 

residual solution. The wells were then washed 3 times as before with diluted wash 

buffer. One hundred microliters of enzyme solution was then added to each well. The 

plate was then covered with a sealer and incubated with moderate shaking at room 

temperature for 30 minutes on a microtiter plate shaker. After 30 minutes the sealer 

was removed, the solutions were decanted from the plate, and the plate was tapped to 

remove any residual fluid. Each well was washed 6 times with diluted wash buffer, as 

done previously. Then, 100 μl of substrate solution (3, 3’, 5, 5’-tetramethylbenzidine 

in buffer) was added to each well and the plate was covered with a sealer. The plate 

was then shaken using a plate shaker for approximately 5 to 20 minutes. A blue colour 

developed in the wells. The sealer was removed, and 100 μl of stop solution (0.3 M 
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HCl) was added. The plate was shaken by hand to ensure complete mixing of the 

solution in all of the wells. The blue colour turned yellow. The bottom of the microtiter 

plate was wiped, and the absorbance was read within 5 minutes at 450 nm and 590 nm 

using a plate reader (FLUOstar OPTIMA, BMG LABTECH). The difference in the 

absorbance values was recorded. 

2.2.6 RNA isolation 

Total RNA was extracted from islets, IPCs, and immature insulin-producing cells and 

mature β-like cells using the TRIzol (Invitrogen, Carlsbad, U.S.A.) method. After 

removal of the culture medium, 1 ml of TRIzol reagent was added directly to the 

culture dish per 10 cm2 of culture dish surface area for homogenization of the cells, 

which were lysed directly in the culture dish by pipetting the cells up and down several 

times. The sample was then transferred to a tube and incubated for 5 minutes at room 

temperature to permit complete dissociation of the nucleoprotein complexes. After 

this, 0.2 ml of chloroform was added per 1 ml of TRIzol reagent used for the 

homogenization. The tube was shaken vigorously by hand for 15 seconds and 

incubated for 2-3 minutes at room temperature. The sample was then centrifuged for 

15 minutes at 4 ºC, which separated the mixture into a red lower phenol-chloroform 

phase, an interphase, and a colourless upper aqueous phase. After placing the tube at 

a 45º angle, the aqueous phase of the sample (which only contained RNA) was 

removed with a pipette, taking care to avoid drawing any of the interphase or the 

organic layer into the pipette. The aqueous phase was transferred to a new tube.   

For RNA precipitation, 0.5 ml of 100% isopropanol per 1 ml of TRIzol reagent used 

for the homogenization was added to the aqueous phase. The sample was then 

incubated for 10 minutes at room temperature and subsequently centrifuged at 12,000 
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x g for 10 minutes at 4 ºC. The supernatant was removed from the tube, leaving the 

RNA pellet. The pellet was then washed with 1 ml of 75% ethanol per 1 ml of TRIzol 

reagent used in the initial homogenization. The sample was then vortexed briefly and 

centrifuged at 7,500 x g for 5 minutes at 4 ºC, and the wash was discarded. The RNA 

pellet was air dried for 5-10 minutes and then resuspended in RNase-free water 

(Invitrogen) by passing the solution up and down several times through a pipette tip. 

The concentration of the fully dissolved RNA pellets was quantified using a 

Nanodrop® ND-1000 (Thermo Fisher Scientific, Wilmington, U.S.A.) 

spectrophotometer.   

2.2.7 Real-time quantitative RT-PCR 

RNA was reverse transcribed to generate cDNA. The cDNA was then diluted in 

RNAse- and DNAse-free water to prepare the working standard cDNA. One nanogram 

of cDNA per reaction was used for real-time PCR. The forward and reverse primers 

used to detect MafA, Ucn3, Pdx1, Nkx6.1, Ngn3, Insulin 1, Insm1, Isl1, Myt1, NeuroD, 

are listed in Table 2.1. mRNA transcripts were quantified using a KAPA SYBR FAST 

qPCR master mix (2x) in a real-time PCR (Rotor-Gene® Q; Qiagen, Valencia, CA, 

U.S.A.). The reaction comprised: an initial denaturation for 5 min at 94 ºC followed by 

50 cycles of amplification consisting of a 30 s denaturation at 94 ºC, a 30 s annealing 

at 60 º C, and a 30 s extension at 72 ºC. All quantification was normalized to the 

housekeeping gene RPS18 levels using the ΔCT method. The data were then analysed 

using the previously described 2-ΔΔCT method (Livak and Schmittgen, 2001).  
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Table 2.1 DNA sequences of the PCR primers (F: Forward, R: Reverse) 

 

RPS18-F TGTGGTGTTGAGGAAGCAG 

RPS18-R TCCCATCCTTACACATCCTTC 

Ins1-F AGGGCCAGGAGGGGTAGGAAG 

Ins1-R TTAATGGGCCAAACAGCAAAGT 

Pdx1-F GCGGGGGCCGGGATGT 

Pdx1-R GCGGGGCCGGGAGATGTATTTG 

MafA-F ATCATCACTCTGCCCACCAT 

MafA-R AGTCGGATGACCTCCTCCTT 

Myt1-F TATGCTTGCCCCAAAGATTC 

Myt1-R GGCTTTGTGCTGAGGTTCTC 

Nkx6.1-F GAGCGCGACGAGGACGAGAGAGAC 

Nkx6.1-R CCCGCGGCCGATCCACACTTC 

Nkx2.2-F CCCCAGTCACAGCCTACATT 

Nkx2.2-R GCCTCACTTGGTCAATTCGT 

Ngn3-F GCGGGCAGTAAAGACGACGAACAT 

Ngn3-R GGTGCCCAGCTCCCATCCTAT 

Insm1-F GCCACCCGTCTGAGAATAGA 

Insm1-R GGAGTCACAGCGAGAAGACC 

Isl1-F CCCGGGGGCCACTATTTG 

Isl1-R CGGGCACGCATCACGAA 

NeuroD-F CCCGAGGCTCCAGGGTTAT 

NeuroD-R TGGTCATGTTTCCACTTCCTGT 

Foxa2-F GGTCGTTTGTTGTGGCTGTT 

Foxa2-R CTCACGGAAGAGTAGCCCTCG 

Ucn3-F GATCCACCCTGTGATCTGCC 

Ucn3-R CAGCATCGCTCCCTGTAAGT 
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2.2.8 Immunohistochemistry of cells by HRP-DAB 

detection 

Islet progenitor cells were cultured for six days (differentiation for four days + 

maturation for two days) on sterile coverslips. After six days, the cells were washed 

with PBS and fixed in 4% paraformaldehyde (PFA) for 20 minutes. Cells were then 

gently washed three times with PBS and permeabilised with 0.1% Triton X-100 (in 

PBS) for 10 minutes and washed twice with Tris-buffered saline (50 mM Tris pH 7.5 

+ 150 mM NaCl, TBS). Endogenous peroxidase activity was blocked by adding 1% 

H2O2 for 15 minutes at room temperature. To block non-specific sites, the cells were 

incubated with 4% FBS (in PBS) for 30 minutes at room temperature and then washed 

twice with Tris-NaCl-Tween buffer (TBS + 0.05% Tween 20, TNT). The cells were 

then incubated overnight with primary antibody (diluted in 0.5% FBS in TBS) at 4 ºC 

and then washed three times with TNT. Secondary antibody conjugated with HRP 

(diluted in 0.5% FBS in TBS) was then added and the cells were incubated at room 

temperature for 60 minutes and then washed three times with TNT. DAB-substrate 

was then added and the samples incubated 5 minutes at room temperature and then 

rinsed with tap water. The cells were then immersed sequentially in 70% ethanol for 3 

minutes, 95% ethanol for 3 minutes, 100% ethanol for 3 minutes (twice), and xylene 

substitute for 3 minutes (twice). The cells were then mounted in DPX and they were 

observed using a Nikon microscope (Tokyo, Japan). The primary antibodies that were 

used were: mouse anti-mouse PDX1 (dilution 1 : 100; catalogue number F6A11; 

Developmental Studies Hybridoma Bank, Iowa City, IA, U.S.A.); Anti-MafA (dilution 

1 : 1500; catalogue number ab17976; Abcam, Cambridge, MA, USA); and anti-mouse 

Nkx6.1 (dilution 1 : 100; catalogue number F55A12 Developmental Studies 



In Vitro Maturation of Immature Insulin-Producing Cells  

48 

 

Hybridoma Bank). The secondary antibody that was used was goat anti-mouse IgG 

(HRP) (dilution 1 : 500, catalogue no. ab6789, Abcam). 

2.2.9 Statistical analysis 

Data are presented as mean ± SD or mean ± SE and a P-value ≤ 0.05 considered 

significant. Statistical significance between two variables was assessed using 

Student’s t-test.  

 Results 

2.3.1 Purification of islet progenitors 

The dual fluorescence lineage-tracing mouse line (Ngn3-GFP/RIP-DsRed) was used 

to purify IPCs. At E17.5, the pancreas exhibited bright green fluorescence but was 

only faintly red fluorescent (Figure 2.1). Using FACS, differentiated β-cells as well as 

newly differentiated and differentiating β-cells were removed from dissociated 

embryonic pancreas by gating out the GFP-DsRed+ and the GFP+ DsRed+ cells.  
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Figure 2.1 In double transgenic mice (Ngn3GFP and RipDsRed) 

embryonic pancreas fluoresces green and adult islets fluoresce red. 

Images showing expression of GFP and DsRed in mouse embryonic pancreas 

and expression of DsRed in isolated adult islets. 

 

The GFP+DsRed- cells accounted for ~7% of the viable cells. Ngn3 protein was 

detected in approximately 95% of the purified Ngn3-GFP+ cells, as confirmed 

previously by our group (Jiang et al., 2017), which indicates that the number of Ngn3- 

GFP+ cells in the GFP+DsRed- cell population was very low. β-cell differentiation 

hence was confirmed and directly visualized as a switch from GFP to DsRed 

fluorescence using IPCs purified from this dual fluorescence-tagged transgenic mouse 

(Figure 2.2). 
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Figure 2.2 Generation of mature β-like cells. 

Differentiation of islet progenitor cells towards mature β-like cells is visualized by 

a switch from GFP to DsRed fluorescence. 

 

Several genes characteristic of Ngn3+ IPCs (Insm1, Isl1, Myt1 and NeuroD) were 

highly expressed in the Ngn3-GFP+ fraction compared to embryonic pancreas, while 

they were barely detectable in cells negative for both GFP and DsRed, as shown by 

the real-time quantitative (q)RT-PCR analysis (Figure 2.3). 

The FACS-purified GFP+ population may contain cells at various stages of 

differentiation, including some at the early stage of Ngn3 expression and some (already 
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differentiated towards islet lineages) with decreased GFP expression (White et al., 

2008; Miyatsuka et al., 2011) as the expression of Ngn3 is transient (Schwitzgebel et 

al., 2000) and GFP has a long (~ 26 hours) half-life (Corish and Tyler-Smith, 1999). 

The Ngn3-GFPHigh population, which transcribed a high level of Ngn3 (Gradwohl et 

al., 2000; Schwitzgebel et al., 2000), is presumed to represent the true IPCs, and it has 

been reported to yield more differentiated DsRed+ cells than other populations (i.e., 

GFPDim, GFPMedium) (Jiang et al., 2017).    

 

Figure 2.3 Expression of selected IPC transcription factor genes. 

RNA was extracted from E15.5 pancreas (E15.5 panc), the purified Ngn3+ 

population (Ngn3+), and the cells negative for both GFP and DsRed (Double-) 

and gene expression was tested with  technical triplicates and repeated in two 

independent experiments. Data are presented as mean ± SD of these triplicates. 

 

2.3.2 Generation of the mature β-like cells in vitro 

The strategy to produce mature β-like cells in vitro is outlined in Figure 2.4. First, I 

used nicotinamide to differentiate islet progenitor cells towards immature insulin-



In Vitro Maturation of Immature Insulin-Producing Cells  

52 

 

producing cells over a period of four days (day-4 cells) as reported by Jiang et al., 

2017. These day-4 cells were then exposed to 10 nM 1α,25 (OH)2 vitamin D3 

(calcitriol, VD3) that was added to the culture medium. Vitamin D3 mediated 

maturation of the immature insulin-producing cells into the mature β-like cells in two 

days (Figure 2.4) (negative control experiments, for example cells grown in the 

absence of vitamin D3 were previously performed by my supervisor, Associate 

Professor Fang-Xu Jiang. Here, it was not done by me due to the limitation of time and 

cost for generating more cells for such experiments).  

This experiment was repeated almost every week for more than two and half years. 

After each experiment mature β-like cells were FACS sorted and stored in liquid 

nitrogen tank. Total number of mature β-like cells generated during the course of this 

study was ~ 3x106, which was ~ 30% of the total number of day-6 cells (~10x106) 

(Table 2.2).  

Figure 2.4 The differentiation and maturation protocol. 

(IICs = immature insulin-producing cells, MBCs = mature β-like cells). 
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Table 2.2  Percentage of in vitro generated mature β-like cells 

Total number of day-6 

cells  

Total number of 

mature β-like cells  

Percentage of mature 

β-like cells 

 

~10,000,000 

 

~ 3,000,000 

 

~30% 

 

2.3.3 In vitro functional characterization of the mature β-like cells 

2.3.3.1 The mature β-like cells exhibited glucose-responsive insulin secretion 

The glucose responsiveness of the differentiated immature insulin-producing cells, the 

mature β-like cells, and dissociated islet cells was tested (Figure 2.5), in response to a 

basal with 2.75 mM glucose and stimulus with 16.7 mM glucose. The mature β-like 

cells were capable of producing and secreting insulin and secreted more insulin than 

the immature insulin-producing cells. Moreover, the fold-change in response to basal 

and stimulus glucose levels was higher for the mature β-like cells (2.5-fold) than for 

the immature insulin-producing cells (1.4-fold) and similar to that of islet cells (2.3-

fold). The high basal insulin secretion from immature insulin-producing cells as 

compared to that from mature β-like cells was also observed. 
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Figure 2.5 Glucose-stimulated insulin secretion analysis. 

Day-4 cells (immature insulin-producing cells), day-6 cells (mature β-like cells), 

and islet-cells were exposed to basal glucose (2.75 mM) or stimulus glucose (16.7 

mM) for the determination of insulin concentrations. P<0.001 when basal insulin 

concentration was compared with stimulus insulin concentration of day-4, day-6 

and islet cells. P = 0.4 when basal insulin concentration was compared between 

day-4- and day-6 cells, and stimulus insulin concentration was compared between 

day-4- and day-6 cells. This experiment was performed with technical 

duplicates and repeated in two independent experiments and data are presented as 

mean ± SE of the combined experiments.    

 

2.3.3.2 Upregulation of selected β-cell genes in the mature β-like cells 

The expression profiles of selected genes (Insulin 1, Pdx1, MafA, Nax6.1, Ucn3, and 

Ngn3) were compared between the mature β-like cells, the immature insulin-producing 

cells, IPCs, and islets. Compared with the IPCs, the expression of several important β 

cell-related genes (Insulin 1, Pdx1, MafA and Nax6.1) was significantly increased both 

in the immature insulin-producing cells and mature β-like cells, while the expression 

of the islet progenitor marker (Ngn3) was significantly decreased. No significant 

changes in the expression levels of these genes were observed between the mature β-

like cells and the immature insulin-producing cells, except for Ucn3 (Figure 2.6).  

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

In
su

lin
 (

n
g/

m
l/

 1
0

,0
0

0
 c

el
ls

)

2
.7

5
 m

M
G

lu

2
.7

5
 m

M
G

lu

2
.7

5
 m

M
G

lu

1
6

.7
 m

M
G

lu

1
6

.7
 m

M
G

lu

1
6

.7
 m

M
G

lu

Day-4 cells Day-6 cells Islet cells



In Vitro Maturation of Immature Insulin-Producing Cells  

55 

 

 

 

 

0

20

40

60

80

100

120

140

160

180

200

Islet  day-0  day-4  day-6

Insulin 1

***

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Islet  day-0  day-4  day-6

Pdx1

**

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Islet  day-0  day-4  day-6

MafA

**



In Vitro Maturation of Immature Insulin-Producing Cells  

56 

 

 

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Islet  day-0  day-4  day-6

Ngn3

***

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Islet  day-0  day-4  day-6

Nkx6.1

**



In Vitro Maturation of Immature Insulin-Producing Cells  

57 

 

 

Figure 2.6 Expression of selected genes. 

RNA was extracted from purified GFP+DsRed- cells cultured for 0 (day-0), 4 

(day-4, immature insulin-producing cells), or 6 (day-6, mature β-like cells) days 

and from isolated adult islets for qRT-PCR analyses. Mean ± SD, *: P ≤ 0.05, **: 

P ≤ 0.01,***: P ≤ 0.001 compared with day-0. Expression of Ucn3 at day-6 was 

compared with both day-0 and day-4. Experiments were performed with technical 

triplicates and repeated in two independent experiments. Data are presented as 

mean ± SD. 

 

2.3.3.3 Immunohistochemistry revealed the expression of essential transcription 

factors in the mature β-like cells  

Protein expression analysis using immunohistochemistry further confirmed the 

expression of essential transcription factors (e.g., Pdx1, MafA, and Nkx6.1) in the 

mature β-like cells (Figure 2.7). Approximately 30% of the day-6 cells were positive 

for Pdx1, MafA, and Nkx6.1, indicating that almost all of the mature β-like cells might 

be positive for Pdx1, MafA, and Nkx6.1 (~30% of day-6 cells were mature β-like 

cells). 
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Figure 2.7 Immunohistochemical (HRP-DAB detection) analysis of the 

mature β-like cells. 

Primary antibodies were anti-Pdx1, anti-Nkx6.1, and anti-MafA. 

 Discussion  

This study successfully generated mature β-like cells and established a robust protocol 

by which IPCs gave rise to mature β-like cells, as validated by multiple techniques. 

VD3 was identified as a maturation regulator of immature insulin-producing cells. A 

key benefit of the VD3-regulated β-cell maturation was that it only required a short 
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period of time (i.e., 2 days). This experiment has also been performed for one, three or 

more days; best outcome was achieved in 2 days. Cell death may occur if the day-4 

cells (immature insulin-producing cells) are cultured for 3 or more days. 

Vitamin D, which has pleiotropic effects, can function beyond its traditional role in 

calcium homeostasis (as reviewed by Samuel and Sitrin, 2008). To the best of my 

knowledge, its function in β-cell maturation was, however, unknown prior to this 

study. In vitro maturation of immature insulin-secreting cells using VD3 was validated 

by several methods, including GSIS, real-time quantitative RT-PCR, and IHC.  

Unlike functional adult β-cells, which are glucose responsive, immature β-cells do not 

respond properly to high and low glucose stimulation in in-vitro glucose-stimulated 

insulin secretion assays. An increased glucose threshold for insulin secretion was 

identified as one of the most important markers for β-cell maturation (Blum et al., 

2012). Most of the in vitro differentiation protocols published to date produce β-like 

cells that are unable to exhibit accurate glucose-stimulated insulin secretion (GSIS); 

those that do require many weeks of further differentiation in vivo (e.g. Kroon et al., 

2008).  

GSIS is usually measured as fold-changes in insulin secretion between low and high 

glucose stimulation (Rozzo et al., 2009). Here, I used 2.75 mM glucose for basal 

stimulation and 16.7 mM glucose for high glucose stimulation, and found a higher 

fold-change in insulin secretion between the low and the high glucose concentrations 

in the mature β-like cells (2.5-fold) than in the immature insulin-producing cells (1.4-

fold). This was almost double, and similar to that exhibited by dissociated islet cells 

(2.3-fold).   

Although insulin is indispensable for pancreatic β-cells and is expressed 

predominantly in these cells, insulin expression alone is not sufficient to infer mature 
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β-cell identity. Additional traits are required to transform immature insulin-expressing 

cells into mature β-cells. There is a network of transcription factors that underlies the 

regulation of essential genes required for the functional traits of β-cells. These 

transcription factors are necessary for β-cell development and function (Jermendy et 

al., 2011). In this chapter, I investigated several essential transcription factors (i.e., 

Pdx1, MafA, Nkx6.1, and Ngn3) and other β-cell-specific genes (e.g., Insulin 1 and 

Ucn3), most of which play significant role in determining the functional traits of 

mature β-cell as discussed below.  

Pancreatic and duodenal homeobox 1 (Pdx1) is the key transcription factor involved 

in early development of the pancreas, β-cell differentiation, and maintenance of mature 

β-cells (Cerf et al., 2005). Pdx-1 regulates the transcription of the Insulin (Ohlsson et 

al., 1993), GLUT-2 (Waeber et al., 1996), and Nkx6.1 (48,49) genes in adult β-cells, 

and it works in concert with other transcription factors in regulation of the expression 

of the insulin gene as well as several other islet-specific genes (Sharma and Stein, 

1994; Naya et al., 1997; Kojima et al., 2003). Pancreatic agenesis is observed in Pdx1 

null mutant mice (Jonsson et al., 1994). MafA, which is a basic leucine zipper 

transcription factor, plays a vital role in the maintenance of β-cell function. MafA 

overexpression, in concert with Pdx1 and NeuroD1, dramatically induces insulin 

production in the liver (Kaneto et al., 2005). MafA acts downstream of Nkx6.1, which 

is only found in terminally differentiated β-cells (Matsuoka et al., 2004). Nkx6.1 

expression is restricted to differentiated β-cells (Sander et al., 1998). Nkx6.1 regulates 

the expression of several β-cell maturation markers and the expression of nutrient 

sensors such as Glut2 and Glp1r (Taylor et al., 2015). Targeted disruption of the 

Nkx6.1 gene in mice results in inhibition of β-cell formation (Sander et al., 1998). 

Ucn3 has been reported to be expressed relatively late in the beta-cell lineage during 
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mouse development (Blum et al., 2012). Gene expression profiles in islets isolated at 

p1 and p10 were compared to identify traits that distinguish mature β-cells from their 

immature counterparts, and it was found that the expression of Ucn3 was significantly 

increased in mature (p10) mouse islets (Blum et al., 2012). 

The quantitative RT-PCR results presented here show that the IPC-specific 

transcription factor gene (Ngn3) was downregulated, whereas mature β-cell-related 

genes (Insulin 1, Pdx1, MafA, Nkx6.1) were upregulated both in the immature insulin-

producing cells and the mature β-like cells. No significant changes in the expression 

levels of these genes were observed between the immature and the mature β-like cells, 

except for Ucn3, as reported previously (Blum et al., 2012). The 

immunohistochemistry results presented here also confirm the expression of essential 

transcription factors (e.g. Pdx1, MafA, and Nkx6.1) in the mature β-like cells. There 

are more genes that are actively involved in maintaining the function of adult β-cells 

which could not be examined here due to insufficient number of cells. One or more of 

them may play active role in β-cell maturation process. 

In conclusion, the in vitro-generated mature β-like cells were functional as tested by 

several in vitro techniques, most importantly, these cells were able to secrete insulin 

in a glucose-responsive manner. The unique feature of the current method is that it 

requires a shorter period of time (2 days) compared with others, for example, 

overexpression of estrogen-related receptor γ (ERRγ) in iPSC-derived β-like cells 

required 25 to 30 days to bring metabolic maturation in these cells (Yoshihara E. et 

al., 2016). It is important to check the functionality of mature β-like cells in vivo. 

Therefore, in next chapter the in vivo functionality of the mature β-like cells was 

confirmed by transplantation of these cells in diabetic mice. 
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 Introduction  

A cure for T1D requires being able to replenish functional β-cells as well as 

suppression of the autoimmunity that leads to the destruction of β-cells. Replacement 

therapy (such as β-cell regeneration or islet transplantation) for restoring β-cell mass 

has the potential to cure diabetes. Although human islet transplantation has proven to 

be a successful replacement, it has not become a practical solution because of the 

shortage of pancreas donors. Stem cells and other cell types have been differentiated 

towards insulin-secreting cells through transduction using gene delivery vectors or by 

various differentiation strategies. Although these in vitro-generated insulin-secreting 

cells are capable of restoring normoglycaemia in diabetic mice, the risk of 

contamination, immunogenicity, or tumorigenicity when using these cells has 

restricted their clinical application. 

Regeneration of reliable and functional cell sources is crucial for regenerative therapy 

of diabetes. The ultimate goal in diabetes regenerative medicine is the replacement of 

functional β-cells that have been lost due to autoimmune destruction or the disease 

process. β-cell regeneration holds great promise, although the safety concerns 

regarding in vitro-generated insulin-producing cells need to be resolved and the cells 

must function properly if they are to translate into clinical progress.   

The in vitro-generated mature β-like cells developed in this study have many 

characteristics similar to bona fide β-cells. These mature β-like cells are able to 

synthesize and release insulin in response to glucose, and they are able to rapidly clear 

glucose from the blood in mice as will be shown in this chapter. To evaluate their in 

vivo functionality, the mature β-like cells were transplanted under the kidney capsule 

of streptozotocin-induced diabetic mice. Several key experiments were then performed 

to confirm their potential role for treating diabetes. 
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 Materials and Methods 

3.2.1 Induction of diabetes by administration of 

streptozotocin (STZ) 

Diabetes was induced in NOD/SCID mice by intraperitoneal injection of STZ (Sigma-

Aldrich). STZ is a standard treatment used in small and large animal models to induce 

diabetes by destruction of β-cells in the pancreas (as reviewed by Sakata et al., 2012). 

STZ was administered at 165 mg/kg in a volume of ~ 100 μl/mouse. The onset of 

diabetes was assessed by monitoring the mice for a change in blood glucose levels 

(two consecutive measurements of more than 12 mmol/L confirmed onset). The 

appearance of diabetes was also associated with weight loss due to the loss of glucose 

control, coat texture changes (e.g., scruffiness), and lethargy. A single dose of 165 

mg/kg of streptozotocin resulted in a weight loss of ~15-20%. The natural onset of 

diabetes is similarly associated with significant weight loss. Mice that lost more than 

20% of their body weight from hyperglycaemia were euthanized. In this experiment, 

after the STZ treatments, most of the animals displayed normal behaviour, although 

their coats became ruffled. 

3.2.2 Isolation of adult islets 

Islets of Langerhans were isolated from ~ 8-week-old mice (Ngn3-GFP/RIP-DsRed 

dual fluorescence labeled) (as described by Jiang et al., 2017). For this purpose, the 

pancreas was injected with collagenase P solution (dissolved in Hank’s balanced salt 

solution containing 2 mM Ca++ and 20 mM HEPES) via the bile duct. The islets were 

isolated by density gradient centrifugation. These were then washed, hand-picked, and 

subsequently cultured overnight in CMRL medium 1066 (Invitrogen) supplemented 
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with 100 units/ml of penicillin, 100 μg/ml of streptomycin, 2 mM glutamine, and 10% 

FCS (at 37 ºC in 5% CO2) prior to their transplantation (Jiang et al., 2017).  

During this process, the bile duct was clamped at the junction with the duodenum and 

3 ml of collagenase solution was perfused via the common bile duct using a 3 ml Luer 

Lock syringe and a 30G needle. The pancreas was then dissected and placed in a 50 

ml Falcon tube on ice. Warm RPMI (10 ml) was added to the tube and it was then 

incubated in a 37 ºC water bath for 20 minutes. After 20 minutes, the tube was placed 

on ice, the 10 ml of warm RPMI was decanted, and cold RPMI was added up to a 

volume of 10 ml. Pancreas tissue was disrupted by shaking (2 shakes/second) for 1 

minute. The tube was then filled with RPMI. The digested pancreas was then passed 

through a 500 μm mesh into another 50 ml Falcon tube and allowed to settle on ice for 

5 minutes (whilst settling, 5 ml RPMI and 10 ml Histopaque were incubated in a 37 

ºC water bath). The empty tube was washed with 40 ml RPMI. The RPMI was 

gradually removed from the tube containing islets until 10 ml was left in the tube and 

40 ml of RPMI wash was then poured through the mesh to rinse the tube and the mesh, 

after which it was allowed to settle on ice for 5 minutes. The RPMI was then gradually 

removed until 10 ml was left, after which the tube was filled with fresh RPMI and 

centrifuged at 1,000 rpm for 5 minutes. The supernatant was decanted, and the tube 

was blotted onto a paper towel to remove any remaining RPMI. The pellet was 

resuspended in 10 ml of warm Histopaque and overlayed with 5 ml of warm RPMI 

(0.1 ml/second) followed by centrifugation at 1,500 rpm for 15 minutes at room 

temperature with slow acceleration and without a braking mechanism for deceleration 

of the rotor. A transfer pipette was used to recover the islets from just below the RPMI 

interface and then transfer them to a 50 ml tube containing ~ 40 ml RPMI, after which 
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they were centrifuged at 1,500 rpm for 5 minutes. The supernatant was discarded, and 

the islets were cultured overnight.  

3.2.3 Preparation of single cells from pancreatic islets 

The culture medium was removed, and 1 ml of warm Trypsin solution (0.2% Trypsin, 

10 mM EDTA in Hank’s buffer) was added per ~ 1000 islets for 1 minute and then 

flicked for 5 seconds.  Ten ml of warm medium containing FCS was then added and 

the sample was centrifuged for 5 minutes at 1,500 rpm. The supernatant was removed 

and the pellet was rewashed with complete medium. The cells were then counted using 

a haemocytometer.  

3.2.4 3.2.4 Preparation of matrigel plugs 

To prepare the matrigel plugs, gel foam was cut into small squares (~ 2 x 2 x 2 mm3) 

and soaked in PBS. Cells (in vitro-generated mature β-like cells, lung cells as a 

negative control, and islet cells as a positive control) were aliquoted into Eppendorf 

tubes and placed on ice. Using a cold tip, 10 μl of growth factor-reduced Matrigel 

(Corning, Bedford, MA, USA) were then added to each of the Eppendorf tubes 

containing the cells. Sterile filter paper was applied gently to absorb the PBS from the 

gel foam. The gel foam was then transferred to the tubes containing the cells and 

incubated at 37 ºC for 30 minutes. The cells were then ready for transplantation. 

3.2.5 Transplantation studies  

Equipment preparation 

All of the surgical tools, the work surfaces, and the personnel involved were 

appropriately disinfected prior to the surgery. The surgical instruments were 

autoclaved prior to the day of the surgery and they were sterilized with 70% ethanol 
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and fully air dried between each subsequent surgical procedure. The work surfaces 

were sprayed with 70% ethanol and allowed to fully dry before commencing the 

procedures. The equipment assembly and the preparation of the PBS were carried in 

an aseptic manner.  

Anaesthesia 

NOD/SCID mice were anaesthetized using either injectable anaesthesia or by 

isoflurane inhalation. For injectable anaesthesia, the mice were anaesthetized by an 

intraperitoneal injection of ketamine (75 mg/kg) and medetomidine (1 mg/kg). This 

anaesthetic was prepared by combining 0.38 ml of ketamine and 0.5 ml of 

medetomidine in 4.22 ml of sterile saline/water in a sterile tube. A 100 μl mixture per 

10 grams of body weight equates to a dose of 75 mg/kg of ketamine and 1 mg/kg of 

medetomidine. The mice were weighed in order to calculate the appropriate dose. The 

volume injected into the intraperitoneal cavity did not exceed 0.1 ml/10 g of body 

weight. The mice reached the correct depth of anaesthesia in approximately 15 minutes 

and they stayed there for about 30 mins.  

Surgical procedure 

Adequate anaesthetisation of the mice was confirmed by pinching their paws and by 

rolling their tails. Buprenorphine (0.05-0.1 mg/kg) was injected subcutaneously to 

provide analgesia 15 minutes prior to surgical induction, then 4-6 hours later, and 

every 8-12 hours if needed. An eye lubricant was used before the surgery to avoid eye 

dryness. The lumber region was shaved using clippers and the mouse was placed on a 

heating pad. The surgical site was wiped with Betadine®. A small 1 cm lumbar incision 

was made to access the left kidney. The kidney was exteriorised using curved forceps 

and moistened regularly using PBS during the procedure to maintain the integrity of 

the capsule. A breach was made in the lower pole of the kidney capsule. A skewer was 

used to make a pocket under the capsule. A ~ 2 x 2 x 2 mm3 Matrigel plug containing 
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in vitro-generated mature β-like cells or mouse islet cells (as a positive control) or 

foetal lung cells (as a negative control) was placed into the subcapsular space and 

pushed toward the upper pole using jewellers’ forceps.  

The breach was cauterised using a low-temperature cauterising pen and returned to its 

in situ location. The muscle was sutured, and the skin was closed with 7.5 mm Michel 

clips. Intraperitoneal injection of atipamezole hydrochloride (10 mg/kg, 100-200 

μl/mouse) was administered no earlier than 30 minutes post-anaesthesia to reverse the 

effect of the medetomidine. The mice were allowed to recover in a Thermacage 

(Datesand, Manchester) in a sternal recumbent position and they were monitored to 

ensure full recovery from the anaesthesia (Figure 3.1). The Michel clips were removed 

ten days after the surgery under light anaesthesia. 
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Figure 3.1 Recovery of mice from the surgery in a Thermacage. 

After surgery mice were allowed to recover in a Thermacage (Datesand, 

Manchester) in a sternal recumbent position. 

3.2.6 Blood glucose measurement  

The mice were restrained in an appropriate restraining device (a tailveiner) in order to 

facilitate piercing of the tail vein with a needle. A drop of blood was allowed to collect 

on the surface of the tail. The blood glucose concentration was measured using a 

commercially available glucometer (Accu-Chek Aviva, Roche Diagnostics, 

Mannheim, Germany) with disposable strips. The blood was aspirated into the strip, 

and glycaemia readings were obtained directly from the glucometer. This procedure 

was performed three times per week for the first two weeks following the induction of 

diabetes, or transplantation, and then once weekly. Diabetes was confirmed by two 

consecutive measurements of more than 12 mmol/L, while normoglycaemia was 

defined as sustained glycaemia of ˂ 8 mmol/L. 
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3.2.7 Intraperitoneal glucose tolerance test 

For the intraperitoneal glucose tolerance test, the mice were fasted overnight (~ 12 

hrs). Tail vein blood was then collected before and at 30, 60, 90, 120 mins after an 

intraperitoneal glucose injection (2 gm/kg of body weight, in a volume of 100-200 

μl/mouse). The blood glucose concentration was measured using a glucometer. 

3.2.8 Preparation of mouse serum 

Blood samples were collected from the tail veins of the mice, and the blood was 

allowed to clot at room temperature, followed by centrifugation at 4 ºC for 20 min at 

2,000 x g. The transparent supernatants (i.e., blood serum) were collected and 

transferred to fresh tubes. 

3.2.9 Measurement of mouse serum C-peptide 

concentration 

For the quantitative determination of C-peptide in serum, a mouse C-peptide ELISA 

kit (Crystal Chem, Downers Grove, IL, U.S.A.) was used according to the 

manufacturer’s  instructions. Briefly, all of the reagents were brought to room 

temperature for 30 minutes before performing the assay. A mouse C-peptide standard 

was reconstituted, and concentrated wash buffer was diluted according to the 

manufacturer’s instructions. An antibody coated microplate was removed from its 

sealed foil pouch (after the pouch had been brought to room temperature) and affixed 

to the support frame. Ninety-five microliters of sample diluent was added to each well, 

after which 5 μl of sample or working standard was added. The microplate was then 

covered with a plate sealer, and the solution was mixed for 10 seconds by gentle 

shaking. The plate was then incubated for 1 hour at room temperature. After 1 hour, 
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the well-contents were aspirated, and the wells were washed six times with 300 μl of 

wash buffer. The remaining solution was removed by inverting and tapping the plate 

gently on a paper towel. One-hundred microliters of anti-C-peptide enzyme conjugate 

was then added to each well. The plate was then covered with plate sealer and 

incubated 1 hour at room temperature, after which the well contents were aspirated 

and the wells washed six times, as before. After this wash, 100 μl of enzyme substrate 

solution was added to each well and kept at room temperature for 30 minutes. The 

plate was protected from light during this time. The reaction was stopped by the 

addition of 100 μl of enzyme reaction stop solution to each well, and the absorbance 

was measured (measured A450 values and subtracted A630 values) using a plate reader 

(CLARIOstar, BMG LABTECH) within 30 minutes. 

3.2.10 Measurement of the serum insulin concentration 

Quantitative determination of the insulin concentration in mouse serum was performed 

using an ultrasensitive mouse insulin ELISA kit (Crystal Chem, Downers Grove, IL, 

U.S.A.) according to the manufacturer’s instructions. Briefly, prior to their use, all of 

the kit reagents were brought to room temperature. The working mouse insulin 

standards were prepared according to the manufacturer’s instructions. The required 

volume of anti-insulin enzyme conjugate solution was prepared by thoroughly mixing 

3.6 ml of anti-insulin enzyme conjugate stock solution with 1.8 ml of enzyme 

conjugate diluent until a homogeneous and clear solution was obtained. Distilled water 

was added to the wash buffer stock solution for a final volume of 1 L. An antibody 

coated microplate was removed from its sealed foil pouch (after the pouch had been 

brought to room temperature) and affixed to the support frame. Each well received 95 

μl of sample diluents, after which 5 μl of sample or working mouse insulin standards 

were added. The plates were covered with a plastic microplate cover and incubated at 
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4 ºC for 2 hours. The content of each well was aspirated and the wells washed five 

times using 300 μl of wash buffer per well. Any remaining solution was removed by 

inverting and tapping the plate firmly on a paper towel. One hundred microliters of 

anti-insulin enzyme conjugate was dispensed in each well. The microplate was then 

covered with a plastic cover and incubated for 30 minutes at room temperature. After 

30 minutes, the well contents were aspirated and each well was washed seven times as 

before. One hundred microliters of enzyme substrate solution was then added 

immediately to each well and the plates were kept at room temperature for 40 minutes 

(in the dark). After 40 minutes, the enzyme reaction was stopped by the addition of 

100 μl of stop solution per well. The absorbance (measured A450 values and subtracted 

A630 values) was measured within 30 minutes using a plate reader (CLARIOstar, BMG 

LABTECH). 

3.2.11 Confirmation of graft function by nephrectomy 

For this procedure, the mouse was first anaesthetized by isoflurane inhalation. 

Following confirmation of full sedation, a lumber incision of approximately 1 cm was 

performed to access the left kidney. The graft containing kidney was externalised using 

curved forceps (Figure 3.2). A non-absorbable suture was placed around the renal 

artery and vein to prevent bleeding. The artery and vein were cut distal to the suture. 

The grafted kidney was removed and fixed in 10% buffered formalin for histological 

examination.  

The peritoneal wall was closed with sutures, and the exterior skin was closed using 

Michel clips. The mouse was monitored until it had fully recovered from the 

procedure. Complications were unlikely to occur as the removal of a single kidney 

generally does not have a life-threatening impact on the animal since the remaining 
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kidney is sufficient to support life and it generally precludes significant compensatory 

problems. The major concern was blood loss. Tight ligatures were placed around the 

renal artery and vein to prevent this from happening. The animals were kept alive for 

several days after the nephrectomy to allow time for confirmation of the 

hyperglycaemic state. The mice were monitored for changes in coat texture 

(scruffiness), blood glucose levels, and increased lethargy indicative of the onset of 

diabetes. The mice were monitored twice daily for two days post-nephrectomy and 

then once per day. Upon confirmation of hyperglycaemia (i.e., a blood glucose reading 

of ˃ 18 mM or two consecutive blood glucose readings between 13 and 18 mM), the 

mice were euthanized. 

 

Figure 3.2 Removal of the grafted left kidney. 

The graft containing kidney was externalised using curved forceps, which was 

removed and fixed in 10% buffered formalin for histological examination. 
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3.2.12 Harvesting pancreas and grafted kidney  

At the end of the experiment, the recipients were euthanized by cervical dislocation. 

The grafted kidney and pancreas were removed using scissors and forceps for further 

examination (H&E staining and IHC) 

3.2.13 Tissue processing, embedding, and sectioning  

The tissues were fixed in 10% buffered formalin overnight and were then transferred 

to 70% ethanol. The issues were processed according to following sequence: 

1. 70% ethanol for 2 hours 

2. 90% ethanol for 2 hours 

3. Absolute alcohol for 2 hours 

4. Absolute alcohol for 2 hours 

5. Absolute alcohol for 2 hours 

6. Toluene for 1 hour 

7. Toluene for 1 hour 

8. Wax for 1 hour 

9. Wax for 1 hour 

10. Wax for 1 hour 

After processing, the tissue samples were embedded in paraffin and subsequently cut 

into thin (5 μm) sections. These sections were then placed on slides for examination. 

3.2.14 Haematoxylin and Eosin (H&E) staining  

For this procedure, the slides were first deparaffinised by being placed in toluene twice 

for 2 minutes. The tissues were then hydrated by immersing the slides ten times in 

100% ethanol (repeated twice), ten times in 70% ethanol, and ten times in tap water. 

The nuclei were stained by immersing the slides in haematoxylin solution for 1.5 

minutes, after which the slides were thoroughly rinsed with running tap water, briefly 
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immersed in acid-alcohol, and rinsed again with running tap water followed by an 

alkaline rinse (ten immersions). The slides were rinsed again with running tap water 

and immersed ten times in 70% ethanol. The cytoplasm was then stained by immersion 

of the slides in eosin solution for 45 seconds followed by ten immersions in 100% 

ethanol (repeated three times) for dehydration and immersion in toluene ten times 

(repeated three times). Mounting medium (DPX) was then placed on the slides, 

coverslips were gently placed on top of the slides, and they were dried overnight. The 

slides were observed using a microscope (Nikon, Tokyo, Japan).            

3.2.15 Immunohistochemistry (IHC) 

The first step of the IHC procedure was deparaffinization by sequential immersion of 

the sections in three containers of xylene substitute for 5 minutes each. To start 

rehydration, the sections were sequentially immersed in 100% ethanol for 3 minutes, 

95% ethanol for 3 minutes, and 70% ethanol for 3 minutes. To complete the 

rehydration process, the sections were washed twice with water for 5 minutes each 

time, followed by antigen retrieval. 

Antigen retrieval 

The slides were brought to a boil in 10 mM sodium citrate buffer, pH 6.0, using a 

microwave oven and they were then maintained below the boiling point for 6 minutes. 

The slides were then placed on a benchtop for 30 minutes, after which they were 

washed once with PBS for 5 minutes. 

Permeabilization and blocking 

Prior to permeabilization, a hydrophobic barrier was drawn around the section using 

an Super PAP Pen (Life technologies, Frederick, MD, USA). Permeabilization buffer 

(0.2% Triton X-100 in PBS) was added to each section and incubated for 30 minutes, 

after which the slides were washed twice with PBS for 5 minutes each time. To prevent 
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non-specific binding of the antibody to the tissues, each section was blocked with 

blocking buffer (10% FBS in PBS) and kept in a humid chamber for 30 minutes. The 

slides were then washed twice in PBS for 5 minutes each time.  

Staining 

Approximately 100-300 μl of primary antibody diluted in PBS containing 0.5% FBS 

was added to each section and incubated overnight at 4 ºC in a humid chamber. The 

antibody solution was then removed and the slides washed three times in PBS for 5 

minutes each time. Approximately 100-300 μl of secondary antibody diluted in PBS 

was then added to the sections and incubated for 1 hour at room temperature in a humid 

chamber. During this time, the slides were protected from light. The slides were then 

washed three times in PBS for 5 minutes each time. The primary antibodies that were 

used were: guinea pig anti-mouse insulin antibody (dilution 1 : 200; AB7842; Abcam, 

Cambridge, MA, U.S.A.); anti-glucagon rabbit polyclonal antibody (dilution 1 : 3, 

PA1-21353; Thermo Scientific, Meridian Rd, Rockford, IL, U.S.A.). The secondary 

antibodies that were used were: Alexa Fluor 568 goat anti-guinea pig antibody 

(dilution 1 : 600; Ab 175714; Abcam); Alexa Fluor 488 goat anti-rabbit antibody 

(dilution 1 : 200; A11008; Invitrogen; Eugene, Oregon, U.S.A.) 

Counterstaining and mounting of the sections 

The sections were counterstained with DAPI (diluted in PBS) for 10 minutes in the 

dark and then briefly washed once in PBS. The sections were then mounted with 

coverslips using Vectashield HardSet mounting media and allowed to dry at room 

temperature in the dark. The slides were then observed using a Nikon microscope 

equipped for fluorescence imaging. 
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 Results 

3.3.1 STZ-induced diabetes in NOD/SCID mice  

Following STZ administration, the blood glucose levels of the mice rose to a 

hyperglycaemic level within two days (Figure 3.3).  Weight loss was also observed in 

these mice shortly after diabetes induction (Figure 3.4). Although the coats of these 

mice became ruffled after the onset of diabetes, they did not exhibit any unusual 

behaviour. 

 

Figure 3.3 Blood glucose concentrations in mice increased immediately 

after STZ administration. n = 10. 

Measurement of blood glucose concentrations in mice before (day 0) and after 

(day 2, day 4 and 6) STZ administration. Data are presented as mean ± SD. 
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Figure 3.4 The body weight of mice decreased after STZ administration.  

n = 10. 

The body weight of mice was measured before (day 0) and after (day 2, day 4 

and day 6) STZ administration. Data are presented as mean ± SD. 

3.3.2 The in vitro-generated mature β-like cells functioned 

in vivo after transplantation 

The mature β-like cells were transplanted under the kidney capsule of streptozotocin-

induced diabetic mice one week after induction of diabetes. Grafts contains ~ 4 x 105 

mature β-like cells halted the progression of hyperglycaemia and lowered the blood 

glucose concentration to a normoglycaemic level shortly after transplantation (Figure 

3.5). In 50% of the mature β-like cell recipients, normoglycaemia was achieved within 

only 7 weeks (Figure 3.5), while the rest required more time to do so. All of the mature 

β-like cell recipients exhibited an increase in body weight (Figure 3.6). Similar trends 

were observed in control mice grafted with ~ 5 x 105 islet cells per recipient (rational 

for choosing ~ 4 x 105 mature β-like cells per recipient but ~ 5 x 105 islet cells per 

control recipient is that a typical islet contains approximately 75% - 80% beta cells, 

therefor, ~ 5 x 105 islet cells are equivalent to ~ 4 x 105 mature β-like cells). All of the 
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islet cell recipients and the mature β-like cell recipients became physically active, 

unlike the negative control mice (transplanted with ~ 4 x 105 fetal lung cells), which 

became lethargic, ruffled, and importantly failed to exhibit lower blood glucose levels 

(Figure 3.7). These negative control mice also had lower body weights (Figure 3.8).  

 

 

Figure 3.5 Transplanted mature β-like cells completely reversed 

hyperglycaemia in STZ induced diabetic mice. n = 4. 

A. Blood glucose measurements of individual mice transplanted with the mature 

β-like cells (blue colour line) and islet cells (orange colour line). B. Average blood 

glucose measurement before and after nephrectomy. Data are presented as mean 

± SD. 
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Figure 3.6 Transplanted mature β-like cells rapidly improved body weight 

in STZ induced diabetic mice. n = 4. 

Average body weight of mice transplanted with the mature β-like cells (blue 

colour line) and islet cells (red colour line). Data are presented as mean ± SD. 

 

 

Figure 3.7 Blood glucose measurements of lung cell recipients (negative 

control). n = 4. 

Transplanted E17.5 lung cells (negative controls) failed to reduce blood glucose 

concentrations in STZ induced diabetic mice. Data are presented as mean ± SD. 
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Figure 3.8 Body weight measurements of lung cell recipients (negative 

control). n = 4. 

Body weight reduced in STZ induced diabetic mice transplanted with E17.5 lung 

cells. Data are presented as mean ± SD. 

3.3.3 The mature β-like cell recipients rapidly cleared 

glucose from the blood  

To assess whether the mature β-like cells contributed to the regulation of glucose 

metabolism in the recipients, glucose clearance was compared after intraperitoneal 

glucose injections in mice transplanted with either the mature β-like cells or islet cells, 

and in untransplanted NOD/SCID mice (non-diabetic). The fasting blood glucose 

levels of the mice transplanted with the mature β-like cells were similar to those of the 

mice transplanted with islet cells and the non-diabetic mice. The mature β-like cell 

recipients were able to clear glucose from the blood, and they returned closer to 

baseline in a manner which confirms that β-like cells clearly functioned in vivo and 

provided a measure of glucose control (Figure 3.9). 
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Figure 3.9 Intraperitoneal glucose tolerance test. 

Average blood glucose levels over a 120-minute span in response to the 

intraperitoneally injected glucose (~25 weeks post-transplantation). P values at 

0, 30, 60, 90 and 120 minutes were 0.33, 0.001, 0.004, 0.09 and 0.08 

respectively when blood glucose concentrations of mature β-like cells 

recipients were compared with that of untransplanted NOD/SCID. n = 3, 4 and 

5 for mature β-like cells recipients, untransplanted NOD/SCID mice and islet 

cells recipients respectively. Data are presented as mean ± SD. 

3.3.4 The mature β-like cells were able to synthesize and 

release C-peptide in response to an in vivo glucose 

challenge 

Glucose-stimulated insulin secretion was assessed by analysis of C-peptide levels in 

sera collected from mice during a glucose challenge (at 0, 30, and 60 minutes). The 

glucose-responsive increase of C-peptide in the sera of mice engrafted with the mature 

β-like cells was similar to that of the mice implanted with pancreatic islet cells, but 

comparatively less than that of the non-diabetic control mice (i.e. untransplanted age-

matched NOD/SCID mice) (Figure 3.10). 
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Figure 3.10 ELISA measurements of serum C-peptide. 

ELISA measurements of C-peptide from the serum of mice transplanted with 

the mature β-like cells, islet cells and in age-matched untransplanted non-

diabetic NOD/SCID mice. Measurements were taken before (0 min, blue bars), 

30 min (orange bars) and 60 min (grey bars) after a glucose injection of mice. 

P = 0.625 when C-peptide concentration of mature β-like cells recipients at 30 

minutes was compared with that of islet cells recipients, P = 0.067 when C-

peptide concentration of mature β-like cells recipients at 30 minutes was 

compared with that of untransplanted non-diabetic mice.  n = 3 for islet cells 

recipients and untransplanted non-diabetic mice, n = 4 for mature β-like cells 

recipients. Data are presented as mean ± SD. 

3.3.5 The mature β-like cells were able to synthesize and 

release insulin in response to an in vivo glucose 
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Although the level of C-peptide is an appropriate measure for assessment of the release 

of de novo-generated insulin by the implanted cells, in order to further document the 

in vivo functionality of the mature β-like cells, serum insulin levels were also 

measured. A pattern similar to the production of serum C-peptide was noted, with a 
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comparatively less than that of the non-diabetic control mice (i.e. untransplanted age-

matched NOD/SCID mice) (Figure 3.11). 

 

Figure 3.11 ELISA measurements of serum insulin. 

ELISA measurements of insulin from the serum of mice transplanted with the 

mature β-like cells, islet cells and in age-matched untransplanted non-diabetic 

NOD/SCID mice. Measurements were taken before (0 min, light blue bars), 30 

min (grey bars) and 60 min (dark blue bars) after a glucose injection of mice. 

P =  0.830 when serum insulin concentration of mature β-like cells recipients 

at 30 minutes was compared with that of islet cells recipients, P = 0.412 when 

serum insulin concentration of mature β-like cells recipients at 30 minutes was 

compared with that of untransplanted non-diabetic mice.  n = 3 for islet cells 

recipients and untransplanted non-diabetic mice, n = 4 for mature β-like cells 

recipients. Data are presented as mean ± SD. 
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3.3.7 Confirmation of the presence of the graft 

The engrafted kidneys were harvested for histological examination (Figure 3.12). The 

grafts were characterised by H&E staining and IHC analysis.  In the H&E-stained 

sections, the grafts could be seen adjacent to the kidney (Figure 3.13). The IHC 

analysis revealed that in both the mature β-like cell-containing grafts and the islet cell-

containing grafts insulin-positive cells were adjacent to the kidney. Analysis of the 

insulin and glucagon staining revealed that the mature β-like cells remained 

monohormonal after transplantation. A small population of glucagon-positive cells 

were observed in both types of grafts (i.e., grafts with the mature beta-like cells and 

grafts with islet cells), which were located around clusters of insulin-positive cells in 

a manner similar  to what was seen in typical mouse islets (Figure 3.14).  

 

 

Figure 3.12 Engrafted kidney harvested at ~ 31 weeks post-

transplantation. 
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Figure 3.13 H&E-stained engrafted kidney sections. 

H&E-stained engrafted kidney sections for confirmation of the presence of the 

graft in islet cell (E, representative positive control) and mature β-like cell (A, 

B, C, D) recipients. Intact graft development was observed in control mice 

receiving islet cells as well as in experimental mice receiving mature β-like 

cells, whereas in mice receiving the lung cells (F, representative negative 

control) development of a normal graft was not observed. 
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Figure 3.14 Immunohistochemical analysis of kidney graft. 

Immunofluorescence analysis of graft samples at ~31 weeks post-

transplantation stained with insulin (red), glucagon (green), and DAPI (blue). 

a. graft with the mature β-like cells, b. graft with islet cells, and c. mouse 

pancreas. 

3.3.8 Further confirmation of graft function by IHC 

To further confirm that the post-transplantation normoglycaemia of induced diabetic 

mice was achieved by the mature β-like cells and not by endogenous β-cells, pancreata 

from mature beta-like cell recipients were removed by dissection after ~ 31 weeks 

post-transplantation. Immunostaining analysis showed that the islets of these mice 

were mostly composed of glucagon-secreting cells. A very small number of β-cells 

were observed in these islets (Figure 3.15). 
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Figure 3.15 Immunofluorescence analysis of pancreas.  

Analysis was performed of pancreas from STZ-treated mice after ~31 weeks 

post-transplantation using insulin and glucagon antibody (red = insulin, green 

= glucagon, blue = DAPI); a. pancreas section showing islet of a mature β-like 

cell recipient, b. an islet cell recipient, and c. an non-transplanted (non- 

diabetic) mouse. 

 Discussion 

The data presented in this chapter confirm that, following their transplantation to 

diabetic mice, the in vitro-generated mature β-like cells were functionally similar to 

primary islet cells. Although the generation of insulin-producing cells that respond to 

glucose challenge has been reported previously, most of these cells were unable to 

function properly in vivo (Cheng et al., 2012). The ability to respond properly to 
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glucose by secretion of insulin is a key feature of β-cells, and this can be quantified 

and observed in vitro as well as in vivo (Pagliuca et al., 2014). The monohormonal 

identity of adult β-cells is also considered to be an essential feature. The mature β-like 

cells generated in this study remained monohormonal (i.e., they did not secrete 

glucagon) after transplantation in diabetic mice and they were able to secrete insulin 

after both in vitro and in vivo glucose challenges. As shown in this chapter, the mature 

β-like cell recipients were able to lower their blood glucose level after intraperitoneal 

glucose injection in a manner similar to islet cell recipients and untransplanted 

NOD/SCID mice (non-diabetic) (Figure 3.9). 

The glucose-responsive increase of C-peptide and insulin in the sera of mice engrafted 

with the mature β-like cells further confirmed that they could synthesize and release 

insulin in response to glucose. Although the insulin and C-peptide levels detected in 

the sera of mature β-like cell recipients were similar to those of the mice transplanted 

with islet cells, they were lower than those of untransplanted NOD/SCID mice (non-

diabetic). More likely there is much lower cell mass in graft than an intact whole 

pancreas and also there is a degree of impairment in terms of the re-establishment of 

vascularization necessary for glucose and insulin exchange in transplanted mice, this 

might be the reason for the lower level of serum insulin and C-peptide observed in the 

mature β-like cell recipients as well as in the islet cell recipients compared to the 

untransplanted non-diabetic mice. Several studies have indeed shown that islets may 

fail to establish proper revascularization after experimental transplantation, even long-

term after implantation (Carlsson et al., 1998; Carlsson et al., 2000; Carlsson et al., 

2001; Carlsson et al., 2002; reviewed by Jansson and Carlsson, 2002). 

Glucagon-positive alpha cells are thought to be critically important for maintaining 

glucose homeostasis (as reviewed by Unger and Cherrington, 2012). A population of 
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glucagon-positive cells were observed in both types of graft (i.e., grafts comprising 

mature β-like cells and grafts containing islet cells), which were located around 

clusters of insulin-positive cells in a manner similar to what was observed in typical 

mouse islets (Figure 3.14). 

In this study, 50% of the mature β-like cell recipients achieved normoglycaemia within 

only seven weeks, while the rest required more time to do so. One of the possible 

reasons why some recipients took more time to achieve normoglycaemia could be a 

loss of some cells during transplantation, especially during placement of matrigel plugs 

containing mature β-like cells into subcapsular space of kidney. However, it is 

important to note that all of the surviving mature β-like cell recipients (diabetic 

NOD/SCID mice) eventually exhibited restoration of stable euglycaemia. This 

corrected phenotype was sustained (more than seven months) until nephrectomy was 

performed to confirm graft function. After nephrectomy, the blood glucose levels 

reached hyperglycaemic levels within a day (Figure 3.5), which confirmed that the 

euglycaemia was achieved by the implanted mature β-like cells and not by endogenous 

pancreatic β-cells.  

This finding was further confirmed by immunostaining analysis of pancreas from the 

mature β-like cell recipients at ~31 weeks post-transplantation. It was found that the 

endogenous pancreatic islets of the STZ-treated mice transplanted with the mature β-

like cells mostly contained glucagon-secreting cells and too few β-cells to be able to 

rescue diabetes, compared to a typical functional islet contains around 65% to 80% β-

cells and approximately 20% glucagon-secreting cells (Figure 3.15).  

In summary, the in vitro-generated mature β-like cells were able to rapidly halt the 

progression of hyperglycaemia,  entirely reverse signs of diabetes within seven weeks 

after transplantation in diabetic mice, and reduced blood glucose to a normoglycaemic 
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level. As shown in this chapter, they also met several other important criteria of 

functional β-cells. This study demonstrated an advance on the previous investigation 

(Jiang et al., 2017) where the insulin-producing cells (generated by our group) were 

unable to completely reverse diabetes in STZ-induced diabetic mice within the eight 

week observation period. Although those insulin producing-cells (Jiang et al., 2017) 

could halt the progression of hyperglycaemia, by approximately eight weeks, the blood 

glucose levels were still high and failed to reach to normoglycaemic levels. This study 

therefore documents an effective approach to induce maturation of islet progenitor 

cell-derived immature insulin-producing cells toward mature β-like cells, thereby 

providing potentially valuable insights in regard to the generation of mature β-cells for 

diabetes replacement therapy. 
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 Introduction 

T2D is caused by both environmental and inherited factors (as reviewed by Doria et 

al., 2008) and is considered as a genetically heterogeneous disease. There is evidence 

that diabetes has a strong genetic basis (Meigs et al., 2000; Hemminki et al., 2010) 

and the tendency for pancreatic β-cell dysfunction is inherited (Elbein et al., 1999). 

T2D is mediated by  many genes, all of which have small effects. It is probable that 

insulin secretion is also subject to genetic variance at several loci (as reviewed by van 

Tilburg et al., 2001). Understanding the genetic regulation of pancreatic insulin 

content is also of interest as it may provide a significant step towards understanding 

the physiologic imbalance driving the pathogenesis of diabetes.  

Investigators have worked for decades to unravel the role of genetics in T2D. Although 

these studies provided valuable insights into some monogenic forms of diabetes, the 

genetics of T2D remains unclear.  Over the past years, crucial investigations based on 

high-throughput genome-wide association studies have uncovered many new diabetes-

related genetic loci (e.g. Barrett et al., 2009; Bradfield, et al., 2011; Cooper et al., 

2012) and provided new targets for mechanistic research but have not been able to 

fully explain the large genetic contribution of heritability to this disorder and indeed 

other complex genetic diseases. In humans, such studies are compromised due to 

various limitations. Therefore, recombinant inbred mouse populations have been 

developed as valuable resources to overcome some of these limitations, and enable 

the functional characterisation of candidate genes. 

‘The Collaborative Cross’ (CC) is the most powerful of such genetic reference 

populations, and is very useful for genetic analysis of complex traits. This mouse 

population is a valuable resource with important advantages including the availability 

of disease-relevant samples, better control of environmental factors and well-
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established techniques available for the functional characterisation of candidate genes. 

Here, I studied the variation of pancreatic insulin content in such a sophisticated 

genetic reference population, termed the Gene Mine (Morahan et al., 2008). The Gene 

Mine is a powerful resource for genetic characterization of any mouse phenotype, and 

comprises around 100 genetically diverse inbred mouse strains. This resource provides 

an appropriate model system with high genetic diversity and detailed genomic 

characterization, facilitating high-resolution gene mapping. The Gene Mine has been 

successfully used to study a variety of phenotypes and complex traits (e.g. Ram et al., 

2014; Yuan et al., 2016; Boutilier et al., 2017). However, the Gene Mine has not yet 

been applied to study genetics related to total pancreatic insulin content. Therefore, I 

aimed to use this resource to identify causative genes associated with the pancreatic 

insulin content phenotype. 

In this investigation, insulin was extracted and measured from 68 different Gene Mine 

strains. A wide variation in pancreatic insulin content among these mouse strains was 

observed. Some of the strains (e.g. LOT, MERCURI, LAX) produced a low amount 

of insulin while other strains (e.g. TAS, PIPING, XXEN3) produced significantly 

higher levels. Histological examination was performed to measure the insulin 

intensity, islet numbers, islet size and islet areas of low- and high-insulin producing 

mouse strains.  Using bioinformatics and statistical analyses, candidate genes for a 

higher pancreatic insulin content phenotype were identified. 

 

 

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4174955/#bib12
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 Materials and Methods 

4.2.1 Mouse strains used for this study 

The Gene Mine mice used in this study were bred by Geniad Pty Ltd. and housed in 

specific pathogen-free conditions within their dedicated facility at the Animal 

Resources Centre (Murdoch, WA, Australia) as described (Morahan et al., 2008). 

Mice were maintained with appropriate ethics approvals following the Australian 

Code for the Care and Use of Animals for Scientific Purposes. Total pancreatic insulin 

was extracted from 68 male strains of about seven weeks old. 

4.2.2 Dissecting pancreas 

Mice were euthanised by carbon dioxide inhalation before collecting the pancreas and 

were checked for lack of respiration, eyes and limbs movement to confirm that the 

animals were dead. Pancreata were removed, weighed and insulin was extracted and 

measured according to the protocol described below.  

4.2.3 Pancreatic insulin extraction 

Pancreatic insulin was extracted by using acid ethanol (0.18M HCl in 70% ethanol). 

Sequentially, six ceramic beads were placed in tough tubes.  1ml of acid ethanol was 

added to each tube. Tubes were labelled with the name of mouse strain, weighed and 

stored on ice. Pancreata were dissected; fat and connective tissues were trimmed off 

and pancreata were placed in tubes containing acid ethanol. Tubes were given a quick 

shake to immerse tissue in acid ethanol and weighed (pancreas + tube). Pancreata were 

homogenized using Tissue Lyser II for 4 minutes at a frequency of 30 shakes/second. 

Homogenate was stored overnight at 4ºC and then centrifuged at 13000 rpm for 30 

minutes at 4ºC. The supernatant was transferred to a 10ml conical tube and stored at -

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4174955/#bib12
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20ºC. 1ml of ice-cold acid ethanol was added to the pellet. The pellet was re-

homogenized, stored at 4ºC overnight and then centrifuged at 13000 rpm for 30 

minutes at 4ºC. The supernatant was transferred to a 10ml tube. Homogenization and 

collection of supernatant were repeated for one more time. Altogether 3mls extract 

was collected from each pancreas, then was topped up to 6ml with acid ethanol. 

Extracts were stored at -20ºC. 

4.2.4 Measurement of insulin content 

Amount of insulin was measured using Millipore Rat/Mouse Insulin ELISA Kit. 

Briefly, three biological samples from each mouse strain were measured. Before 

setting up the assay, samples were diluted in three steps as described below: 

Insulin extract was warmed to 37ºC, vortexed and diluted 1/1500 in three steps 

1. 1/15 into PBS, i.e. 10 µl sample into 140 µl of PBS 

2. 1/10 into PBS, i.e. 10 µl of diluted sample into 90 µl of PBS 

3. 1/10 into ELISA assay buffer, i.e. 10 µl of diluted sample from step 2 into 90 

µl of assay buffer 

Enzyme-Linked Immunosorbent Assay (ELISA) was then performed according to the 

manufacturer’s instruction. 

4.2.5 Genetic analyses 

A step-by-step guide for candidate gene mapping was previously presented (Ram et 

al., 2014). Here, genome-wide association analysis using the Gene Mine resource was 

performed according to that description (Ram et al., 2014). Briefly, the Gene Mine 

strains and founder strains were genotyped with a MegaMUGA Illumina array. 

HAPPY was utilised to reconstruct founder haplotypes in each strain. Two algorithms 
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were used to analyse genome-wide association of pancreatic insulin contents: 1. 

Simple GWAS was performed with 77,808 well-annotated SNP markers. 2. Linkage 

analysis identified QTL and inferred contributing founder haplotypes. To evaluate the 

maximum-likelihood estimate (derived LOD score) for each genomic position, a linear 

mixed model (R/QTL) was utilised. 

4.2.6 Pancreatic histology and measurement of insulin 

intensity, islet number, islet area and β-cell mass 

Mouse pancreata were carefully excised and fixed in 10% buffered formalin overnight, 

processed and embedded in paraffin (according to the protocol described in section 

3.2.13, chapter 3). Each pancreas was exhaustively sectioned using a section thickness 

of 5 μm. Every 50th section was interrogated (e.g. 10, 60, 110, 160, 210, 260, etc.) and 

sampled on glass slides until the entire pancreas was sectioned. All the sections were 

immunostained (according to the protocol described in section 3.2.15, chapter 3) to 

visualise insulin using guinea pig anti-mouse insulin antibody (dilution 1: 200; 

AB7842; Abcam, Cambridge, MA, USA) and Alexa Fluor 568 goat anti-guinea pig 

antibody (dilution 1: 500; Ab 175714; Abcam) as a secondary antibody. Slides were 

observed and scanned using a Nikon A1 confocal microscope with a 4x objective 

(numerical aperture 0.2) using 405 nm laser (detector -450/50) and 561 nm laser 

(detecter -595/50) for DAPI and Alexa Fluor 568 fluorescence respectively. Images 

were analysed using Fiji software (https://fiji.sc/) for measuring insulin intensity, islet 

number, islet size and islet proportion. This analysis was performed using optimized 

macros (developed by Assoc Prof Paul Rigby, Centre for Microscopy, 

Characterisation and Analysis, The University of Western Australia) written in Fiji 

where the parameters were consistent for all samples analysed. In the macro protocol, 

images were binarized, and particle analysis was performed where islets larger than 

https://fiji.sc/
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2000 µm2 were counted for measuring the insulin intensity, islet size, islet number and 

islet proportion. 

 Results 

4.3.1 Variation in pancreatic insulin content among the 

strains 

Pancreatic insulin was extracted from each of 68 male mice of Gene Mine mouse 

strains, using acid ethanol, and an enzyme-linked immunosorbent assay was 

performed to measure the insulin content. A wide range of insulin content levels was 

observed, from 2 µg to 71 µg (Figure 4.1). Some strains were found significantly 

different when insulin contents of individual strain was compared with that of others 

(Table 4.1). Even after correcting for multiple tests, TAS and LOT had P values less 

than the threshold (which is 0.05/68). The top three strains producing the highest 

amount of insulin were TAS, PIPING and XXEN3 and the bottom three strains were 

LOT, MERCURI and LAX (none of the mice in the Gene Mine resource was glucose 

intolerant or hyperglycemic). 

4.3.2 Correlation between pancreatic insulin content and 

body mass or pancreatic mass 

Body mass and pancreatic mass of the respective mouse strains (68) were measured 

(Figure 4.2, 4.3). The three strains with highest body mass were BOON (25.3 g), LUV 

(23.8 g), XXEN3 (23.7 g) and the three strains with lowest body mass were LUG (12.9 

g), STUCKY (14.4 g), PUB (14.9 g). The largest pancreas was observed in YIL (0.21 

g), BEM (0.21 g) and PAT (0.18 g) and smallest pancreas was observed in LEL (0.06 
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g), PUB (0.05 g), WAD (0.03 g). A significant correlation between pancreatic insulin 

content and body mass was not observed (Figure 4.4). 
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Figure 4.1 Total pancreatic insulin content measurements of 68 male Gene 

Mine mouse strains.  

Each dot represents the value from an individual mouse and the red vertical bar 

represents the mean value.  
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Table 4.1 P value for total pancreatic insulin contents of individual strain 

was calculated using online Exact Wilcoxon-Mann-Whitney Test Calculator 

(EDISON-WMW: Exact Dynamic Programing Solution of the Wilcoxon-

Mann-Whitney Test.) by comparing pancreatic insulin contents of each 

strain with that of others 

Gene Mine Strain P value Gene Mine Strain P value 

TAS 2.00E-06 DONELL    NS 

PIPING 6.97E-04 LIP  NS 

XXEN3      0.01 XEB2    NS 

HAZ     0.003 LUG   NS 

FEW   0.002 WOB2    NS 

POH    0.015 KAV   NS 

ROGAN  0.038 BOM   NS 

GIG  3.00E-05 FUF   NS 

PAT  0.02 PUB  NS 

LOD  NS BEM  NS 

NOD  0.02 SAT  NS 

CIS  0.003 B6     NS 

WAD  0.05 JUNIOR  NS 

DAVIS  0.05 YOX  NS 

LUV  0.044 VUX2     NS 

XAW2     NS VIT  NS 

GIT  NS LUF  NS 

DET3      NS GET  NS 

BOON  NS 129 NS 

XAV   NS LAM   NS 

TOP  NS XAB   NS 

XAH3   NS MEE   NS 

ZIF2   NS LUZ   NS 

WAB2   NS NUK   NS 

YIL   NS PEF   0.002 
YID   NS FIV   0.01 
STUCKY NS LAT   NS 

LOM  NS TOFU   0.01 
HAX2    NS GALA  0.007 
AJ    NS JUD  0.008 
LEL  NS SEH  0.004 
HOE  NS LAX  4.37E-04 

XAS4    NS MERCURI    9.75E-04 

HIP  NS LOT   6.00E-06 
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Figure 4.2 Body mass measurements of 68 male Gene Mine mouse strains.  

Each dot represents the value from an individual mouse and the red vertical bar 

represents the mean value. 
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Figure 4.3 Measurement of pancreatic mass of 68 male Gene Mine mouse 

strains.  

Each dot represents the value from an individual mouse and the red vertical bar 

represents the mean value. 
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Figure 4.4 Comparison of pancreatic insulin content (µg) and body mass 

(g) in the Gene Mine strains. Calculated R2 was only 0.13 suggesting that 

these traits were not correlated. 

4.3.3 Histological examination of pancreatic islets 

In order to understand the variation in islet insulin content, histological examination 

was performed to determine whether there were any differences in islet number, islet 

size, islet proportion and insulin intensity between low (LOT, SEH, LAX) and high 

insulin-producing Gene Mine strains (TAS, PIPING, FEW) (Figure 4.4, 4.5, 4.6, 4.7). 

This study was performed on six mouse strains (LOT, SEH, LAX, TAS, PIPING, 

FEW) as it was too labour intensive to do for all 68 strains. For this investigation, 

insulin-stained pancreas sections were scanned using a Nikon A1 confocal microscope 

and images were analysed using Fiji software (an image processing package based on 

ImageJ which facilitates scientific image analysis; https://fiji.sc/) to calculate the 

insulin intensity as well as the number, size and proportion of islet.  Comparing the 

average islet size and number of islets, some variations were observed among these 

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80

Pancreatic insulin content (µg)

B
o

d
y 

m
as

s 
(g

)

https://fiji.sc/


Genetic Regulation of Pancreatic Insulin Content 

105 

 

strains. The average islet size in SEH was smaller, whereas PIPING possessed bigger 

islets. TAS was found to have more islets than other strains. Histological analysis also 

revealed that the islet proportion and insulin intensity were comparatively higher in 

high insulin producing strains (TAS, PIPING, FEW) than in low insulin producing 

strains (LOT, SEH, LAX). Taken together, these data suggested that high insulin 

production by some mouse strains (TAS, PIPING, FEW) was due to a higher 

proportion of pancreatic islets.   

 

 

Figure 4.5 Average islet size in ~7 weeks old low (LOT, SEH, LAX) and 

high insulin-producing Gene Mine strains (PIPING, FEW, TAS). 

 Data are presented as mean ± SE, n = 3. P = 0.04, 0.01, 0.2, 0.005 and 0.03 

when islet size of SEH was compared with that of PIPING, FEW, TAS, LOT 

and LAX respectively. 
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Figure 4.6 Number of islets in  ̴ 7 weeks old low (LOT, SEH, LAX) and 

high insulin-producing Gene Mine strains (PIPING, FEW, TAS).  

Data are presented as mean ± SE, n = 3. P = 0.03, 0.02, 0.003, 0.06 and 0.001 

when number of islets per mm2 of pancreas area of TAS was compared with 

that of LOT, SEH, LAX, PIPING and FEW respectively. 

 

 

Figure 4.7 The proportion of islet in  ̴ 7 weeks old low (LOT, SEH, LAX) 

and high insulin-producing Gene Mine strains (PIPING, FEW, TAS).  

Data are presented as mean ± SE, n = 3. P = 0.161, 0.130, 0.186, 0.298 and 

0.233 when the islet proportion of TAS was compared with that of LOT, SEH, 

LAX, PIPING, FEW and TAS respectively. 
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Figure 4.8 Insulin intensity in  ̴ 7 weeks old low (LOT, SEH, LAX) and 

high insulin-producing Gene Mine strains (PIPING, FEW, TAS).  

Data are presented as mean ± SE, n = 3. P = 0.39, 0.14 and 0.06 when insulin 

intensity of PIPING was compared with that of LOT, SEH and LAX 

respectively and P = 0.10, 0.18 and 0.25 when insulin intensity of TAS was 

compared with that of LOT, SEH and LAX respectively. 
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highest insulin levels (Figure 4.10). The significant locus was identified at 60.2 to 71.7 

Mb on chromosome 1 with LOD = ~ 8. This broad a region could be defined by a 1 or 

2 LOD drop. Candidate genes were prioritized based on contributing founder 

haplotype and sequence analysis. Genes that contained variants (missense, splice site 

and splice donor SNPs) unique to the WSB founder were: Carf, Nbeal1, Cyp20a1, 

Abi2, Dytn, Fastkd2, Cryge, Crygc, Crygb, Idh1, Crygf, Map2, Unc80, Cps1, 

Gm15669, Gm29114, Ikzf2, Spag16, Fn1 and Apo17d.  

Among the above 20 genes, microarray data (generated by our group) revealed 

expression of three genes (Abi2, Idh1, Map2) in mouse pancreatic islets. Two of these 

(Abi2, Map2) were also found to be expressed in mouse islet progenitors  (Table 4.2, 

4.3).  

Among the rest of the genes, none were found to be expressed in the pancreatic islet. 

According to the NCBI dataset, Carf and Spag16 were expressed in testis, and Nbeal1, 

Cyp20a1, Unc80, Cps1, Ikzf2, Fn1 and Irak4 were expressed primarily in ovary, 

thyroid, brain, liver, oesophagus, placenta and lymph node respectively. Low 

expression of Dytn was noticed in some tissues including bone marrow, testis and 

endometrium. Expression of Crygc and Crygb was observed in eye, and Gm15669 and 

Fastkd2 was observed in testis (in mice) and thyroid respectively. As the expression 

of these genes (Carf, Nbeal1, Cyp20a1, Dytn, Fastkd2, Cryge, Crygc, Crygb, Crygf, 

Unc80, Cps1, Gm15669, Gm29114, Ikzf2, Spag16, Fn1, Apo17d and Irak4) was not 

observed in pancreatic islet, they were unlikely to  contribute to the variation in 

pancreatic insulin content but they might have indirect role. 
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Table 4.2 Genome-wide significant SNPs associated with high concentration 

of pancreatic insulin in the Gene Mine strains (from MugaQTL analysis) 

Gene SNP ID Chr Position 

(bp) 

p-Value Type/ 

Function 

Founder 

Carf rs49938529 1 60204711 2.42E-05 missense WSB 

Nbeal1 rs221181384 1 60314404 2.42E-05 missense WSB 

Nbeal1 rs251180250 1 60386311 2.42E-05 Splice_site WSB 

Cyp20a1 rs227379658 1 60411401 2.42E-05 missense WSB 

Abi2 rs29703501 1 60500850 2.42E-05 missense WSB 

Dytn rs265112424 1 63680225 2.42E-05 missense WSB 

Dytn rs226224042 1 63680226 2.42E-05 missense WSB 

Dytn rs30052609 1 63723773 2.42E-05 missense WSB 

Fastkd2 rs241374184 1 63794702 2.42E-05 missense WSB 

Cryge rs227601766 1 65097633 2.42E-05 missense WSB 

Crygc rs246144945 1 65119957 2.42E-05 missense WSB 

Crygb rs222904081 1 65127048 2.42E-05 missense WSB 

Idh1 rs47901366 1 65212692 2.42E-05 missense WSB 

Idh1 rs226441364 1 65221948 2.42E-05 Splice_site WSB 

Crygf . 1 65974556 2.42E-05 Splice_site WSB 

Crygf rs251183870 1 65974781 2.42E-05 missense WSB 

Map2 rs215112740 1 66239756 2.42E-05 Splice donor WSB 

Map2 . 1 66408859 2.42E-05 Splice_site WSB 

Map2 rs248277111 1 66457247 2.42E-05 missense WSB 

Map2 rs249412628 1 66459767 2.42E-05 missense WSB 

Map2 rs257205056 1 66461747 2.42E-05 missense WSB 

Map2 rs216168484 1 66462038 2.42E-05 missense WSB 

Unc80 rs216051820 1 66550197 2.42E-05 stop_lost WSB 

Cps1 . 1 67256164 2.42E-05 Splice_site WSB 

Gm15669 . 1 67839262 2.42E-05 Splice_site WSB 

Gm29114 rs37122201 1 69560543 2.67E-06 Splice_site WSB 

Ikzf2 rs251689066 1 69588937 2.67E-06 Inframe_ins WSB 

Spag16 rs30456527 1 69970471 2.67E-06 stop_gain WSB 

Fn1 rs218648929 1 71647105 2.67E-06 stop_lost WSB 

Fn1 rs30569812 1 71689441 2.67E-06 missense WSB 

Fn1 rs259234073 1 71689456 2.67E-06 frameshift WSB 

Fn1 rs30570635 1 71689524 2.67E-06 missense WSB 

Apol7d rs30578105 1 71703623 2.67E-06 missense WSB 
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Table 4.3 Microarray data showing expression of Abi2, Idh1 and Map2 genes 

in pancreatic islet (StdErr = Standard Error) 

 Sample 1 Sample 2 

Target 

ID 

Probe ID Signal StdErr Beads Detection 

P value 

Signal StdErr Beads Detection 

P value 

Abi2 ILMN_3006644 647 26.194 35 0.00E+00 708.5359 22.334 24 0.00E+00 

Abi2 ILMN_3006643 714 28.636 36 0.00E+00 780.2005 26.928 33 0.00E+00 

Idh1 ILMN_2729458 544 23.151 48 0.00E+00 661.5944 36.557 28 0.00E+00 

Mtap2/ 

Map2 

ILMN_3137552 3098 118.355 42 0.00E+00 3231.181 121.47 35 0.00E+00 

 

Table 4.4 Microarray data showing expression of Abi2 and Map2 genes in islet 

progenitors (StdErr = Standard Error) 

 Sample 1 Sample 2 

Target 

ID 

Probe ID Signal StdErr Beads Detection 

P value 

Signal StdErr Beads Detection 

P value 

Abi2 ILMN_3006644 766 28.619 26 0.00E+00 1324.623 47.010 41 0.00E+00 

Mtap2/ 

Map2 

ILMN_3137552 3410 95.798 42 0.00E+00 6436.929 242.014 43 0.00E+00 
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Figure 4.9 LOD-score plot. 

LOD-score plot depicting the genomic position of significant peak on 

chromosome 1 for high pancreatic insulin content. 
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Figure 4.10 Founder effects at chromosome one. 

Image shows a clear segregation of WSB in the implicated region. 
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Figure 4.11 Founder haplotype identity. 

Founder haplotype identity in each genomic segment (in chromosome 1) is 

indicated with different colours as shown in the colour scheme. Strains are 

listed in the order from lower pancreatic insulin content (top) to higher 

pancreatic insulin content (bottom). 
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 Discussion 

Several genome-wide association studies for T2D have been published (e.g. Sladek et 

al., 2007; Steinthorsdottir et al., 2007; Wellcome Trust Case Control Consortium, 

2007; Zeggini et al., 2007; Diabetes Genetics Initiative of Broad Institute of Harvard 

and MIT, 2007; Scott et al., 2007; Salonen et al., 2007; Hayes et al., 2007; Hanson et 

al., 2007; Rampersaud et al., 2007; Florez et al., 2007). A large number of single-

nucleotide polymorphisms (SNPs) across the genome have been reported to be 

associated with T2D (Taylor et al., 2007). However, it is not known how these genes 

contribute to T2D. As the contribution of these genes to genetic risk remains small (as 

reviewed by McCarthy and Zeggini, 2007), there are likely many more genes to be 

identified and any of these may determine an essential pathway involved in disease. 

The purpose of this investigation was to study pancreatic insulin production among 

the Gene Mine strains and to identify the candidate gene/genes associated with this 

phenotype. A wide variation in pancreatic insulin content was observed. However, a 

positive correlation was not found between total pancreatic insulin and pancreatic mass 

or mouse body weight among all the 68 Gene Mine strains investigated. Histological 

examination of pancreatic islets was performed to understand the underlying reasons 

for this variation in total pancreatic insulin content. Data analysis revealed a positive 

correlation between islet proportion and insulin intensity among these mice and also 

showed that TAS had the highest proportion of islet, insulin intensity and highest 

amount of total pancreatic insulin. However, TAS did not possess the highest pancreas 

mass. Total pancreatic insulin seemed especially to be under genetic control since a 

wide variation in pancreatic insulin content among different mouse strains was 

observed and also no significant correlation was found between total pancreatic insulin 

and either pancreatic mass or body weight. 



Genetic Regulation of Pancreatic Insulin Content 

115 

 

From GWA analysis of total pancreatic insulin content data (obtained from the Gene 

Mine strains) and microarray data, it was reasoned that Abi2, Idh1 and Map2 were 

promising candidate genes for the high pancreatic insulin content phenotype as they 

were found to be expressed in mouse pancreatic islets.  

Bioinformatic analysis revealed several genetic variants among these genes including 

one missense SNP (rs29703501) in Abi2; one splice site (rs226441364) and one 

missense SNP (rs47901366) in Idh1; and one splice donor (rs215112740), one splice 

site and four missense SNP (rs248277111, rs249412628, rs257205056, rs216168484) 

in Map2. All these were associated with high pancreatic insulin content phenotype. 

In humans, several functions of these genes have been reported. Abi2, Idh1 and Map2 

were found to encode Abelson interactor 2 (Dai and Pendergast, 1995), Isocitrate 

dehydrogenase 1 and Microtubule-associated protein 2 (Neve et al., 1986; Kalcheva 

et al., 1995) respectively. Abelson interactor 2 (Abi-2) has a role in the regulation of 

cell growth and transformation by interacting with nonreceptor tyrosine kinases ABL1 

(Dai and Pendergast, 1995; Cao et al., 2003). c-Abl (a version of ABL1 found in the 

mammalian genome) deregulation has been suggested to be involved in insulin 

resistance (Frasca et al., 2007). The isocitrate dehydrogenase 1 (IDH1) enzyme 

catalyzes the reversible oxidative decarboxylation of isocitrate to yield α-ketoglutarate 

as part of the TCA cycle in glucose metabolism (Xu et al., 2004; Guo et al., 2011; 

Molenaar et al., 2014; Dimitrov et al., 2015; Kim et al., 2015). IDH1 also participates 

in the regulation of glucose-induced insulin secretion (Ronnebaum et al., 2006). 

Microtubule-associated protein 2 (MAP2) is thought to be involved in microtubule 

assembly, which is an essential step in neuritogenesis (Kalcheva et al., 1995). 

Association of MAP2 in insulin granule priming through insulin granule trafficking to 

the membrane on microtubules was suggested by Dadi et al. in 2014. Further 
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investigation is required for a clear understanding of the biological role of these 

candidate genes (Abi2, Idh1 and Map2) in regulating pancreatic insulin content. 

Although many studies have been carried out to determine the genetic factors involved 

in T2D, the identity and contribution of genetic defects in T2D remain to be fully 

elucidated. Findings from this study demonstrated that genome wide association study 

using the Gene Mine resource was an effective approach for detecting the candidate 

genes associated with higher pancreatic insulin content phenotype. Increased 

knowledge about the role of these candidate genes in regulating higher pancreatic 

insulin content may contribute to a better understanding of the pathogenesis of T2D.  
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 Generation of mature β-like cells 

Replacement of insulin-producing cells is one of the most promising therapies in the 

fight against diabetes, especially for patients with T1D, who experience difficulty with 

blood glucose control despite maximal diabetes care (as reviewed by Onaca et al., 

2007). This therapy includes the transplantation of islet cells provided by donor 

pancreas in conjunction with immunosuppressive regimens. The logic behind β-cell 

replacement therapy is clear, given the success with which islet cell transplants have 

been shown to reduce dangerous hypoglycaemic incidents and slow the progression of 

life-threatening complications (e.g., Ryan et al., 2005; Thompson et al., 2011; as 

reviewed by Bruin et al., 2015). However, there is ample indication that human islets 

are highly unlikely to ever be available in sufficient quantities to adequately treat all 

of the patients in the world with diabetes. Therefore, the generation of mature β-cells 

is crucial for diabetes cell replacement therapies. Mature β-cells are also valuable for 

in vitro disease modelling, toxicology studies, drug screening, and investigations into 

β-cell biology (as reviewed by Bruin et al., 2015).  

Pancreatic β-cells have specific properties that allow them to synthesize, store, and 

secrete insulin appropriately and sustainably in response to numerous physiological 

stimuli (as reviewed by Bruin et al., 2015). The task of generating mature β-cells in 

vitro is challenging. Although there has been recent progress (e.g. Pagliuca et al., 2014; 

Massumi et al., 2016), more research is required to advance in vitro differentiation 

protocols to the point where bona fide β-cells can be generated. Surrogate β-cells need 

to faithfully mimic the key features of bona fide β-cells. In particular, insulin should 

be secreted in a regulated manner in response to the metabolic needs of the individual, 

particularly in response to changes in circulating glucose levels. Regulated secretion 

of insulin is indispensable to avoid hyper- as well as hypo-glycaemic conditions.  
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Although huge progress has been made toward understanding how pancreatic β-cells 

arise and proliferate during normal development of individual and how insulin-

producing cells may be generated through new methods, reconstructing mature β-

cells in vitro, whether through cellular differentiation or reprogramming, still 

represents a considerable challenge (as reviewed by Zhou and Melton, 2008). In the 

first part of my study, I have worked to generate mature β-like cells from mouse islet 

progenitor cells. 

5.1.1 VD3-mediated maturation of immature insulin-

producing cells 

In this study, a robust protocol was devised to produce mature β-like cells from 

immature insulin-producing cells differentiated from IPCs. This protocol was based 

on the use of VD3, which was identified as a regulator of maturation. As mentioned in 

Chapter 2, the FACS-purified IPCs used in this study were shown to be true IPCs based 

on their ability to transcribe high levels of Ngn3 and the expression of important IPC 

transcription factor genes including Insm1, Isl1, Myt1, and NeuroD. IPCs were 

differentiated towards immature insulin-secreting cells for four days using 

nicotinamide. Mature β-like cells were then successfully generated from these 

immature insulin-producing cells in just two days by culturing them in VD3-

containing cell culture medium. Although a number of prior studies have investigated 

the role of vitamin D in β-cell function (Guo et al., 2013) and survival, particularly in 

terms of the regulation of insulin secretion (e.g., Norman et al., 1980; Norman et al., 

1980; Clark et al., 1981; Chertow et al., 1983; Kadowaki and Norman, 1984; Tanaka 

et al., 1984; Cade and Norman, 1986; Cade and Norman, 1987; Bourlon et al., 1999) 

and the extracellular calcium concentration (Sergeev and Rhoten, 1995), the role of 
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VD3 in β-cell maturation had not been ascertained previously. This study is the first 

to demonstrate a role for VD3 in β-cell maturation.  

5.1.2 Mature β-like cells acquired a GSIS capacity similar 

to that of their adult islet cell counterparts 

In vitro experiments showed that the mature β-like cells exhibited similar properties 

as their adult islet cell counterparts. The in vitro-generated mature β-like cells acquired 

a GSIS capacity. The fold change in insulin secretion between low and high glucose 

concentrations in the mature β-like cells (similar to that observed in islet cells) was 

found to be greater than that of immature insulin-producing cells. Moreover, my study 

found that the mature insulin-producing cells exhibited a lower level of basal insulin 

secretion at low glucose concentrations than immature β-like cells. Neonatal β-cells 

were found to display a high basal insulin secretion at low glucose concentration 

(Blum et al., 2012). Compared to the immature insulin-producing cells, the mature β-

like cells may have a higher glucose concentration threshold at which they start 

secreting insulin. This will need to be tested by further studies after more cells have 

been produced for experimental use. 

5.1.3 The mature β-like cells were able to express β-cell-

specific genes 

The in vitro-generated mature β-like cells were able to express β-cell-specific genes 

such as Insulin1, Pdx1, MafA, Nkx6.1, and Ucn3. As shown in Chapter 2, no significant 

changes were observed in the expression levels of β-cell-specific genes (e.g., Insulin, 

Pdx1, MafA, and Nkx6.1) between immature (day-4 cells) and mature β-like cells (day-

6 cells), except for Ucn3, which is in keeping with prior findings (Blum et al., 2012). 

Ucn3 was previously proposed as a molecular marker to distinguish mature and 
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immature β-cells (Blum et al., 2012). A number of prior studies have described the 

role of essential β-cell-specific transcription factor genes in maintaining mature β-cell 

function. For example, Pdx1 is considered to be a key transcription factor gene as it 

plays a key role in β-cell differentiation as well as in maintaining the function of β-

cells (Cerf et al., 2005).  MafA also plays a significant role in maintaining β-cell 

function by acting downstream of Nkx6.1 (Matsuoka et al., 2004). The latter regulates 

the expression of several β-cell maturation markers (Taylor et al., 2015). In this study, 

the protein expression of Pdx1, MafA, and Nkx6.1 in the mature β-like cells was also 

confirmed by immunohistochemical analysis. Although several essential β-cell-

specific genes were investigated in this study, more genes that are actively involved in 

maintaining the function of adult β-cells could not be examined here due to a deficit 

of cells.  Further studies will hence be needed to investigate these additional genes 

after producing more cells for experimental use. 

5.1.4 In vivo functionality of the mature β-like cells was 

proven by transplantation 

The in vitro-generated mature β-like cells were able to normalise hyperglycaemia in 

experimentally induced diabetic mice (NOD/SCID). After their cellular 

transplantation under kidney capsules, the mature β-like cells quickly stopped the 

progression of hyperglycaemia in diabetic mice and most importantly within seven 

weeks the diabetes was completely reversed in 50% mice.  

The mature β-like cells contributed to the regulation of glucose metabolism in the 

recipients as confirmed by intraperitoneal glucose tolerance tests. In the mature β-like 

cell recipients, blood glucose was cleared in a similar pattern to that observed in islet 



General Discussion 

122 

 

cell recipients and in untransplanted non-diabetic mice after intraperitoneal glucose 

injection. 

There was clear evidence of the synthesis and release of insulin and C-peptide in 

response to glucose in the mature β-like cell recipients. Although the glucose-

responsive increase of insulin and C-peptide in the sera of mice engrafted with mature 

β-like cells were similar to those implanted with islet cells, it was found to be 

comparatively lower than in untransplanted NOD/SCID mice (non-diabetic). Possible 

reasons for this could be much lower cell mass in graft than an intact whole pancreas 

and an impairment of the re-establishment of vascularisation necessary for glucose and 

insulin exchange in the transplanted mice. 

It was confirmed by nephrectomy that normoglycaemia was achieved due to the 

functioning graft, rather than by restoration of endogenous pancreatic β-cells. 

Hyperglycaemia was restored in these mice within a day of nephrectomy. This result 

was further confirmed by immunostaining-based analysis of the pancreata of mature 

β-like cell recipients at ~ 31 weeks post-transplantation. The immunostaining analysis 

revealed a negligible number of β-cells but a large number of glucagon-positive cells 

in the pancreatic islets of mature β-like cell recipients. This low number of β-cells was 

not enough to rescue diabetes in mature β-like cell recipients. Animal studies have 

shown that a deficit of ~ 50% β-cell mass leads to the induction of insulin resistance 

(as reviewed by Matveyenko and Butler, 2008). The presence of kidney grafts was 

also confirmed by histological analysis (IHC and H&E staining) at ~ 31 weeks post-

transplantation. Insulin-positive cells were observed underneath the kidney capsule 

both in mature β-like cell recipients and islet cell recipients. Histological analysis 

showed that the mature β-like cells remained monohormonal after transplantation, and 

that the glucagon-positive cells, which are critical for maintaining glucose homeostasis 
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(as reviewed by Unger and Cherrington, 2012) were located around the clusters of 

insulin-positive cells (both in mature β-like cell and islet cell-containing grafts) in a 

similar fashion to that observed in a typical mouse islet. 

Concluding remarks 

The first part of this study identified VD3 as a molecule that can induce maturation of 

immature insulin-producing cells. VD3 was found to specifically regulate maturation 

of IPC-derived immature insulin-producing cells. As mentioned above, VD3 is known 

to have a role in insulin secretion and β-cell survival. However, to the best of my 

knowledge, its role in β-cell maturation has not been reported prior to this study. 

Maturation of immature insulin-producing cells by VD3 treatment was validated by 

multiple techniques. Transplantation of only ~ 4 x 105 mature β-like cells halted the 

progression of hyperglycaemia, and in a matter of seven weeks completely reversed 

the diabetes to normoglycaemia in 50% of STZ-induced diabetic mice. Importantly, 

all of the surviving mature β-like cell recipients eventually exhibited restoration of 

stable euglycaemia. In contrast, the immature insulin-producing cells generated by 

Jiang et al. in 2017 were unable to completely reverse diabetes in STZ-induced 

diabetic mice within the eight week observation period. Although those insulin 

producing-cells  could halt the progression of hyperglycaemia, by approximately eight 

weeks, the blood glucose levels were still high and failed to reach to normoglycaemic 

levels. In another study (Rezania et al., 2014),  human PSC-derived glucose-

responsive cells required approximately six weeks of in vivo maturation, despite 1.25 

million cells being grafted in diabetic mice for reducing blood glucose concentrations 

to normoglycaemic level. The key benefit of VD3-regulated in vitro maturation is that 

it only takes two days. The identification of VD3 as a maturation regulator in this study 

provides novel insights regarding the development of mature β-cells for future 



General Discussion 

124 

 

regenerative therapies. Nonetheless, further investigations will be required to elucidate 

the biological processes underlying VD3-regulated maturation of immature insulin-

producing cells. 

 Identification of genes involved in the variation of 

pancreatic insulin content 

The purpose of the second part of my study was to investigate whether the total 

pancreatic insulin content exhibited significant variation between different strains of 

inbred mice. The explicit purpose of this investigation was to acquire information 

about how genetic background affects the total pancreatic insulin content. In humans, 

a considerable variation in β-cell mass between individuals has been described (Ritzel 

et al., 2006; Meier et al., 2008), and a lower β-cell mass has been reported in 

individuals with T2D compared with their nondiabetic age- and weight-matched 

counterparts (Butler et al., 2003). Understanding the genetic basis of pancreatic insulin 

content variation may assist with devising therapeutic interventions that correct the 

physiological imbalance which drives the pathogenesis of diabetes. 

As mentioned previously, this study was conducted using a genetic reference 

population called ‘The Gene Mine’, which provides an appropriate model system for 

facilitating high-resolution gene mapping, encompasses high genetic diversity, 

detailed genomic characterization and balanced allele frequencies.  

5.2.1 Genetic factors could be the main determinants of 

variation in total pancreatic insulin content 

Total pancreatic insulin was measured in 68 Gene Mine strains. To date, no other study 

has directly compared total pancreatic insulin content in such a broad range of mouse 
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strains. A pronounced interstrain variation in pancreatic insulin content was observed, 

with some strains producing significantly higher amounts of insulin than others. 

Analysis of the insulin content data indicated that genetic factors could be major 

determinants for this parameter, since there was a wide variation in the pancreatic 

insulin content between the strains that were investigated and also because no 

consistent correlation was observed between the total pancreatic insulin content and 

either the body mass or the mass of the pancreas.  

5.2.2 Increased insulin production as a result of a higher 

proportion of pancreatic islets 

Some of the key parameters of the endocrine pancreas, such as the number of islets, 

the islet size, the islet proportion, and the insulin intensity were studied in low and 

high insulin-secreting pancreas of the Gene Mine strains with the aim of understanding 

the basis of the variation in islet insulin content. The islet proportion and the insulin 

intensity were comparatively higher in the strains that produced high levels of insulin 

than in the strains that produced low levels of insulin. Thus, it would appear that the 

higher level of insulin content in some mouse strains is due to a higher proportion of 

pancreatic islets. Therefore, the variation in total pancreatic insulin content among 

different mouse strains could be regulated by underlying genetic factors mediating islet 

production.  

5.2.3 GWA study revealed several potential candidate 

genes 

Analysis of the pancreatic insulin content data of the Gene Mine mouse strains by 

GWA study and QTL mapping revealed three potential candidate genes (Abi2, Idh1, 
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and Map2) that were found to be expressed in pancreatic islets, of which two (Abi2 

and Map2 ) were also expressed in islet progenitor cells.  

Abi-2 has been reported to have a role in the regulation of cell growth and 

transformation as a result of its interaction with the non-receptor tyrosine kinase ABL1 

(Dai and Pendergast, 1995; Cao et al., 2003). Abi-2 is a protein that contains an SH3 

domain and proline-rich sequences critical for binding to c-Abl (which is a version of 

ABL1 found in the mammalian genome) (Dai and Pendergast, 1995). Abi-2 is thought 

to be a regulator of c-Abl's cytoplasmic tyrosine kinase activity, which is involved in 

several signal transduction pathways. In 2007, Frasca et al. reported that c-Abl is 

involved in insulin receptor signalling. c-Abl confers specificity to the insulin receptor 

(IR) signalling, leading to predominant metabolic effects by inhibition of insulin-

induced extracellular signal-regulated kinase (ERK) activation and enhancement of 

protein kinase B (Akt) activation. When c-Abl is inhibited or absent, the metabolic 

effects of insulin are attenuated. It has, therefore, been proposed that c-Abl 

deregulation may be involved in insulin resistance (Frasca et al., 2007). 

IDH1 plays an important role in glucose metabolism as a result of its ability to catalyse 

reversible oxidative decarboxylation of isocitrate as part of TCA cycle (e.g., Xu et al., 

2004; Guo et al., 2011; Molenaar et al., 2014; Dimitrov et al., 2015; Kim et al., 2015) 

and also by its ability to regulate glucose-induced insulin secretion (Ronnebaum et al., 

2006). 

Calcium-induced phosphorylation of MAP2 by Ca2+/calmodulin-dependent protein 

kinase II (CaM kinase II) may function as an important intermediate step in insulin 

secretion. In 1997, Krueger et al. showed that different isoforms of MAP2 are 

expressed in pancreatic islets. MAP2 is thought to be involved in microtubule 

assembly (Kalcheva et al., 1995). Microtubules are involved in a variety of cellular 
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process (e.g., the translocation of secretory vesicles, organelles, etc.). A role for the 

dynamic assembly or disassembly of microtubules in the mechanism of insulin 

secretion is supported by several studies (Lacy et al., 1972; Lacy et al., 1975). 

Phosphorylation of MAP2 by CaM kinase II and protein kinase A (PKA) has been 

reported to promote increased disassembly of microtubules (Yamamoto et al., 1985). 

The association of secretory granules with microtubules in β-cells can be regulated by 

site-specific phosphorylation of MAP2 by CaM kinase II. Translocation of secretory 

granules toward the exocytotic site, which occurs as a result of changes in microtubule 

dynamics, may also be regulated by MAP2 phosphorylation (mediated by CaM kinase 

II). A similar role for Ca2+-dependent kinases in granule translocation has been 

observed in β-cells (Hisatomi et al., 1996). In 2014, Dadi et al. also suggested that 

MAP2 might influence insulin granule priming by insulin granule trafficking to the 

membrane on microtubules, and they noticed significant reductions in second-phase 

insulin secretion when CaM kinase II was inhibited in islet β-cells. Therefore, they 

proposed that MAP2 could play an important role in the regulation of insulin granule 

trafficking in response to CaM kinase II activation during GSIS.  

A number of publications in the scientific literature, therefore, support the involvement 

of the candidate genes (Abi2, Idh1, and Map2) in the regulation of insulin secretion or 

insulin action, as discussed above. However, this study is the first to demonstrate the 

potential involvement of one or more of these candidate genes in mediating the high 

pancreatic insulin content phenotype, possibly via production of more islets. Future 

investigations will be required to understand the biological role of these candidate 

genes in the regulation of pancreatic insulin content. 
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Concluding remarks 

In conclusion, the Gene Mine resource enabled the identification of candidate genes 

(Abi2, Idh1, and Map2) for high pancreatic insulin content. Bioinformatics analysis 

revealed several genetic variants among these genes related to the high pancreatic 

insulin content phenotype. Increased knowledge regarding the biological role of these 

candidate genes underlying pancreatic insulin content regulation may contribute to a 

better understanding of the pathogenesis of T2D. The outcome of this study also 

validated the utility of the Gene Mine resources for identification of clinically relevant 

genes as well as for defining the underlying causative genetic variants. 
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