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Abstract 
 

Towards an in vitro model of congenital hyperinsulinism of infancy 

 

Congenital hyperinsulinism of infancy (CHI), one of the common forms of profound and 

persistent hypoglycemia in early childhood or infancy, is characterised by uncontrolled 

insulin secretion and beta cell hyperproliferation. Mutations in a number of genes have 

been identified to be associated with CHI; the most common being inactivating mutations 

in the ABCC8 and KCNJ11 genes encoding the SUR1 and Kir6.2 subunits of KATP 

channel in beta cells. However, for most of the cases, the aetiology of the disease is yet to 

be understood. Because of the limited availability of CHI tissue samples to be analysed, 

this study aimed to generate a model cell line that could mimic CHI-like behaviour in 

terms of insulin secretion and cell proliferation. Reports suggest that insulin could act as 

cell proliferation inducer, so we hypothesised that increased insulin secretion might 

promote pancreatic beta cells to acquire CHI-like characteristics. Insulin secretagogues 

(ISGs)- KCl (40 mM), tolbutamide (200 or 500 µM), leucine (10 mM), arginine (10 mM) 

and glibenclamide (10 µM) were tested for their abilities to promote cell proliferation or 

insulin secretion. No significant changes in insulin secretion or cell proliferation were 

observed in cells (MIN6 or EndoCβH1) acutely (48 hours) or chronically (up to 16 

weeks) treated with ISGs. Also, there were no changes in expression of some of the key 

ion (Na
+
, K

+
 and Ca

2+
) channels associated with the insulin secretion pathway. Thus, 

ISGs were not an appropriate option to transform beta cells into a CHI-like model system. 

As an alternative approach, KATP channel genes were edited (introducing single 

nucleotide polymorphism or deletion of a fragment) with CRISPR-Cas9. EndoCβH1, a 

human model pancreatic beta cell line, and CHI-iPS, an iPS cell line generated by our 

research group, were explored in this study. As part of this work, it was shown that 

insulin-producing beta cells could be generated from this CHI-iPS cell line through an 

already published controlled differentiation process. Our results showed successful cell 

transfection with gene editing tools followed by target gene editing in both CHI-iPS and 

EndoCβH1 cells. However, none of the clonal cell lines generated from edited single 

CHI-iPS cells could retain their stem cell properties after a couple of passages. For 

EndoCβH1 cell line, it was not possible to grow and expand a single cell. Thus, attempts 

were made to generate a population of cells with a greater proportion of gene-edited cells. 

However, only ~20% of cells were observed to have gene edited and this low proportion 

of edited cells made the cell population unfit for further analysis. As part of this study, 

genome-wide differential gene expression was studied on CHI pancreas tissue samples 

with a view to identify novel candidate genes related to this disease. Differential gene 

expression analysis identified 39 potential candidate genes related to insulin secretion 

pathways, pancreas developmental pathway and glucose homeostasis etc. A network 

biology approach was explored to identify candidate genes based on already published 

protein-protein interaction data. On this basis, 12 more potential CHI candidate genes 

were predicted which are associated with cell signalling, exocytosis, cell proliferation, 

immune response etc. To validate these new findings in future, approach was taken to 

generate transient CHI model cells by knocking down the expression of KATP channels 

using gene-specific short interfering RNA. Our results suggested ~55% of channel protein 

knockdown in the cell population. This knocked down cell population showed increased 

basal insulin secretion and other experiments with KATP channel opener and inhibitor also 

suggested this increased secretion was the result of loss-of-function of KATP channels. 

Due to time limitations, this cell population could not be used to validate the association 

of CHI candidate genes predicted by microarray analysis. However, our preliminary data 

suggest that this knocked down cell line can be considered as a potential CHI-like cell 

line for further studies.  
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Chapter 1 

 
Introduction 

 

 

1.1 Congenital hyperinsulinism of infancy 

 

Congenital hyperinsulinism of infancy (CHI) is a lethal metabolic disorder of neonates 

and infants. It is usually characterised by severe, persistent hypoglycemia due to 

uncontrolled insulin secretion from pancreatic islet beta cells (Mcquarrie, 1954; Stanley 

and Baker, 1976; Thomas Jr et al, 1977; Dunne et al, 2004; Senniappan et al, 2012; 

Proverbio et al, 2013; Stevens et al, 2013; Arya et al, 2014; Stanley, 2016). This 

syndrome is one of the most common reasons for recurrent hypoglycemia of early aged 

individuals (Stanley, 1997; Meissner et al, 2003; Steinkrauss et al, 2005; Stevens et al, 

2013). CHI has an estimated incidence of 1/30,000 to 1/50,000 children in random-

mating populations of European descent, but the frequency can be as high as 1/2500 

where high rates of consanguinity prevails (Glaser et al, 2000; Rahier et al, 2011; Arnoux 

et al, 2011; Senniappan et al, 2012; Rahman et al, 2015a; Stanley, 2016). 

 

 

1.2 Biochemical features of CHI 
 

Biochemical analysis of CHI patients reveals unregulated and uncontrolled secretion of 

insulin from pancreatic islet beta cells. The condition is further abetted by the inability of 

patients to generate sufficient levels of hormones (such as glucagon and cortisol) in serum 

that counter-act the action of insulin and maintain glucose homeostasis (Aynsley-Green et 

al, 2000; Hussain et al, 2003; Hussain et al, 2005a; Nessa et al, 2016). The uncontrolled 

secretion of insulin signals tissues (such as skeletal muscle, liver and adipose) to increase 

glucose uptake, leading to decreased plasma glucose and potentially for dangerous 

hypoglycaemia (Hussain et al, 2007; Arnoux et al, 2011; Nessa et al, 2016). This is 

further worsened by the simultaneous inhibition of glycogenolysis (glycogen breakdown 

for glucose production), gluconeogenesis (glucose manufacture from non‐carbohydrate 

sources), lipolysis (catabolism of triacylglycerol into fatty acids, an energy substrate) and 

ketogenesis (production of ketone bodies, another energy substrates) mediated by the 
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increased levels of insulin (Hussain et al, 2007; Arnoux et al, 2011; Mohamed et al, 

2012; Senniappan et al, 2012; Nessa et al, 2016). It is known that plasma glucose 

concentration needs to be above a threshold level to supply the sufficient amount of fuel 

to brain cells (Koh et al, 1988; Cryer 2007; Dunn-Meynell et al, 2009; Sprague and 

Arbelaez, 2011). Due to the insulin-induced hypoglycaemia, the brain becomes deprived 

of its essential primary and secondary energy sources from blood (Hussain et al, 2007). 

Therefore, failure of rapid recognition of this phenomenon may invite persistent 

neurological complications including brain damage, learning disability, seizures etc. 

(Aynsley-Green et al, 2000; Menni et al, 2001; Dunne et al, 2004; Steinkrauss et al, 

2005; Avatapalle et al, 2013; Stevens et al, 2013; Arya et al, 2014). If unmanaged, CHI is 

lethal (Aynsley-Green et al, 2000; Dunne et al, 2004; Proverbio et al, 2013). However, 

clinically this condition shows heterogeneity as some patients may remain completely 

asymptomatic, some are mildly responsive to medical treatment while the others are 

unresponsive medically and might require pancreatectomy (Sempoux et al, 1998b; de 

Lonlay-Debeney et al, 1999; Hardy et al, 2007b; Arnoux et al, 2011; Banerjee et al, 

2011; Senniappan et al, 2015). 

 

 

1.3 Known genetic basis of CHI   
 

A number of studies have been carried out to understand the aetiopathogenic process 

behind this disorder. Through genetic analysis, it was found that there are several genes 

that play key roles in the development of this syndrome. It was observed that the most 

common forms of CHI are because of the recessive inactivating mutations in the ABCC8 

and KCNJ11 genes which encode the two sub-units (the accessory subunit, SUR1 and the 

pore-forming subunit, Kir6.2, respectively) of ATP-sensitive potassium (KATP) channels 

found on the membrane of pancreatic beta cells (Thomas et al, 1995; Thomas et al, 1996; 

Dunne et al, 1997; Huopio et al, 2000; Marthinet et al, 2005; Kapoor et al, 2013; Sang et 

al, 2014; Rahman et al, 2015a; Nessa et al, 2016). The sulfonylurea receptor (SUR1), a 

membrane protein, is encoded by the ABCC8 (ATP-binding cassette transporter sub-

family C member 8) gene. The KCNJ11 (potassium channel inwardly rectifying 

subfamily J member 11) gene encodes the inward-rectifying potassium channel (Kir6.2). 

These two subunit genes of KATP channel are found to be clustered on human 

chromosome 11 at position 11p15.1 (Inagaki et al, 1995; Aguilar-Bryan and Bryan, 1999; 

Dunne et al, 2004; James et al, 2009; Adi et al, 2015). About 150 and 24 mutations have 
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been reported to be identified in ABCC8 and KCNJ11 genes, respectively, in CHI patients 

(Flanagan et al, 2009; Henquin et al, 2011; Rahman et al, 2015a). In the ABCC8 gene, 

mutations are found in the promoter region, in exons 1-16, 21-30 and 32-39. No mutation 

was reported in ABCC8 exons 17-20 and exon 31 in CHI patients. Some of these 

mutations were reported to cause the failure of proper assembly of channel components 

and hence, defective trafficking of the channels from the endoplasmic reticulum of the 

cell (Taschenberger et al, 2002; Flanagan et al, 2009; Nessa et al, 2016). These defective 

channel proteins then undergo protein degradation in lysosomes (Nessa et al, 2016). As a 

result, the level of the channel protein at the surface of the membrane is reduced, and 

thus, channel activity on the cell membrane is decreased (Yan et al, 2007; Flanagan et al, 

2009; Nessa et al, 2016). This event hinders K
+
 efflux from the cell through KATP 

channels that causes membrane depolarisation which ultimately leads to Ca
+2

 influx and 

insulin release from the cell (Dunne et al, 2004; James et al, 2009; Arya et al, 2014) 

(more details in section 1.4). Other mutations can impair the ability of the channel to be 

stimulated by metabolic state, and these mutations are normally located in the nucleotide 

binding domain of SUR1 (Huopio et al, 2002; Thornton et al, 2003; Flanagan et al, 

2009). For KCNJ11, the mutations are distributed throughout the exon 1 of the gene and 

can reduce or abolish the channel activity (Nestorowicz et al, 1997; Marthinet et al, 2005; 

Flanagan et al, 2009). For both ABCC8 and KCNJ11, types of mutation include deletion, 

missense, nonsense and frameshift mutations. So, the loss-of-function anomalies in these 

genes cause the channel to malfunction, and as mentioned above, K
+
 efflux from the cell 

becomes impeded. This event leads to membrane depolarisation that promotes Ca
+2

-

mediated insulin release (Dunne et al, 2004; James et al, 2009; Arya et al, 2014) (more 

details in section 1.4).  

 

Some other studies have also shown KATP channel-independent CHI. Recessive mutations 

in the HADH  gene was reported to be associated with CHI (Clayton et al, 2001; Molven 

et al, 2004; Hussain et al, 2005b; Kapoor et al, 2009b; Senniappan et al, 2015). Dominant 

mutations in GLUD1 (Stanley et al, 1998; Yorifuji et al, 1999; Kapoor et al, 2009a; Sang 

et al, 2014), SLC16A1 (Otonkoski et al, 2007; Tosur and Jeha, 2017); UCP2 (González-

Barroso et al, 2008; Snider et al, 2013; Ferrara et al, 2017), HNF4A (Pearson et al, 2007; 

Kapoor et al, 2008; Flanagan et al, 2010; Stanescu et al, 2012), GCK (Glaser et al, 1998; 

Christesen et al, 2002; Cuesta-Muñoz et al, 2004; Dullaart et al, 2004), and HNF1A 

(Stanescu et al, 2012; Rozenkova et al, 2015) have also been described as being related to 
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the development of CHI. Details of these genes and their functions are described in the 

following section (section 1.4). In addition, using whole genomes single nucleotide 

polymorphism (SNP) genotyping and exome sequencing, it was possible to elucidate a 

number of genes (CACNA1A, KCNH6, KCNJ10, NOTCH2, RYR3, SCN8A, TRPV3, 

TRPC5, ACACB, CAMK2D, CDKAL1, GNAS, NOS2, PDE4C, PIK3R3, PC, SLC24A6, 

CSMD1, SLC37A3, SULF1, TLL1) which could also be associated with CHI (Proverbio et 

al, 2013). However, a significant proportion of CHI patients did not possess any 

recognisable genetic cause (Banerjee et al, 2011; Kapoor et al, 2013; Snider et al, 2013; 

Sang et al, 2014; Yorifuji, 2014; Senniappan et al, 2015).  
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Table 1.1:  List of major CHI-associated genes and their general annotations  

 
 

Gene locus Protein 
Biological functions related 

to pancreatic activity 

ABCC8 11p15.1 
Sulfonylurea 

receptor 1 (SUR1) 

Nucleotide-sensing subunit 

of KATP channels 

KCNJ11 11p15.1 

Inward rectifying 

potassium channel 

(Kir6.2) 

Acts as an integral membrane protein and 

inward-rectifier type potassium channel 

GLUD1 10q23.3 

Glutamate 

dehydrogenase 

(GDH) 

Catalyses the oxidative deamination of 

glutamate which plays an important role in 

regulating insulin secretion. 

GCK 
7p15.3-

p15.1 
Glucokinase 

Phosphorylates glucose to produce glucose-6-

phosphate, the first step in most glucose 

metabolism pathways which is essential for 

glucose-stimulated insulin secretion. 

HADH 4q22–q26 

L-3-hydroxyacyl-

Coenzyme A 

dehydrogenase 

Functions in the mitochondrial matrix to 

catalyse the oxidation of 3-hydroxyacyl-CoAs 

as part of the beta-oxidation pathway. 

SLC16A1 1p12 

Monocarboxylate 

transporter 1 

(MCT1) 

A proton-linked monocarboxylate transporter 

that catalyses the movement of many 

monocarboxylates, across the plasma 

membrane. 

HNF4A 20q13.12 
Hepatocyte nuclear 

factor 4 alpha 

Controls the expression of several genes related 

to insulin secretion 

UCP2 11q13 
Uncoupling protein 

2 

Metabolic transporter of proton, phosphate, 

oxaloacetate, malate and aspartate in the 

mitochondrial membrane, regulates ATP 

synthesis 

HNF1A 12q24.2 
Hepatocyte nuclear 

factor 1-alpha 

A transcription factor required for the 

expression of several genes. 

 

~Biological functions are adapted from Gene database of National centre for 

biotechnology information (available at http://www.ncbi.nlm.nih.gov/gene/) 
 

 



Chapter one 

Page | 28  Towards an in vitro model of congenital hyperinsulinism of infancy 

1.4 Known mechanisms of CHI 
 

To control, mitigate or eradicate a disorder, it requires a great understanding of the 

mechanism by which it displays its effects. A number of studies have been carried out to 

understand the molecular mechanisms or pathways associated with CHI. However, very 

little information has been obtained, and it is not sufficient to explain all the cases of CHI 

(Stevens et al, 2014). It is evident that mutations in the pancreatic KATP channels are the 

most notable factor for the progression of this disease. The importance and involvement 

of these channels in beta cell activity were first described by Ashcroft et al. (1984). The 

KATP channel is a hetero-octameric complex that comprises of four Kir6.2 pore-forming 

subunits and four SUR1 accessory subunits (Figure 1.1) (Aguilar-Brayan et al, 1995; 

Inagaki et al, 1995; Clement IV et al, 1997; Mikhailov et al, 2005; Craig et al, 2008; 

James et al, 2009). Each SUR1 subunit has two cytosolic nucleotide-binding domains 

(NBDs). Occupancy of these NBDs with nucleotides stimulates the channel activity 

(Nichols et al, 1996; Gribble et al, 1997b; Shyng et al, 1997b; Zingman et al, 2001; Craig 

et al, 2008). In resting condition, when cytosolic ATP concentration is low, the channel 

becomes active and open as SUR1 NBDs are occupied with Mg
2+

-ADP (Inagaki et al, 

1995; Craig et al, 2008; James et al, 2009). Both Mg
2+

-ADP and Mg
2+

-ATP can bind to 

NBDs, but Mg
2+

-ATP needs to be hydrolysed to become Mg
2+

-ADP  for activating the 

channel (Gribble et al, 1997b; Zingman et al, 2001; Craig et al, 2008). After glucose 

metabolism, when cytosolic ATP/ADP concentration ratio increases, the possibility of 

Mg
2+

-ADP to bind with SUR1 decreases (Nichols et al, 1996; Craig et al, 2008). SUR1, 

not occupied with Mg
2+

-ADP, then induces Kir6.2 to bind with ATP. Binding of ATP to 

this pore-forming Kir6.2 subunit results in the closure of the channel (Shyng et al, 1997a; 

Enkvetchakul et al, 2001; Craig et al, 2008).  
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Figure 1.1: Graphical representation of the components of the pancreatic beta cell KATP 

channel. (A) The KATP channel is a two-subunit protein. One subunit, SUR1, consists of 17 

transmembrane domains and the other subunit, Kir6.2, has two transmembrane segments. (B) 

Schematic representation of the multimeric arrangement of the KATP channel. The image is 

adapted from James et al. (2009). 

 

 

 

This KATP channel controls the excretion of K
+
 ions across cell membranes by sensing the 

membrane potential in the cell (Ashcroft, 1988). It is well known that in glycolysis, 

glucose, the first molecule in energy production cascade reactions, becomes 

phosphorylated by glucokinase and through further cascade of reactions generates ATP 

which results in an increase in the intracellular ATP/ADP ratio (Ashcroft et al, 1973, 

Nelson and Cox, 2008, p. 532). This increased ATP/ADP ratio inhibits KATP channel 

activity, as the binding of ATP leads to closure of the KATP channels. By preventing 

potassium efflux, membrane depolarisation occurs, with the membrane potential changing 

from approximately -65mV (basal level) to around 40mV (Cook and Hales, 1984; Dunne 

et al, 1994; Dunne et al, 2004; Craig et al, 2008). This membrane depolarisation 

subsequently opens L-type voltage-dependent calcium channels and it mediates an influx 

of Ca
2+

 that triggers the exocytosis of insulin from secretory granules of the beta cells 

(Dunne and Petersen, 1986; Hoenig and Sharp, 1986; Dunne et al, 1994; Kane et al, 

1996; Nichols et al, 1996; Dunne et al, 2004). 

 

Abnormalities in the subunit genes result in malfunction of KATP channels, and the beta 

cell plasma membranes become depolarised leading to the opening of L-type voltage-

dependent calcium channels. Ultimately, Ca
2+

 enters into the cells and causes the 

uncontrolled insulin secretion (Inagaki et al, 1995; Nichols et al, 1996; Dunne et al, 1997; 

B A 
SUR1  

(accessory subunit) 

Kir6.2 

(pore-forming subunit) 
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Shyng et al, 1998; Eichmann et al, 1999) (Figure 1.2). The recessive inactivating 

mutations in ABCC8 and KCNJ11 results with defects in KATP channel biogenesis, 

defective channel trafficking from the endoplasmic reticulum and Golgi apparatus to the 

plasma membrane, and also alters the capability of the channels for cooperative binding 

with nucleotides (Dunne et al, 1997; Tanizawa et al, 2000; Cartier et al, 2001; Marthinet 

et al, 2005; Pinney et al, 2008). These mutations usually cause severe CHI which makes 

most of the patients unresponsive to medical treatment with diazoxide, a known KATP 

channel activator (Nichols et al, 1996; Flanagan et al, 2011; Ocal et al, 2011). Some of 

the mutations are found to act as dominant inactivating mutations and also lead to CHI 

(Huopio et al, 2000; Thornton et al, 2003; Pinney et al, 2008). The severity of patients 

with these dominant inactivating mutations appears to be much milder compared to that 

of those recessive inactivating mutations and patients with dominant mutations are 

usually responsive to diazoxide treatment (Pinney et al, 2008, Ocal et al, 2011). However, 

some patients with dominant mutations were also reported recently to be unresponsive to 

diazoxide treatment (Flanagan et al, 2011; MacMullen et al, 2011; Nessa et al, 2015) 

 

 

A. B. 

 
 

Figure 1.2: Schematic representations of how mutations in KATP channels can cause 

uncontrolled insulin release in pancreatic beta cells.  Image A) shows the regulated 

insulin release from beta cells in normal condition. In resting condition, the KATP channel is 

kept open maintaining a membrane potential of approximately -65mV. Glucose after 

entering into the cells get metabolised through a cascade of reactions, and the concentration 

ratio of ATP to ADP increases. This event of increased ATP to ADP ratio then causes the 
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closure of the KATP channel. Then the cell membrane becomes depolarised which opens the 

L-type voltage-dependent calcium channels, and Ca
2+

 enters the cells. This event triggers the 

insulin exocytosis from beta cells. However, in CHI condition (B), mutations in either 

subunit of the KATP channel make the channel malfunctional and hence, efflux of K
+
 is 

inhibited resulting in membrane deplorisation, Ca
+2

 influx and insulin release. This insulin 

release can happen in resting condition of the cell. 

 

 

Dominant activating mutations in the GLUD1 gene encoding Glutamate dehydrogenase are 

reportedly the second most common cause of CHI after ABCC8 and KCNJ11 (James et 

al, 2009; Palladino and Stanley, 2010; Lord and Leon, 2013). This enzyme catalyses the 

oxidative deamination of glutamate to α-ketoglutarate which in turn, enters in the 

tricarboxylic acid cycle and acts to generate cellular ATP (Stanley et al, 1998; Tanizawa 

et al, 2002; Kapoor et al, 2009a). This increases the intracellular ATP/ADP ratio which 

triggers the closure of the KATP channels and initiates insulin release through the actions 

of L-type voltage-dependent calcium channels. Some mutations also cause the reduction 

of sensitivity of this enzyme to the allosteric inhibitor, GTP and therefore keeps the rate 

of glutamate oxidation higher in the presence of leucine, the positive allosteric effector of 

GLUD1 (Kelly et al, 2001; Stanley, 2004).  

 

The gene GCK encodes glucokinase, one of the members of the hexokinase enzyme 

family that catalyses the transformation of glucose into glucose-6-phosphate, the rate-

limiting step of glycolysis. Dominant activating mutations of GCK mediate the 

continuous passage of glucose into this reaction cycle by increasing the affinity of the 

enzyme for glucose (Matschinsky et al, 1993; Glaser et al, 1998; Christesen et al, 2002; 

Wabitsch et al, 2007). This ultimately leads to the overproduction of ATP which at the 

end increases the insulin secretion  

 

Loss-of-function (recessive) mutations in the HADH gene has been reported to be 

associated with CHI (Clayton et al, 2001; Molven et al, 2004; Hussain et al, 2005b). 

HADH encodes the mitochondrial enzyme L-3-hydroxyacyl-coenzyme A dehydrogenase 

that catalyses the penultimate step in the β-oxidation of fatty acids (James et al, 2009; 

Kapoor et al, 2009b; Heslegrave and Hussain, 2013). However, the molecular 

mechanisms of how mutations in this gene cause unregulated insulin secretion are yet to 
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be completely understood. Studies suggest the high expression of HADH in beta cells and 

a low expression of other β-oxidation enzymes (Martens et al, 2007; James et al, 2009). 

Downregulation or knock out analysis of HADH shows an elevated insulin secretion that 

indicates the protective actions of the enzyme against inappropriately high secretion of 

insulin (Hardy et al, 2007a; Martens et al, 2007; James et al, 2009).  

 

The gene SLC16A1 encodes proton-linked plasma membrane monocarboxylate 

transporter 1 (MCT1). Dominant activating mutations in the promoter and intragenic 

regions of SLC16A1 gene are noted to be associated with CHI (Otonkoski et al, 2007; 

Tosur and Jeha, 2017). Usually, pyruvate and lactate (products of glycolysis) do not have 

a direct effect on insulin secretion due to the low expression of MCT1 in beta cells 

(Ishihara et al, 1999; Lord and Leon, 2013; Koren and Palladino, 2016). However, 

mutations in the SLC16A1 gene cause increased expression of MCT1 that allows the 

extracellular pyruvate/lactate to enter beta cells, which in turn is used as a substrate for 

mitochondrial oxidation to increase cytosolic ATP/ADP ratio (Ishihara et al, 1999, 

Otonkoski et al, 2007; Koren and Palladino, 2016). Affected patients suffer from 

hypoglycaemia within a short time after a period of intensive anaerobic exercise 

(Otonkoski et al, 2003, Otonkoski et al, 2007, James et al, 2009; Lord and Leon, 2013). 

 

UCP2 gene encodes uncoupling protein 2 which is a metabolic transporter in the 

mitochondrial membrane. This protein transports protons and phosphate from cytosol in 

exchange of oxaloacetate and malate (the intermediate product of the tricarboxylic acid 

cycle), and aspartate from mitochondria (Vozza et al, 2014; Ferrara et al, 2017). By 

limiting the accessibility of oxaloacetate and malate, this protein reduces mitochondrial 

oxidative metabolism that eventually hinders ATP synthesis (González-Barroso et al, 

2008, Ferrara et al, 2017). This role of UCP2 is supported by the studies which show that 

over-expression of UCP2 in isolated rat islets reduces ATP content and inhibits insulin 

secretion (Chan et al, 1999; Chan et al, 2001; Chan and Harper, 2006) and knockdown of 

UCP2 in rat pancreatic beta cells stimulates insulin secretion (De Souza et al, 2007; 

Affourtit and Brand, 2008). Inactivation of UCP2 protein was reported in CHI patients 

(Ferrara et al, 2017) which could explain the plausible reasons behind the observed 

abnormal insulin secretion. Recently, it was reported that knocking out of UCP2 in mice 

can lead to fetal hyperproliferation (Broche et al, 2018). So, mutations in UCP2 can 
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explain the hyperproliferation observed in some CHI cases earlier (Kassem et al, 2000; 

Kassem et al, 2010; Lovisolo et al, 2010). 

 

In addition to abnormalities in enzymes and structural proteins, CHI can be manifested 

due to anomalies in transcription factors (TFs). One of the representative examples is the 

HNF4A gene which encodes TF belongs to the nuclear hormone receptor superfamily 

(Duncan et al, 1998). Loss-of-function HNF4A mutations are associated with CHI 

(Pearson et al, 2007; Kapoor et al, 2008; Flanagan et al, 2010). Currently, it is not clear 

enough how mutations in HNF4A play a role to develop hypoglycaemia. However it was 

found that this is one of the widely acting TFs in beta cells that regulates several key 

genes involves in glucose metabolism and insulin secretion such as SLC2A2 (encodes 

GLUT-2), ALDOB (encodes aldolase B), PKL (encodes L-pyruvate kinase), UCP2 and 

KCNJ11 (Wang et al, 2000a; Odom et al, 2004; Gupta et al, 2005; Kapoor et al, 2010; 

Nessa et al, 2016). It was reported that HNF4A protein could regulate the expression of 

approximately 40% of the genes expressed in hepatocytes and pancreatic islets (Odom et 

al, 2004; Kanazawa et al, 2010). So HNF4A deficiency might result in abnormal gene 

expression of one or more of these target genes that cause CHI as well as maturity-onset 

diabetes of the young (James et al, 2009; Kanazawa et al, 2010; Stanescu et al, 2012).  

 

Another transcription factor that is related to CHI is HNF1A, also a member of the 

nuclear hormone receptor superfamily. Similar to HNF4A, loss-of-function HNF1A 

mutations are associated with CHI (Stanescu et al, 2012; Nessa et al, 2016). Since 

HNF1A and HNF4A are a part of a regulatory loop that regulates the expression of each 

other (Tian and Schibler, 1991; Hatzis and Talianidis, 2001; Kanazawa et al, 2010; 

Stanescu et al, 2012), so, HNF1A could act in a similar fashion like HNF4A to develop 

hypoglycemia.  
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Figure 1.3: Summary of the common known causes of CHI in the pancreatic beta cell. 

ATP generation from glucose through metabolism cascades directs to the closure of KATP 

channels. This channel inhibition then leads to membrane depolarisation and Ca
2+

 influxes 

through L-type voltage-dependent calcium channels. The increased cytosolic calcium then 

triggers insulin secretion. Abnormalities related to this pathway leads to CHI. The image is 

adapted from Mohamed et al. (2012). 

 

 

Though a lot of information related to CHI is reported in recent times, the mechanisms of 

the disease are not yet fully described. Also, prevention and long-term outcomes of the 

disorder are both incompletely resolved (Stevens et al, 2014). This is further complicated 

by the fact that along with genetic analysis, single nucleotide polymorphism (SNP) 

genotyping and exome sequencing provide new insights about the fact that CHI patients 

can carry multiple exonic mutations in different genes (mentioned in section 1.3) without 

having a mutation in known causative genes (Proverbio et al, 2013). However, due to the 

relatively small number of sample cases, it was not possible to associate all of these 

mutations with this disease. Consequently, a major proportion of the patients with CHI 

did not have any recognisable aetiology and mechanisms of the disease (Stevens et al, 

2013). 
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1.5 Histological features of CHI 
 

Histologically, two major forms of the disease have been observed -focal form of CHI 

(Fo-CHI) and diffuse form of CHI (Di-CHI) (Goossens et al, 1989; Fournet et al, 2001; 

Arnoux et al, 2011; Rahier et al, 2011; Mohamed et al, 2012; Arya et al, 2014). Fo-CHI 

is typically confined to specific areas of the pancreas where islets/beta cells are affected, 

while Di-CHI affects almost every beta cell of the pancreas (Hussain et al, 2008; Arnoux 

et al, 2011; Rahier et al, 2011; Mohamed et al, 2012) (Figure 1.4). In both of these 

conditions, the abnormal morphology is due to the result of the appearance of a group of 

oversized endocrine cells (compared to surrounding control acinar cells) with large 

cytoplasm and nuclei (Rahier et al, 1984; Sempoux et al, 1998b; Arnoux et al, 2011; 

Henquin et al, 2011; Mohamed et al, 2012). The presence of insulin granules is very 

limited in beta cells within the affected area probably due to the hypersecretion of insulin, 

while the beta cells outside the lesion are found with high storage of insulin (Rahier et al, 

2011). Histological analyses also found that CHI affected beta cells showed an increased 

frequency of proliferation (Kassem et al, 2000; Lovisolo et al, 2010). Also, both of these 

forms showed a high frequency of cell apoptosis (Kassem et al, 2000; Kassem et al, 

2010; Tornovsky-Babeay et al, 2014).  

 

Some studies reported the focal form to be associated with mutations in ABCC8 on the 

paternal allele and loss of a distal proportion of chromosome region 11p15 on the 

maternal allele (Figure 1.5) (de Lonlay et al, 1997; Verkarre et al,1998; Fournet et al, 

2000; Fournet et al, 2001; Damaj et al, 2008, James et al, 2009). On the other hand, 

diffuse-CHI was mostly found to be associated with recessive inactivation of genes (most 

commonly ABCC8 and KCNJ11) associated with this disease (Thomas et al, 1995; 

Thomas et al, 1996; Huopio et al, 2000; Hussain et al, 2008; James et al, 2009; Chandran 

et al, 2013; Nessa et al, 2015). 
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Figure 1.4: A typical structural comparison between focal and diffuse CHI. A particular 

tiny proportion of pancreas become transformed due to lesions (A). Unlike focal form, 

diffuse form suffers from lesions with almost all pancreatic cells (B). The image is adapted 

from the official web page of Great Ormond Street Hospital for Children, UK; available at 

http:// www.gosh.nhs.uk/medical-information/hyperinsulinism). 

 

 

 

 

Figure 1.5: Chromosomal aberration associated with a focal form of CHI. Normal 

chromosomal loci 11p15 where growth regulatory imprinted genes like H19 (encoding a 

tumour suppressor protein), P57KIP2 (encoding a negative regulator of cell proliferation) 

and insulin-like growth factor 2 (IGF2) as well as CHI-associated genes ABCC8 and 

KCNJ11 are located (A). Loss of distal proportion in maternal allele (containing H19, 

P57KIP2, IGF2) of the loci causes the imbalance in these imprinted genes which induce 

hyperproliferation of cells and concurrent ABCC8/KCNJ11 gene mutations in paternal allele 

following the loss of maternal alleles of the genes lead to focal CHI development (B).  

A B 

A 

B 
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Apart from these two forms, there are some cases in which the basic patterns of 

histological features are quite different. This atypical form of CHI is not very well 

defined and poorly understood. However, it was noted that it shows a diffuse type of 

pancreatic involvement but may be confined to some specific area of the pancreas 

(Delonlay et al, 2007). Some cases also show the pattern of chromosomal mosaicism 

(Hussain et al, 2008; Capito et al, 2011; Sempoux et al, 2011). 

 

 

1.6 Management of CHI patients 

 

1.6.1 Diagnosis of CHI 
 

As mentioned above (section 1.2), frequent and persistent hypoglycaemia may cause 

abnormal neurodevelopment as well as brain damage. Therefore, rapid diagnosis of CHI 

and appropriate treatment is essential to avoid these neurologic abnormalities (Aynsley-

Green et al, 2000; Giurgea et al, 2006; Hussain et al, 2007; Lord and Leon, 2013; Arya et 

al, 2014; Petraitiene et al, 2014). Detection of hypoglycaemia and measurement of 

plasma insulin and C-peptide levels are the initial criteria of diagnosis of CHI (Hussain, 

2008; Mohnike et al, 2008; Arnoux et al, 2011; Arya et al, 2014). C-peptide or the 

connecting peptide is a short polypeptide that connects the A-chain with the B-chain of 

insulin in the proinsulin form (Bonser and Garcia-Webb, 1984). Insulin has a short half-

life, but C-peptide has a longer half-life and indicates the endogenous insulin production 

as insulin and C-peptide are co-secreted in equimolar level (Hovorka and Jones, 1994; 

Arya et al, 2014). So, measurement of C-peptide is occasionally helpful for confirmation 

of the diagnosis (Arya et al, 2014). .It was reported that the level of plasma insulin is not 

always high in CHI patients (Stanley and Baker, 1976; Mohamed et al, 2012; Stanley, 

2016). Therefore, the measurement of other markers is necessary along with insulin 

measurement. Since hypoglycaemia also suppresses lipolysis and ketogenesis (section 

1.2), detection of low levels of ketone bodies and free fatty acids are other criteria of CHI 

diagnosis (Aynsley-Green et al, 2000; Hussain, 2008; Mohnike et al, 2008; Mohamed et 

al, 2012; Petraitiene et al, 2014). The requirement for high intravenous glucose (~10 

mg/kg/min) is another feature of CHI diagnosis (Hussain, 2008; Mohnike et al, 2008; 

Mohamed et al, 2012; Lord and Leon, 2013; Petraitiene et al, 2014). In addition, 

glucagon injection-mediated increased glucose level is also an important feature of CHI 
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diagnosis (Aynsley-Green et al, 2000; Hussain, 2008; Mohnike et al, 2008; Lord and 

Leon, 2013; Petraitiene et al, 2014).  

 

After preliminary diagnosis, further analyses should be carried out to identify the possible 

causes of the disease and to design appropriate management systems for patients. The 

recent introduction of non-invasive imaging technology that uses a positron emission 

tomography (PET) with Fluorine-18 L-3,4-dihydroxyphenylalanine (18-fluoro DOPA) 

offers an opportunity to distinguish Fo-CHI versus Di-CHI, as well as the location of 

focal lesions (Ribeiro et al, 2005; Hardy et al, 2007a; Hardy et al, 2007c; Mohnike et al, 

2008; Arnoux et al, 2011). Genetic analysis of gene mutations is also important for 

confirming the diagnosis (Arnoux et al, 2011; Arya et al, 2014; Petraitiene et al, 2014). 

 

1.6.2 Treatment options for CHI 
 

Depending on the type of the disease, the treatments for CHI differ from simple 

medication to pancreatectomy (Hussain, 2008; Mohnike et al, 2008; Petraitiene et al, 

2014). Diazoxide, a KATP channel opener and insulin secretion inhibitor, is the first drug 

of choice for the treatment of CHI (Dunne et al, 2004; Hussain, 2008; Arnoux et al, 2011; 

Mohamed et al, 2012; Petraitiene et al, 2014). Diazoxide binds to the KATP channel 

subunit, SUR1 and induces the channel to be open. Thus it prevents membrane 

depolarisation and consequently inhibits glucose-stimulated insulin secretion from the 

cells (Mariot et al, 1998; Schöfl et al, 2000; Dunne et al, 2004; Henquin et al, 2011). In 

the cases where patients do not respond to diazoxide, octreotide (a somatostatin analogue) 

is used which can activate somatostatin receptors and thus inhibit insulin release (Giurgea 

et al, 2006; Hussain, 2008; Arnoux et al, 2011). Although octreotide has been used for 

long-term management of some CHI patient, non-specificity of octreotide to bind to 

somatostatin receptors causes inhibition of cell growth by reducing growth hormone 

secretion (Harris, 1994; Hussain, 2008; Arya et al, 2014). Glucagon is used for 

emergency treatments; however, it was reported to be failed for long-term treatment of 

CHI (Aynsley-Green et al, 2000; Hussain, 2008; Arnoux et al, 2011; Mohamed et al, 

2012; Senniappan et al, 2012). Nifedipine, a calcium channel blocker, has also been 

reported to be used for a few CHI cases (Bas et al, 1999; Eichmann et al, 1999; Shanbag 

et al, 2002). Nifedipine is an inhibitor of voltage-dependent L-type calcium channels, and 

thus it prevents the exocytosis of insulin-containing granules and consequently insulin 
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secretion (Giugliano et al, 1980; Dunne et al, 2004; Qureshi et al, 2015). However, most 

of the CHI patients did not respond to this drug and hence, it is not a drug of choice 

nowadays (Giurgea et al, 2006; Hussain, 2008; Petraitiene et al, 2014). A calcium 

independent pathway might be activated in these patients that could increase the rate of 

exocytosis and insulin secretion (Ämmälä et al, 1993; Komatsu et al, 1995; Sato et al, 

1998; Heart et al, 2006). Recently, sirolimus, an inhibitor of mammalian target of 

rapamycin (mTOR), has been reported to be used for managing diazoxide un-responsive 

CHI patients (Senniappan et al, 2014). However, another study reported the limited 

efficacy of sirolimus on CHI treatment (Szymanowski et al, 2016).  

 

In the cases where medication fails to improve the condition of CHI patients, surgery is 

recommended (Giurgea et al, 2006; Arnoux et al, 2011; Pierro and Nah, 2011; Petraitiene 

et al, 2014). For Di-CHI patients, sub-total to near-total pancreatectomy might be 

required, whereas Fo-CHI patients can be treated by focal lesionectomy (Fekete et al, 

2004; Giurgea et al, 2006; Arnoux et al, 2011; Pierro and Nah, 2011; Mohamed et al, 

2012; Arya et al, 2014). 

 

 

1.7 Studying model systems for understanding CHI 
 

To understand the aetiology and mechanism of CHI, numerous studies have been carried 

out in recent years. Many of these studies explored human tissues to understand the 

changes in cell morphology, expression of target proteins & metabolites, and the 

aftermath effect and response of drug administration. In addition, some studies were 

reported earlier where model organisms and cells were engineered in vivo and in vitro to 

reveal some answers to relevant queries related to CHI associated genes (details in the 

following sections 1.7.1 and 1.7.2). 

 

1.7.1 In vivo models for studying genes related to CHI 
 

 

There is no study reported earlier where in vivo model was used to study CHI directly. 

However, several studies were reported earlier where in vivo models were used to 

understand the role of certain genes in cells and some of these genes were identified to be 

associated with CHI lately. In one study, genetically modified mice, KirG132S (where a 
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glycine was substituted with serine at position 132 of Kir6.2 protein) were observed to 

secrete increased level of insulin and became hypoglycaemic because of the dominant-

negative expression of the KATP channel (Oyama et al, 2006). Other studies were reported 

where KATP deficient transgenic homozygous mice were developed (Kir6.2
−/−

 and SUR1  

–/–
) (Miki et al, 1998; Seghers et al, 2000). Both of these mouse models showed impaired 

glucose-stimulated insulin secretion activity. Another study developed HADH
-/-

 

transgenic mice to observe the effect of HADH gene on glucose homeostasis (Li et al, 

2010a). Hyperactivity of GLUD1 protein (glutamate dehydrogenase) was observed in this 

model system. Experiments using antibodies showed the protein-protein interaction 

between HADH and GLUD1. Observing the overall phenotype, it was postulated that 

HADH might have an inhibitory effect on GLUD1 and upon inactivation of HADH, 

GLUD1 become dysregulated and mediate insulin secretion in an uncontrolled fashion. 

Similar observations of loss-of-function mutations in the HADH gene and dominant 

activating mutations in the GLUD1 gene were reported to be associated with insulin 

secretion observed in some CHI patients (Clayton et al, 2001; Molven et al, 2004; James 

et al, 2009; Lord and Leon, 2013) (more details of the function of these genes are 

described in section 1.4). Chan et al. (1999) reported that they used transgenic rats 

infected with an adenovirus (AdEGI-UCP-2) containing the full-length human UCP2 

coding sequence. Induction of the transgene resulted in overexpression of UCP2 and 

decreased glucose-stimulated insulin secretion (GSIS) was observed. Two other studies 

employed the gene deletion method using the cre-loxP system to develop a transgenic 

mice model (Hnf-4α
loxP/loxP

, InsCre) to identify the role of a target protein (HNF4A) in 

glucose homeostasis (Gupta et al, 2005; Miura et al, 2006). The findings of those studies 

suggested that HNF4A regulates the expression of important insulin secretion regulatory 

genes including KCNJ11. 

 

All of the studies on these in vivo model systems were aimed at identifying or validating 

the roles of genes in glucose metabolism and hence insulin release. None of the studies 

had any focus on CHI. However, these studies confirmed the glucose homeostasis-related 

roles of these CHI-associated genes. Since these models are not publicly open for further 

studies, they cannot be used for CHI-related studies by other research groups. Moreover, 

research findings from animal models do not correlate necessarily to the human systems 

(Seok et al, 2013; Burkhardt and Zlotnik, 2013; Justice and Dhillon, 2016; Sellers, 2017). 

Often differences in findings are observed between human and mouse responses and these 
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differences could be because of the evolutionary differences as well as differences in the 

cellular composition of tissues between these two species (Seok et al, 2013; Burkhardt 

and Zlotnik, 2013). All of these facts make the use of the current in vivo models for 

studying human disease limited (Sellers, 2017). Hence, stable and appropriate in vitro 

models that would behave as CHI-like disease model might be helpful for a better 

understanding of CHI pathobiology (details in section 1.7.2). 

 

1.7.2 In vitro models for studying genes related to CHI   

 

In vitro modelling or developing a cell-based research model that allows the study of the 

pathobiology of a disease will provide an alternative way of studying CHI (Guo et al, 

2017). Although in vivo models are sometimes preferable to observe overall effects of an 

experiment in a living system in its natural environment, conducting experiments with 

these models is sometimes challenging to control. Moreover, as mentioned in the earlier 

section, research findings from animal models do not always correlate to the human 

systems (Seok et al, 2013; Burkhardt and Zlotnik, 2013; Justice and Dhillon, 2016; 

Sellers, 2017). On the other hand, as the experiments with in vitro models are carried out 

in isolated conditions (not in the natural environment), research findings may not be 

always accurate in predicting the effects inside a living system (Fearon et al, 2013; Jia et 

al, 2014; Justice and Dhillon, 2016). But, since the experiments are carried out in a highly 

controlled environment, and as the experiments are easier to set up with these models, in 

vitro modelling approach has already gained attention in the scientific community (Sherer 

et al, 2002; Fearon et al, 2013; Jia et al, 2014). Identification of multipotent progenitor 

pancreatic cells from CHI patients and the advancement of cell culture methodologies in 

the laboratory have enabled researchers to adopt this strategy. Advancement in 

downstream analytical procedures makes it easy to introduce perturbations in any in vitro 

model to follow the consequences.  

 

A number of CHI-related studies had used advanced genomics and proteomics 

technology that involved knocking in/out the target gene of interest to analyse the 

expression pattern of proteins to correlate the effect of perturbation of these proteins to 

disease mechanism. For example, De Souza et al. (2007) and Affourtit and Brand, (2008) 

reported using gene-specific small interfering RNA (siRNA) to knock down UCP2 in 

pancreatic beta cells that significantly increased glucose-stimulated insulin secretion 
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(GSIS). A similar phenomenon was observed in CHI patients with mutations in UCP2 

(Ferrara et al, 2017). In addition, Hardy et al. (2007c) and Martens et al. (2007) also 

utilised gene-specific siRNA in rodent (mouse and rat) cell models to understand the 

effect of HADH gene in CHI patients. The outcomes of these studies on in vitro rodent 

models indicated that the loss of function of this gene caused an uncontrolled increase of 

insulin secretion. Loss-of-function mutations in the HADH gene had been reported to be 

associated with CHI (Clayton et al, 2001; Molven et al, 2004; Hussain et al, 2005b). In 

addition to the use of antisense technology, some studies also used other in vitro 

analytical tools such as site-directed mutagenesis to introduce mutations in target genes 

(ABCC8, KCNJ11 and UCP2) of pancreatic cells isolated from human and rodent model 

organisms (mouse, rat) to simulate the CHI condition (Cartier et al, 2001; Marthinet et al, 

2005; González-Barroso et al, 2008). These studies found that mutations in ABCC8 and 

KCNJ11 can cause impaired channel trafficking and nonfunctional channels on the 

membrane. In addition, mutations in UCP2 can make the gene product nonfunctional and 

can impair the regulation of insulin secretion. Recently, Guo et al. (2017) generated an in 

vitro CHI model from human embryonic stem cells by knocking out the ABCC8 gene. 

Preliminary experiments with this in vitro model showed uncontrolled increased insulin 

secretion like CHI because of the mutations in the ABCC8 gene.  

 

The majority of the studies using in vitro models had focused on either identifying gene 

variance in clinical CHI samples, or validating causative mutations already suggested in 

the literature. One of the limitations of these in vitro studies was that the effects of the 

mutations in most of the studies were transient and hence the cell models could not be 

used again. In addition to these studies, some other studies had focused on identifying 

novel causative agents of CHI using high throughput analytical tools like gene expression 

microarrays (Kaestner et al, 2003; Lantz et al, 2004; Hardy et al, 2007c; Michelsen et al, 

2011). However, the number of these kinds of genome-wide gene expression analyses is 

very limited since the number of CHI patients is very limited, and it is not always 

possible to collect live tissue samples from those patients to work with. In addition, 

unavailability of suitable progenitor cell lines, as well as control in vitro cell lines for 

comparative studies have also increased the difficulty. In past years, a number of 

functional model pancreatic beta cell lines (MIN6, INS-1, βHC etc.) have been generated 

from mouse and rat (Miyazaki et al. 1990; Asfari et al, 1992; Radvanyi et al, 1993). 

However, as mentioned earlier, the possibility of limited translational potentials of the 
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findings from the mouse models to human make the use of rodent cell line less desirable 

in CHI related study (Ravassard et al, 2011; Stevens et al, 2013). In 2011, Ravassard et 

al. developed a control model human pancreatic beta cell line (EndoCβH1) that expresses 

most of the beta cell-specific marker proteins and also releases insulin in response to 

glucose. So, modification of this human beta cell model to develop stable in vitro models 

that would behave like CHI tissue in respect of increased cell proliferation, insulin 

secretion and increased electrical activities might help us for better understanding about 

CHI pathobiology. Such a model CHI cell line would be helpful to overcome the 

limitations of the unavailability of CHI tissues for CHI related studies. Moreover, recent 

advancements in generating insulin-producing cells from the stem and induced 

pluripotent stem cells (Zhang et al, 2009; Rezania et al, 2012; Pagliuca et al, 2014; 

Rezania et al, 2014; Millman et al, 2016) would make the stem cells also a potential 

source for generation of CHI model cells. Guo et al. (2017) have reported (this work was 

published during the end of this current research study) to establish an in vitro CHI model 

from human embryonic stem cells.  

 

 

1.8 Network biology: an alternative approach to study CHI 

pathobiology 
 

In recent years, several studies have acquired useful information about the aetiology of 

CHI (Dunne et al, 2004; Senniappan et al, 2012; Stevens et al, 2013; Arya et al, 2014; 

Stanley, 2016). However, this information is not sufficient enough to fully explain the 

mechanisms of the disease as well as the long-term outcomes of the disorder. As a result, 

the best possible way of prevention of CHI is still to be resolved (Stevens et al, 2013). 

 

As mentioned above, because of the rarity of the disease, as well as the limited access to 

the CHI-affected tissues, it can be difficult to draw an informative conclusion from the 

available information. Also, information gained from the study on animal models is not 

always reproducible in the human system due to the differences between human and 

animal systems (Hussain, 2005; Shanks et al, 2009). So, for a better understanding of the 

pathobiology of CHI, studies should adopt new strategies with a combination of the 

traditional approaches. 
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It is evident that the elements of biological systems rarely act independently in 

physiological conditions (Kitano, 2002; Leung and Cavalieri, 2003). Rather, every living 

system is a complete mesh (network) of activities, and every biomolecule in the system 

acts as part of complex networks of interacting macromolecules (Gu et al, 2002a; Smith, 

2007; Jin et al, 2014; Kao et al, 2017). As a result, the combined effects of these 

coordinated activities establish the physiological properties of the living cell (Tyson et al, 

2001). Systems biology and one of its analytical tool, network biology, are part of the 

new research strategies that focus on the interactions between the components of 

individual cells/tissues and their relationships to complex physiological and pathological 

processes (Barabási and Oltvai, 2004; Stevens et al, 2014). Network biology analyses the 

patterns of interactions between cellular components to understand their roles in complex 

biological functions linked with various metabolic and regulatory pathways (Barabási and 

Oltvai, 2004; Pujol et al, 2010; Stevens et al, 2014). It is an integrative approach to data 

analysis that includes analysing all aspects of datasets generated from genomics (the 

study of the whole genome), and post-genomic studies like transcriptomics, proteomics 

and metabolomics. Ultimately the analysed data then would help us to understand the 

pathobiology and to identify potential candidate gene(s) for further investigation 

(Loscalzo et al, 2007; Stevens et al, 2014).  

 

The importance of systems biology using network biology is well acknowledged by the 

research community. In recent years, through the combination of traditional molecular 

techniques and computational biology approaches, a number of diseases are being 

redefined by identifying and analyzing the interconnected networks that are involved in 

the pathophysiology of the diseases (Calvano et al, 2005, Jesmin et al, 2010, Huan et al, 

2013, Kumar et al, 2013, Lones et al, 2013, Sookoian and Pirola, 2013, Zhang et al, 

2013). Pancreatic cancer is one of those diseases where systems biology approaches have 

been applied for identification of potential candidate genes for a better understanding of 

the disease (Omenn et al, 2010, Azmi et al, 2011). 

 

This sort of analytical approach has not been used in CHI research extensively. However, 

the possibility of a systems biology approach to CHI study has already been highlighted 

by some recent initiatives and it is expected that this sort of analysis might facilitate the 

discovery of new insights for CHI management in the near future (Banerjee et al, 2013, 

Stevens et al, 2013, Stevens et al, 2014).   
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1.9 Aims of the study 
 

Several previous studies have identified a number of mutations associated with CHI in the 

KATP channel subunits of pancreatic beta cells and also in genes involved in the insulin-

secreting pathway. However, for many instances, the aetiology of the disease is yet to be 

identified. A number of studies have used in vivo and in vitro systems to increase the 

understanding of this disease, but the available information is still not sufficient to 

understand the pathobiology and necessary treatment of the diseased patient.  

 

One of the problems in studying CHI is that the number of patients is very limited and it 

is not always possible to collect live tissue samples from those patients to work with. It 

seems that a suitable in vitro disease model might be helpful to decipher new insights to 

understand this disease properly.  

 

Further, CHI is genotypically multifactorial, genes/proteins from multiple pathways are 

likely to be involved in the development of this disease. A transcriptomic dataset would 

be a highly valuable resource to help gain further understanding of how CHI is associated 

with altered expression of different genes and proteins. Within this context, it seems that a 

systems biology approach to analyse transcriptomic datasets with a view to identifying 

novel causative agents of CHI would be helpful for understanding their possible role in 

the progression of the disease.  

 

Considering the abovementioned facts, the aims of this PhD were:  

1. To generate model CHI -cell lines through modification of cell culture conditions 

(Chapter 3), genetic manipulation (Chapter 4) and gene silencing (Chapter 6). 

2. To generate an informatics resource of mRNA expression profiles derived from 

CHI -cells for future studies of disease mechanisms (Chapter 5). 

 

To support these aims the broad objectives of the thesis were:  

a) To characterise a novel human -cell line for use in CHI -cell line derivation.   

b) To characterise a widely-used mouse -cell line for use in CHI -cell line 

development. 

c) To characterise a novel iPS-cell line obtained from CHI tissue for studies of the 

impact of genetic manipulation on CHI -cell development.   
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d) To use molecular techniques to generate genetic constructs to support the 

manipulation of KATP channel gene expression by siRNA and using CRISPR-

Cas9. 

e) To explore genome-wide gene expression array to generate an mRNA expression 

profiles obtained from CHI pancreatic tissues. 

f) To use informatics resources to analyse mRNA expression profiles to understand 

the mechanism of disease.  
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Chapter 2 

 
Materials and methods 

 

 

2.1 Cell culture 
 

2.1.1 Cell lines used in this study 
 

Two pancreatic beta cell lines – one from human (EndoCβH1) origin and one from mouse 

(MIN6) origin, were used in this study. EndoCβH1 cells were kindly provided by Dr 

Raphael Scharfmann at the French Institute of Health and Medical Research, Paris, 

France. MIN6 cells were kindly provided by Dr Jun-ichi Miyazaki at Osaka University, 

Japan. In addition, one human CHI tissue-derived induced pluripotent stem (CHI-iPS) 

cell line (generated in our laboratory) was also used (Kellaway, 2016).  

 

2.1.2 Cell culture method 
 

2.1.2.1 EndoCβH1 cell line 
 

The EndoCβH1 cell line requires pre-coated surfaces. The coating medium was prepared 

using- 1x DMEM (4.5 g/L D-glucose, 4 mM L-glutamine) (Gibco, Thermo Fisher 

Scientific), antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin (Gibco, 

Thermo Fisher Scientific), 2 µg/ml fibronectin from bovine plasma (Sigma-Aldrich) and 

1% ECM (Sigma-Aldrich). Cell culture treated flasks/plates (Nunclon Delta Surface, 

Thermo Fisher Scientific) were incubated with coating medium in a 37
°
C incubator for at 

least 1 hour. Freshly prepared culture medium was required for optimum growth of the 

cells. The culture medium for this cell line was prepared using 1x DMEM (1 g/L D-

glucose) (Gibco, Thermo Fisher Scientific), 2% albumin from bovine serum fraction V 

(Roche Diagnostics, USA), 50 µM β-mercaptoethanol (Sigma-Aldrich), 10 mM 

nicotinamide (VWR International, USA), 5.5 μg/ml transferrin (Sigma-Aldrich), 6.7 

ng/ml sodium selenite (Sigma-Aldrich) and antibiotics (100 units/ml penicillin and 100 

µg/ml streptomycin (Gibco, Thermo Fisher Scientific). Cells were allowed to grow 
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without changing medium and normally sub-cultured after seven days when the cells 

reached 70-80% confluency. 

 

For passaging, EndoCβH1 cells were washed with Dulbecco’s phosphate buffered saline 

(DPBS) (without MgCl2 and CaCl2) (Sigma-Aldrich) twice and incubated with 1x 0.05% 

(v/v) trypsin-EDTA (Gibco, Thermo Fisher Scientific) solution for 3 minutes. After 

trypsinisation, the inhibition of trypsin activity was carried out using 1x volume of 

neutralisation medium (80% DPBS (without MgCl2 and CaCl2), 20% FBS (fetal bovine 

serum; qualified heat-inactivated; Gibco, Thermo Fisher Scientific)) and 5x volume of 

culture medium. The cell suspension was transferred to a sterile 15 ml polypropylene tube 

(Corning Inc., USA) and centrifuged at 1200 rpm for 5 minutes (Hettich BOECO U-32, 

Germany). The cell pellet was re-suspended in culture medium and seeded in fresh 

medium on the ECM-coated culture flasks at a density of 75,000 cells/cm² and incubated 

them at 37
°
C in a humidified incubator with 5% CO2. EndoCβH1 cells with passage 

number 65-80 were used in this study. 

 

2.1.2.2 MIN6 cell line 
 

MIN6 cells were grown in 1x DMEM (4.5 g/L D-Glucose, 4 mM L-Glutamine) (Gibco, 

Thermo Fisher Scientific), supplemented with 15% FBS (qualified heat-inactivated) 

(Gibco, Thermo Fisher Scientific), 75 µM β-mercaptoethanol (Gibco, Thermo Fisher 

Scientific) and antibiotics (100 units of penicillin and 100 µg of streptomycin per ml of 

media) (Gibco, Thermo Fisher Scientific) in cell culture treated flasks (Costar canted 

neck and vented flasks, Corning Inc., USA). The medium was changed in every three 

days before the cells were less than 50% confluent, and every two days once cells were 

more than 50% confluent. Cells were passaged once they reached 70-80% confluency.  

 

For passaging, MIN6 cells were washed once with DPBS (without MgCl2 and CaCl2) 

(Sigma-Aldrich) briefly and then incubated with 1x 0.05% (v/v) trypsin-EDTA (Gibco, 

Thermo Fisher Scientific) for 3 to 5 minutes. Once the cells were fully detached from the 

surface, trypsin activity was inhibited by adding fresh culture medium (5x volume of 

trypsin solution used) and then transferred to sterile 15 ml polypropylene tube (Corning 

Inc., USA). The suspension was centrifuged at 550 rpm for 5 minutes (Hettich BOECO 

U-32, Germany). The cell pellet was re-suspended in culture medium and inoculated in 
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fresh culture medium inside sterile culture flasks at a density of 50,000 cells/cm². The 

cells were then incubated at 37
°
C in a humidified incubator with 5% CO2. MIN6 cells 

with passage number 21-35 were used in this study. 

 

2.1.2.3 CHI-iPS cell line 
 

CHI-iPS cells require pre-coated surfaces for growth. The coating medium was prepared 

by diluting concentrated human recombinant vitronectin (VTN-N) (Gibco, Thermo Fisher 

Scientific) with DPBS (without MgCl2 and CaCl2) (Sigma-Aldrich) to make a final 

vitronectin concentration of 0.5 µg/cm
2
 surface area. 100 µl of the diluted coating 

medium was used for 1 cm
2
 surface area. Cell culture treated plates (Corning Inc., USA) 

were incubated with the coating medium at room temperature under the sterile condition 

for at least 1 hour. The culture medium for this cell line was prepared using 98% 

Essential 8 basal medium (DMEM/F12 (Ham) (1:1)) (Gibco, Thermo Fisher Scientific) 

and 2% Essential 8 supplement (50x) (Gibco, Thermo Fisher Scientific). The medium 

was changed every day and cells were normally sub-cultured after 3-4 days when the cells 

reached 70-80% confluency. 

 

For passaging, CHI-iPS cells were washed once with DPBS (without MgCl2 and CaCl2) 

(Sigma-Aldrich) briefly and then incubated with 1x Versene solution (Gibco, Thermo 

Fisher Scientific) for 3 to 5 minutes at room temperature. Once the edges of the cell 

clusters were started to detach (observed under a microscope), Versene activity was 

inhibited by adding fresh culture medium. Using sterile plastic pipettes, the clusters were 

carefully detached (without making the single cell suspension) from the surface by slow 

pipetting. This cell suspension was then transferred to previously coated plates with 

appropriate dilutions. The cells were then incubated at 37
°
C in a humidified incubator 

with 5% CO2. CHI-iPS cells with passage number 39-50 were used in this study. 

 

2.1.3 Cryopreservation and recovery of cells 
 

The cells were preserved in liquid nitrogen for long-term storage. For EndoCβH1 and 

MIN6, the cells were collected by trypsinisation and centrifugation as described above 

(respectively). MIN6 cells were resuspended in 1x cell freezing medium containing 90% 

culture medium and 10% DMSO (Sigma-Aldrich). EndoCβH1cells were resuspended in 

1x cell freezing medium made of 90% FBS (Gibco, Thermo Fisher Scientific) and 10% 
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DMSO (Sigma-Aldrich). The CHI-iPS cells were harvested as described above and were 

collected by centrifugation (Hettich BOECO U-32, Germany) at 200xg for 4 minutes. The 

cells were then resuspended in 1x cell freezing medium (90% culture medium, 10% 

DMSO (Sigma-Aldrich)). For all three cell lines, cells were then frozen at -80
°
C for a 

short period followed by transfer to liquid nitrogen (-196
°
C) for longer storage. 

 

When required, the cells were collected from liquid nitrogen and were warmed to 37
°
C 

using a water bath. 1 ml of cell suspension was then resuspended in 9 ml of medium and 

then centrifuged (as described above, respective of cell lines) at room temperature. The 

supernatant was discarded, and the cell pellet was then resuspended in fresh medium. The 

cells were transferred to ready to use culture flasks/plates and incubated in a 37
°
C 

incubator. 

 

 

2.2 Total RNA isolation, quantification, and conversion to cDNA 
 

2.2.1 Collection of cells 
 

After reaching 70-80% confluency, cells were detached from the culture flask/plates and 

collected as cell pellets following the protocols described above (section 2.1.2). The 

pellets were washed with DPBS (without MgCl2 and CaCl2) (Sigma-Aldrich). The 

washed pellets were used for extracting total RNA.  

 

2.2.2 RNA isolation 
 

Total RNA of the cells was isolated using the RNeasy Mini Kit and QIAshredder columns 

(both from Qiagen Ltd., UK) according to the manufacturer's protocol. Briefly, the 

pelleted cells were lysed with 350 µl or 600 µl of buffer RLT (depending on the number 

of cells) which was supplemented with 1% β-mercaptoethanol. The cell lysate was then 

transferred to a QIAshredder spin column and centrifuged for 2 minutes at maximum 

speed using a benchtop centrifuge machine (Minispin Plus, Eppendorf, UK). One volume 

of 70% ethanol (Sigma-Aldrich) was added to the lysate, mixed properly by pipetting and 

then the lysate was transferred to an RNeasy silica-gel mini-column for allowing the 

RNA to bind to membrane inside the column. The sample was then centrifuged at 

10,000xg for 15 seconds followed by washing with wash buffer RW1 once. RNase-free 
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DNase I solution (10 µl of DNase I in 70 µl of Buffer RDD, both reagents from Qiagen 

Ltd, UK) was applied to the membrane and incubated at room temperature for 15 minutes 

to prevent any genomic DNA carryover. The column was washed again with Buffer RWI 

once, then with RPE buffer twice. Finally, total RNA was eluted using RNase-free water 

in RNase-free microcentrifuge tube. The extracted RNA was then stored at -80
°
C. 

 

2.2.3 RNA quantification 

 

The quantity and quality of extracted RNA samples were determined using the NanoDrop 

ND-2000 UV-Vis spectrophotometer (Thermo Fisher Scientific). An A260/A280 ratio in the 

range of 1.8-2.2 was considered pure. Also, A260/A230 ratio and the absorbance graph 

were used for measurement of purity. 

 

2.2.4 Conversion of total RNA to cDNA by Reverse Transcription (RT) 
 

The extracted pure total RNAs were then converted to complementary DNA (cDNA) 

using the Precision nanoScript Reverse Transcription kit (Primerdesign Ltd, UK), using 

the manufacturer’s protocol. Briefly, a maximum of 2 µg of total RNA sample was added 

to 1 µl of oligo-(dT) primers and 1 µl of random primers (9 nucleotides in length), and 

adjusted to a volume of 10 µl with nuclease-free water. The sample was then incubated at 

65
°
C for 5 minutes and then quickly cooled on ice. A master mix of 2 µl of 10x reaction 

buffer, 2 µl DTT (100 mM), 1 µl of dNTPs (10 mM each), 4 µl of nuclease-free water, 

and 1 µl of Reverse transcriptase (RTase) was added to the pre-chilled sample. The 

mixture was incubated at 25
°
C for 5 minutes, followed by incubation at 55

°
C for 20 

minutes to activate the RTase enzyme. The reaction was heat inactivated by incubation at 

75
°
C for 15 minutes. All the incubation steps were carried out in a Veriti 96-well Thermal 

Cycler (Applied Biosystems, Thermo Fisher Scientific). To detect any genomic 

contamination in subsequent steps, a negative (RT-ve) control for each sample was 

generated following the same procedure except in place of RTase, 1 µl of nuclease-free 

water was added. Finally, cDNA samples were stored at -20
°
C for short-term storage or at 

-80
°
C for longer storage. 

 

 

 

 



Chapter two 

Page | 52  Towards an in vitro model of congenital hyperinsulinism of infancy 

2.3 Analysis of gene expression by Polymerase chain reaction (PCR) 
 

2.3.1 Primers used for reverse-transcription PCR  
 

All of the gene-specific primers used in this study were designed using the Primer3 

(v.0.4.0) (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) primer designing web tool and 

NCBI Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The cut-off 

parameters used for the designed primers were at-least 50% GC content and a size of 18-

25 bases. Primers were purchased from Eurofins Genomics, Germany. The supplied 

lyophilized primers were suspended in nuclease-free water (Ambion, Thermo Fisher 

Scientific) to make 100 µM stock solutions and then diluted and divided into aliquots of 

10 µM working concentration with nuclease-free water. The primers were stored at -20
°
C. 

Primer sequences and optimised annealing temperatures (Tm) for all individual primer 

pairs are provided as additional information (Appendix I). 

 

2.3.2 Reverse-transcription PCR (RT-PCR) 
 

RT-PCR was performed in a Veriti Thermal Cycler (Applied Biosystems, Thermo Fisher 

Scientific) using reagents from Invitrogen (Thermo Fisher Scientific). The reagent 

composition of a typical RT-PCR reaction is mentioned in Table 2.1. As a control, 100 ng 

of genomic DNA (gDNA) (Human/Mouse, Promega, UK) was used. For a negative 

control, nuclease-free water was used in place of the template to cross-check the possible 

contamination in the reagents used. The PCR reaction conditions were as follows: an 

initial denaturation at 94
°
C for 5 minutes, then 30-35 cycles each with denaturation at 

94
°
C for 30 seconds, annealing (annealing temperature for each primer set is provided in 

Appendix I) for 30 seconds, and elongation at 72
°
C for 45 seconds followed by a final 

extension at 72
°
C for 5 minutes. 

 

Table 2.1: Typical RT-PCR reaction composition 
 

Reagent Final concentration Volume (µl) 

10x reaction buffer (without MgCl2) 1x 2.5 

10 mM dNTP mixture 0.2 mM 0.5 

50 mM MgCl2  1.5 mM 0.75 

Forward/Revese primer (10 µm) 0.5 µM 1.25 

Template cDNA ~50 ng 1 - 2  

Taq DNA Polymerase (5 U/µl) 0.06 U/µL 0.3 

Nuclease-free water -- Up to 25 
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2.3.3 Separation of PCR products and their visualisation 
 

PCR products were electrophoretically separated on a 1.5-3% agarose gel (depending on 

amplicon size) containing GelRed nucleic acid gel staining solution (1:10,000) (Biotium 

Inc., USA) in 1x TAE running buffer at 100 volts. Blue/Orange 6x loading dye (Promega, 

UK) was added to the PCR products prior to load into the wells of the gel. Either the 

Quick-load 100 bp or Fast DNA ladder (both from New England Biolabs, UK) was used 

as a size marker. After electrophoresis, DNA bands in the gel were observed and 

photographed by using a UV gel documentation system (Biorad Chemidoc MP imaging 

system, Bio-Rad Laboratories, USA).  

 

2.3.4 Primers validation 
 

To authenticate the PCR products as the genes of interest, the gene-specific PCR products 

were sequenced. The PCR products were purified using a PCR purification kit 

(QIAquick, Qiagen, UK) according to the manufacturer’s protocol. In brief, 1 volume of 

DNA (PCR product) was thoroughly mixed with 5 volumes of Buffer PB. The mixture 

was then transferred to a silica-based membrane containing columns so that the DNA can 

bind to the membrane. The sample was centrifuged at 13,000 rpm for 60 seconds using a 

benchtop centrifuge machine (Minispin Plus, Eppendorf, UK). After discarding the flow-

through, which contains the other PCR reagents, the sample was washed with 0.75 ml of 

Buffer PE and then, centrifuged at 13,000 rpm for 60 seconds. In the end, 30-50 μl 

nuclease-free water was added to the membrane and the purified DNA was eluted by 

centrifuging at 13,000 rpm for 60 seconds.  

 

The purified PCR products along with their corresponding primers (forward and reverse, 

separately) were sent for DNA sequencing, which was conducted by The University of 

Manchester DNA Sequencing Facility (University of Manchester, UK). The sequences 

were then analysed using bioinformatics web tools – NCBI Nucleotide Blast (https://blast. 

ncbi.nlm.nih.gov/Blast.cgi) and ClustalW (http://www.genome.jp/tools/clustalw/) to 

confirm product identity.  
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2.3.5 Relative quantitative PCR 
 

Relative quantitative PCR (qPCR), also known as real-time PCR, is a state-of-the-art 

technique that merges amplification and detection steps into a single step and provides the 

information in real-time. As a result, this method does not require time-consuming gel 

electrophoresis for detection. More importantly, the resulting information is truly 

quantitative. So, the qPCR approach is quite the opposite compared to conventional PCR 

methods, which detect the product at the end stage and is not truly quantitative.  

 

Experimentally, PCR reactions can be sub-divided into three distinct phases- exponential, 

linear and plateau (VanGuilder et al, 2008) (Figure 2.1). Traditional PCR methods 

analyse the end-product, at the plateau phase. On the other hand, the qPCR method 

collects reaction information at the exponential phase and thus providing a more sensitive 

detection method. 

 

 

 

Figure 2.1: A typical illustration of the phases 

of PCR. PCR reactions start with the 

exponential phase, where the reactions produce 

the double amount of the product after each 

cycle. The reagents then become used up and 

therefore less available. So, ultimately, the 

reaction rate decreases, the amount of products 

no longer doubles after each cycle. In the long 

run, the reactions enter the plateau phase, where 

reactions slow down and eventually, stop to 

amplify any more products. The image was 

adapted from VanGuilder et al. (2008). 

 

In this study, two popular methods of qPCR were used. One was SYBR Green dye-based 

assay which uses a non-specific dye that binds to minor grooves of double-stranded DNA 

(dsDNA) only (Schneeberger et al, 1995; Cao and Shockey, 2012; Kumar et al, 2012). 

The other one was TaqMan probe-based assay that uses sequence-specific single-stranded 

DNA (ssDNA) probe labelled with a fluorescent reporter and a quencher dye (Holland et 

al, 1991; Cao and Shockey, 2012; Kumar et al, 2012). Both of the methods are outlined 

briefly in Figure 2.2. 
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A. SYBR green dye-based assay  

 

B. TaqMan probe-based assay 

 

 

 

 

Figure 2.2: Typical steps of SYBR green and TaqMan assays. Panel A) SYBR green dye 

fluoresces only when bound to double-stranded DNA. After denaturation, the dye is 

released, and fluorescence is inhibited. After completion of the polymerisation, the dye 

again binds to double-stranded DNA, resulting in increased fluorescence. Panel B) TaqMan 

probe, attached with a fluorescent reporter dye and a quencher dye, bind to the target gene. 

During the DNA extension step, probe DNAs are displaced and are cleaved by the 

polymerase. So, the reporter dye becomes separated from the quencher and emits 

fluorescence. For both of the methods, the relative amount of fluorescence is proportional to 

the amount of product generated. Images were adapted from Thermo Fisher Scientific 

website (https://www. thermofisher.com/uk/). 

 

 

 

 

 

Reporter dye Quencher 

dye 

SYBR green 
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2.3.5.1 SYBR Green-based qPCR 
 

The RNA was extracted and converted to cDNA following the protocol described section 

2.2. Precision 2x real time master mix (Primerdesign Ltd, UK), which contains SYBR 

green as the primary dye and ROX as a reference dye, was used in this study. 50 ng of 

cDNA was used for the PCR reaction. The reaction volume was set to 20 µl, and the 

composition that was used is mentioned in Table 2.2. The qPCR primers for target genes 

were designed following the protocol mentioned in section 2.3.1. 18S rRNA and GAPDH 

primers purchased from Primerdesign Ltd, UK were used as the endogenous controls. The 

list of primers used in this assay is mentioned in Table 2.3. 

 

Table 2.2: Typical SYBR Green-based qPCR reaction composition 

 

Reaction components Amount (µl) 

2x Master Mix 10 

Primer (10 µM) 1 

Nuclease-free water 4 

cDNA (10 ng/µl) 5 

 

 

Table 2.3: List of designed primers used in SYBR Green-based qPCR 

 

Gene name/ 

NCBI ref. no 
Primer 

Primer sequence 

5′ → 3′ 

Product 

size (bp) 

INS (human) 

NM_001185097.1 

Forward CCAGGACAGGCTGCATCAG 
117 

Reverse CCATGGCAGAAGGACAGTGA 

NEUROD1 (human) 

NM_002500.4 

Forward TCCGGAGGCCCCAGGGTT 
104 

Reverse CGCCCATCAGCCCACTCT 

NKX6.1 (human) 

NM_006168.2 

Forward CGTTGGGGATGACAGAGAGT 
110 

Reverse CGAGTCCTGCTTCTTCTTGG 

NGN3 (human) 

NM_020999.3 

Forward CTTCGTCTTCCGAGGCTCT 
110 

Reverse CTATTCTTTTGCGCCGGTAG 

PDX1 (human) 

NM_000209.3 

Forward CGTCCGCTT GTTCTCCTC 
96 

Reverse CCTTTCCCATGGATGAAGTC 

SST (human) 

NM_001048.3 

Forward CCCAGACTCCGTCAGTTTCT 
205 

Reverse CCATAGCCGGGTTTGAGTTA 

 

 

The reaction volume was transferred into a single well of a V-bottomed 96-well optical 

plate (Life Technologies, Thermo Fisher Scientific). Each sample was prepared in 

triplicate, and a negative control (nuclease-free water instead of cDNA) was also prepared 
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for each primer. The plate was then sealed with an optical film (Life Technologies, 

Thermo Fisher Scientific) and spun at 1500 rpm for 1 minute in a tabletop centrifuge 

machine (Hettich BOECO U-32, Germany) at room temperature. The plate was then 

placed for PCR reaction in a real-time thermal cycler (StepOnePlus Real-Time PCR 

System, Thermo Fisher Scientific). The reaction program was - initial denaturation at 

95
°
C for 10 minutes, then 40 cycles at 95

°
C for 30 seconds, followed by 61

°
C for 1 

minute. Results of the PCR were analysed using StepOnePlus system software (Thermo 

Fisher Scientific) and MS Excel (Microsoft corp., USA).  

 

2.3.5.2 TaqMan probe-based quantitative PCR 
 

For TaqMan probe-based qPCRs, TaqMan Fast Advanced Master Mix (Thermo Fisher 

Scientific) with ROX as a reference dye was used. The quantitative expressions of 

KCNJ11, ABCC8 and INS were assayed by this method. The expression of GAPDH was 

used as endogenous control. All the target gene-specific probes and endogenous control 

specific probe were purchased from Thermo Fisher Scientific. 50 ng of cDNA was used 

for the PCR reaction. The reaction volume was set to 20 µl, and the typical reaction 

composition is mentioned in Table 2.4. 

 

Table 2.4: Typical TaqMan probe-based qPCR reaction composition 

 

Reaction components Amount (µl) 

2x Master Mix 10 

20x TaqMan gene probe 1 

Nuclease-free water 5 

cDNA (12.5 ng/µl) 4 

 

Similar to the protocol for SYBR Green-based qPCR (mentioned above), the reaction 

volume was transferred into a single well of a V-bottomed 96-well optical plate (Life 

Technologies, Thermo Fisher Scientific). Each sample was prepared in triplicate, and a 

negative control (nuclease-free water instead of cDNA) was also prepared for each 

primer. The plate was then sealed with an optical film (Life Technologies, Thermo Fisher 

Scientific) and spun at 1500 rpm for 1 minute in a tabletop centrifuge machine (Hettich 

BOECO U-32, Germany) at room temperature. The plate was then placed for PCR 

reaction in a real-time thermal cycler (StepOnePlus Real-Time PCR System, Thermo 

Fisher Scientific). The reaction program was - initial incubation at 48
°
C for 15 minutes, 
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polymerase activation at 95
°
C for 10 minutes, and 40 cycles of denaturation at 95

°
C for 

15 seconds and 60
°
C for 1 minute. The data were collected at the end of each cycle. 

Results of the PCR were analysed using StepOnePlus system software (Thermo Fisher 

Scientific) and MS Excel (Microsoft corp., USA). 

 

 

2.4 Protein analysis 
 

2.4.1 Immunofluorescence imaging study  
 

Cells were detached from the culture flasks/plates and collected as cell pellets following 

the protocol described in section 2.1.2. The cells were then re-suspended and seeded into 

culture medium on sterilised 15 mm diameter glass coverslips (Scientific Laboratory 

Supplies, UK) in 24-well plates (Corning Inc., USA). The cells were then allowed to 

grow in a 37
°
C incubator until the cells reached 70-80% confluency. The used culture 

medium was then removed, and cells were fixed with 4% paraformaldehyde (Sigma-

Aldrich) in DPBS buffer for 20 minutes at room temperature. The cells were washed with 

DPBS three times. Coverslips with cells were then permeabilised with 0.1% Triton X-100 

(Sigma-Aldrich) in DPBS for 20 minutes at room temperature. To minimise the 

background staining from non-specific binding, cells were incubated with 10% normal 

goat serum (NGS) (Gibco, Thermo Fisher Scientific) in DPBS for 1 hour at room 

temperature. The cells were incubated with primary antibody (details listed in Table 2.5) 

in DPBS containing 3% NGS overnight at 4
°
C. After that cells were washed with DPBS 

three times for 5 minutes each. Cells were then incubated with secondary antibody 

conjugated with a fluorescent protein (details listed in Table 2.5) in DPBS containing 3% 

NGS for 1 hour at room temperature. The cells were then washed three times with 0.1% 

Tween-20 (Sigma-Aldrich) in PBS for 5 minutes each. Cells were then mounted on glass 

slides (Thermo Fisher Scientific) with mounting media containing DAPI (ProLong Gold 

antifade reagent, Thermo Fisher Scientific) and allowed to cure for 24 hours in the dark at 

room temperature. The stained cells were viewed under an Olympus BX51 Snapshot 

widefield microscope and images were captured with Coolsnap ES camera (Photometrics, 

USA) using MetaVue imaging software (Molecular Devices, USA). Specific band-pass 

filters (in accordance with the fluorescent protein conjugated with secondary antibody) 



Chapter two 

Page | 59  Towards an in vitro model of congenital hyperinsulinism of infancy 

were used for viewing and capturing the images. Images were then analysed using ImageJ 

(National Institute of Health, USA). 

 

 
Table 2.5: Details of primary and secondary antibodies used in immunofluorescence 

assays 

 

Antibody Host Specificity Dilution Source 

Primary 

Anti-Insulin Rabbit Polyclonal 1:200 
Cat. no.- ab63820 

Abcam PLC, UK 

Anti-Nanog Rabbit Polyclonal 1:50 
Cat. no.- ab21624 

Abcam PLC, UK 

Anti-NeuroD1 Rabbit Polyclonal 1:200 
Cat. no.- 12080-1-AP 

Proteintech, USA 

Anti-Oct4 Rabbit Polyclonal 1:200 
Cat. no.- ab19857 

Abcam PLC, UK 

Anti-

Somatostatin 
Rat Monoclonal 1:150 

Cat. no.- MAB354 

Millipore UK Ltd 

Anti-Sox2 Rabbit Polyclonal 1:500 
Cat. no.- ab97959 

Abcam PLC, UK 

Anti-SSEA4 Mouse Monoclonal 1:70 
Cat. no.- ab16287 

Abcam PLC, UK 

Secondary 

Alexa Fluor 488-

conjugated Anti-

Rabbit 

Goat Polyclonal 1:200 
Cat. no.- A11008 

Thermo Fisher Scientific 

Alexa Fluor 488-

conjugated Anti-

Mouse 

Goat Polyclonal 1:200 
Cat. no.- A11008 

Thermo Fisher Scientific 

Cy3-conjugated 

Anti-Rat 
Goat Polyclonal 1:200 

Cat. no.- ab6953 

Abcam PLC, UK 

Cy5-conjugated 

Anti-Rabbit 
Goat Polyclonal 1:200 

Cat. no.- ab6564 

Abcam PLC, UK 

 

 

2.4.2 Western blot analysis 

 

2.4.2.1 Extraction of protein 
 

To have a sufficient amount of whole cell protein, cells were grown in T80 culture flasks 

until 70-80% confluency was achieved. Radio Immuno Precipitation Assay (RIPA) buffer 

(150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% Sodium dodecyl 

sulphate (SDS), 50 mM Tris, pH 8.0, 1x protease inhibitor) was used for extraction of 
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whole cell protein. In brief, the cells were detached and collected as cell pellets according 

to the protocol mentioned above (section 2.1.2) and washed with ice-cold DPBS twice. 

500 μl of RIPA buffer was then added to the cell pellet. The cells were then resuspended 

gently and incubated at 4
°
C for 30 minutes with occasional vortexing to ensure the 

complete lysis of the cells. The sample was then centrifuged (PrismR, Labnet 

International, USA) at 13,000 rpm for 20 minutes at 4
°
C. The supernatant was transferred 

to a clean pre-chilled microcentrifuge tube on the ice. The sample was stored at -20
°
C for 

short-term storage and at -80
°
C for long-term storage.  

 

2.4.2.2 Estimation of protein concentration 
 

To measure the concentration of total protein of different samples, Bradford reagent 

(Sigma-Aldrich) was used. The formation of a coloured complex (which shows maximum 

absorption at 595 nm) between the dye, Brilliant Blue G, and proteins in solution is the 

basis of this procedure. The amount of absorption is proportional to the amount of protein 

present in the solution. Quick Start Bovine Serum Albumin (BSA) Standard kit (0, 0.125, 

0.25, 0.5, 0.75, 1.0, 1.5 and 2.0 μg/μl) (Bio-Rad Laboratories, USA) was used as protein 

standard. Briefly, 10 μl of each protein standard was added to a well of 96-well plate 

(Corning Inc., USA) in three technical replicates. Then 10 μl of a sample protein solution 

(in 1:10 and 1:100 dilution separately) to be tested was added in triplicate to the wells of 

the plate. 100 μl of Bradford assay reagent was added to the wells and incubated at room 

temperature for 5 minutes at dark. The optical density (OD) was measured using a plate 

reader (Synergy HT, BioTek Instruments, Inc.) and the readings of OD were extracted 

using Gen5 software (BioTek Instruments, Inc.). Protein concentrations were measured 

from the OD data using MS Excel (Microsoft Corp., USA) and GraphPad Prism 6 

(GraphPad Software, Inc., USA) software programmes.  

 

2.4.2.3 Protein separation, transfer to membrane and detection 

 

Separation 
 

40 ng of total protein from each sample was used for gel separation. At first, protein 

samples were denatured by incubating with Laemmli loading buffer (2% SDS, 5% β-

mercaptoethanol, 10% glycerol, 0.01% Bromophenol blue, 62.5 mM Tris-HCl, pH 6.8) at 

95
°
C for 5 minutes. Proteins from each samples were then loaded in 12% Mini-protean 
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stain-free pre-cast polyacrylamide gels (Bio-Rad Laboratories, USA) and then separated 

by electrophoresis using 1x Tris-Glycine running buffer (25 mM Tris base, 190 mM 

glycine, 0.1% SDS pH 8.3) at 15 mA in Mini-PROTEAN3 Cell electrophoresis system 

(Bio-Rad Laboratories, USA). ColorPlus Prestained Protein Ladder (New England 

Biolabs, UK) was used as a protein marker and run along with the protein samples.  

 

Transfer of proteins to the membrane 
 

After electrophoresis, the protein gel was placed in the middle of the sandwich assembly 

(on top of a PVDF (Polyvinylidene Fluoride) membrane) of the Trans-Blot Turbo mini 

transfer pack (Bio-Rad Laboratories, USA). The sandwich assembly was then placed in a 

tray of the Trans-Blot Turbo transfer system (Bio-Rad Laboratories, USA). 

Recommended set program (in accordance with the molecular weight of target proteins) 

was run to transfer the proteins from gel to PVDF membrane.    

 

Target protein detection 
 

Following the transfer of the proteins from gel to a membrane, the membrane was taken 

out of the sandwich carefully. The membrane was then incubated with milk blocking 

reagent (5% skimmed milk (Sigma-Aldrich) in Tris Buffered Saline (TBS) (20 mM Tris-

Cl pH 7.6, 150 mM NaCl) with 0.1% Tween-20 (TBS-T)) for 1 hour at room temperature 

on an orbital shaker (Gyro rocker, Stuart Scientific, UK) to block the free spaces of the 

membrane. The membrane was then incubated with the primary antibody (details in Table 

2.6) diluted in milk blocking reagent overnight at 4
°
C. Following the incubation, the 

membrane was washed three times with TBS-T for 5 minutes each. Afterwards, the 

membrane was incubated with the horseradish peroxidase (HRP)-conjugated secondary 

antibody (anti-rabbit IgG, HRP-linked antibody; Cat. no.- 7074, Cell Signaling 

Technology, UK) diluted (1:10000) in milk blocking reagent for 1 hour at room 

temperature on the orbital shaker. Next, the membrane was rinsed three times with TBS-T 

for 10 minutes each. Following the washing, the membrane was incubated with 

Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore., UK) for 2 

minutes.  The membrane was then exposed to photographic film (Kodak Biomax MR 

Film, Sigma-Aldrich) and developed using an automatic X-ray film processor (JP-33, JPI 

Healthcare, USA). 
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Table 2.6: Details of primary antibodies used in western blot assay 

 

Antibody Host Specificity Dilution Source 

Anti-Kir6.2 Rabbit Polyclonal 1:2000 
Cat. no.- APC-020, 

Alomone labs, Israel 

Anti-Beta Actin Rabbit Polyclonal 1:5000 
Cat. no.- ab95437, 

Abcam, UK 

 

 

2.5 Cell proliferation assay 
 

2.5.1 Conventional cell counting method 
 

Cells were cultured with normal growth media until they reached ~70-80% confluency 

according to the protocols mentioned in section 2.1.2. To observe the effect of different 

insulin secretagogues (ISGs) (potassium chloride, tolbutamide, arginine, leucine and 

glibenclamide) (described in detail in chapter 3) on the cell growth, different composition 

of culture media (with or without ISGs) were prepared and used in this assay. All the 

ISGs used in this study were purchased from Sigma-Aldrich. In brief, cells were seeded in 

culture media (with or without individual ISG) on 24-well plates (Corning Inc., USA) and 

allowed to grow at 37
°
C. After every 24 hours (up to 192 hours), cells were detached 

from three different wells for every individual condition and collected as cell pellet using 

tabletop centrifuge machine (Minispin Plus, Eppendorf, UK). The centrifugation was 

carried out at room temperature, and the speed was optimised as - 2000 rpm for 10 

minutes (MIN6) and 3000 rpm for 5 minutes (EndoCβH1). The cell pellets were then 

resuspended in 1 ml of individual media and kept in ice. Then, the number of cells was 

counted separately using a glass hemocytometer (Hawksley, UK). Trypan blue (Sigma-

Aldrich) was used to determine the live cells. The growth rate was analysed for eight 

days. A growth curve was plotted using MS Excel (Microsoft Corp., USA) software to 

observe the pattern of the growth rate of cells in different conditions. 

 

2.5.2 CellTiter 96 AQueous One Solution cell proliferation assay 
 

CellTiter 96 AQueous One Solution (Promega, UK) proliferation assay is based on a 

colourimetric method for determining the number of viable cells in the cell sample. The 

principal ingredients for this assay is a solution of a novel tetrazolium compound [3-(4,5-
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dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 

inner salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES). MTS is 

metabolically converted by cells into a coloured, culture medium soluble formazan 

product, which can be measured by taking absorbance at 490 nm directly from 96-well 

assay plates without any downstream processing (Technical bulletin, CellTiter 96 AQueous 

One Solution cell proliferation assay, Promega, UK) 

 

In brief, define number of cells (16,000 for MIN6 and 24000 for EndoCβH1) in 100 µl 

culture media were grown in 96-well plates at 37
°
C. The cells were seeded in three wells 

for each of the experimental condition, and for each day of the assay. Every 48 hours, the 

assay was carried out by treating the cells for 2 hours at 37
°
C with 20 µl of assay reagent 

directly added to the respective wells. Absorbance at 490 nm was then measured using a 

plate reader (Synergy HT, BioTek Instruments, Inc.) and the readings of absorbance were 

extracted using Gen5 software (BioTek Instruments, Inc.). The absorbance measured in 

this assay is directly proportional to the number of viable cells. In addition, absorbance at 

490 nm of cells from each condition was measured after 24 hours. Along with the 

experimental conditions, negative controls for each condition (respective culture media 

only, without any cell) were also used and were undergone the same procedure to 

measure the background absorbance. The overall absorbance was normalised by 

subtracting background absorbance and absorbance after 24-hour experiments from 

experimental readings.  

 

2.5.3 Cell proliferation assay based on 5-Bromo-2-deoxyuridine incorporation  
 

Cells were seeded in culture medium on 15 mm diameter cover-slips in 24-well plates 

(Corning Inc., USA) and allowed to grow in a 37
°
C incubator for 48 hours. After 48 

hours, the used culture media were removed, and the cells were treated with BrdU (5-

Bromo-2-deoxyuridine) labelling reagent (Molecular Probes, Thermo Fisher Scientific) 

diluted (1:100) in culture media for 2 hours at 37
°
C. After 2 hours, the media was 

replaced with fresh culture media and incubated for another 24 hours at 37
°
C. The cells 

were fixed with 4% paraformaldehyde (Sigma-Aldrich) in DPBS buffer (Sigma-Aldrich) 

for 20 minutes at room temperature. The cells were washed with DPBS three times. 

Cover-slips with cells were then taken out and placed in a glass beaker containing 50 ml 

of sodium citrate buffer (10 mM, pH 6.0) and heated at high power (800 watts) in a 
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microwave oven (Panasonic NN-E250) for 2 minutes and then at medium power for 

another 5 minutes. The cells were then allowed to cool to room temperature. Cover-slips 

with cells were then transferred to a fresh 24-well plate and then permeabilised with 0.1% 

Triton X-100 (Sigma-Aldrich) in DPBS for 20 minutes at room temperature. To minimise 

the background staining from non-specific binding, cells were incubated with 10% NGS 

(Gibco, Thermo Fisher Scientific) in DPBS for 1 hour at room temperature. Cells were 

then incubated with primary antibody (rat anti-BrdU antibody, Bio-Rad Laboratories, 

USA) containing 3% NGS in DPBS overnight at 4
°
C. After that, cells were washed with 

DPBS three times for 5 minutes each. Cells were then incubated with secondary antibody 

(goat anti-rat antibody, Abcam, UK) in 3% NGS in DPBS for 1 hour at 37
°
C followed by 

three washes with 0.1% Tween-20 (Sigma-Aldrich) in DPBS for 5 minutes each. Cells 

were then mounted on glass slides (Thermo Fisher Scientific) with mounting media 

containing DAPI (ProLong Gold antifade reagent, Thermo Fisher Scientific) and allowed 

to cure for 24 hours in the dark at room temperature. The stained cells were viewed under 

an Olympus BX51 Snapshot widefield microscope and images were captured with 

Coolsnap ES camera (Photometrics, USA) using MetaVue imaging software (Molecular 

Devices, USA). Specific band pass filters were used for viewing and capturing the 

images. Images were then analysed using ImageJ software (National Institute of Health, 

USA). 

 

2.6 Glucose-stimulated insulin secretion (GSIS) assay 
 

2.6.1 Isolation of Islet of Langerhans from mouse pancreas 
 

8-10 weeks old six mice (C57BL/6) were collected from the Biological Services Facility, 

University of Manchester. The mice were sacrificed by cervical dislocation. After 

dissecting the mice, the pancreases were rapidly removed and placed in cold Krebs 

Ringer HEPES (KRH) buffer (the composition of KRH buffer is given in Table 2.7). In 

brief, the pancreas was inflated with cold collagenase V (1 mg/ml) (Sigma-Aldrich, 

catalogue no. C-9263) dissolved in KRH buffer through the bile duct using a syringe and 

needle. Spleen and fat tissues were trimmed, and the inflated pancreas was transferred 

into a 50 ml polypropylene tube (RNase/DNase free, Corning Inc., USA) containing 

collagenase solution. To enzymatically digest the pancreas and to have the islets in the 

solution, the tube containing pancreas was placed into a 37
°
C water bath for strictly 10 
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minutes with occasional swirling by hand. Ice-cold RPMI 1640 (Gibco, Thermo Fisher 

Scientific) supplemented with 10% FBS and antibiotics (100 units of penicillin and 100 

µg of streptomycin per ml of media) was then added to the pancreas sample to inhibit the 

action of the collagenase. The sample was then centrifuged (Hettich BOECO U-32, 

Germany) at 1400 rpm for 1.5 minutes at 10
°
C and the supernatant was discarded. The 

sample was washed with supplemented ice-cold RPMI and centrifuged at 1400 rpm for 

1.5 minutes at 10
°
C. This step was carried out three times. Following the washing steps, 

the islet sample was resuspended in supplemented RPMI, and filtered through a metallic 

sieve (a typical tea strainer) to separate the islets from undigested tissues. The filtrate was 

then centrifuged (Hettich BOECO U-32, Germany) at 1500 rpm for 1.5 minutes at 10
°
C 

and the supernatant was discarded. The supernatant was removed completely by inverting 

the tube onto a tissue paper. The sample was then resuspended with 15 ml Histopaque 

(Sigma-Aldrich). Supplemented ice-cold RPMI was then added very gently to the islet 

suspension to create a smooth interface between re-suspended islets (in Histopaque) and 

RPMI. The solution was then centrifuged (Hettich BOECO U-32, Germany) at 3510 rpm 

for 24 minutes at 10
°
C (with the slowest acceleration and slowest breaking speed to 

ensure the integrity of density gradient). The islets, suspended at the density interface 

after centrifugation, were then collected carefully into a new tube using micropipette. The 

isolated islets were then washed three times with supplemented RPMI and centrifuged at 

1500 rpm for 1.5 minutes at 10
°
C. After the final wash, the islets were resuspended in 

RPMI 1640 supplemented with 5.5 mM glucose, 10% FBS and antibiotics (100 units of 

penicillin and 100 µg of streptomycin per ml of media), and then transferred to a petri 

dish, and incubated overnight in an incubator at 37
°
C with air having 5% CO2. On the 

following day, healthy and clean islets were hand-picked using a micropipette under a 

microscope (Leica MS 5, Leica Microsystems, UK) for insulin secretion assay. 

 

2.6.2 Insulin secretion assay with cell lines 
 

The general protocol of GSIS assay for MIN6 and EndoCβH1 cell lines followed in this 

study is slightly different.  

 

For MIN6 cell line, 100,000 cells/cm
2
 were seeded in culture media in 96-well plates 

(Corning Inc., USA) and allowed to grow in a 37
°
C incubator for 48 hours. Then the 

culture media were replaced with KRH buffer supplemented with 1 mM glucose (Sigma-

Aldrich) and incubated for 45 minutes at 37
°
C growth incubator. After 45 minutes, the 
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buffer was removed, and cells were incubated separately with KRH buffers with different 

target glucose concentrations (2 mM, 5.5 mM, 10 mM, 20 mM and 25 mM) at 37
°
C for 

60 minutes. After the incubation, the buffers were collected from the culture wells, 

centrifuged at 4000 rpm (Hettich BOECO U-32, Germany) for 5 minutes at 4
°
C. The 

supernatants were collected and kept on ice. To measure the total insulin content of cells 

of respective culture wells after each treatment, the cells were lysed with KRH buffer 

supplemented with 2% Triton X-100 (Sigma-Aldrich) at room temperature for 15 minutes 

with occasional vortexing. Samples were then centrifuged at 4000 rpm for 5 minutes at 

4
°
C and supernatants were collected and kept on ice. Collected supernatant samples were 

either stored at -20
°
C for at most four weeks, or were used for assaying the quantification 

of insulin using ALPCO insulin (Mouse) ELISA kit (ALPCO, USA) following the 

manufacturer’s recommended protocol. 

 

For the assay for EndoCβH1 cell line, 226,000 cells/cm
2
 were seeded in culture media in 

96-well plates (Corning Inc., USA) and allowed to grow in a 37
°
C incubator for 48 hours. 

Then the culture media were replaced with glucose starving media (1x DMEM (without 

glucose) (Gibco, Thermo Fisher Scientific), 2% albumin from bovine serum fraction V, 

50 µM β-mercaptoethanol, 10 mM, 5.5 μg/ml transferrin, 6.7 ng/ml sodium selenite and 

antibiotics (100 units/ml penicillin and 100 µg/ml streptomycin), supplemented with 2.8 

mM glucose) and incubated overnight (not more than 18 hours) at 37
°
C (Ravassard et al, 

2011; Krishnan et al, 2015). On the day of experiments, the culture media were replaced 

with KRH buffer supplemented with 0.5 mM glucose (Sigma-Aldrich) and incubated for 

60 minutes at 37
°
C. After the incubation, the buffers were removed, and cells were 

incubated separately with KRH buffers with different target glucose concentrations (0.5 

mM, 2.8 mM, 11 mM, 15 mM and 20 mM) at 37
°
C for 60 minutes. Next, the buffers were 

collected from the culture wells, centrifuged at 4000 rpm (Hettich BOECO U-32, 

Germany) for 5 minutes at 4
°
C and supernatants were collected and kept on ice. To 

measure the total insulin content of cells of respective culture wells after each treatment, 

the cells were lysed with cell lysis solution (composition mentioned in table 2.8) at room 

temperature for 15 minutes with occasional vortexing. Samples were then centrifuged at 

4000 rpm for 5 minutes at 4
°
C and supernatants were collected and kept on ice. Collected 

supernatant samples were either stored at -20
°
C for at most four weeks, or were used for 

assaying the quantification of insulin using ALPCO insulin (human) ELISA kit (ALPCO, 

USA) following the manufacturer’s recommended protocol.  
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2.6.3 Insulin secretion assay with mouse pancreatic islets 
 

Isolated mouse pancreatic islets (section 2.6.1) were incubated overnight in RPMI1640 

medium (Gibco, Thermo Fisher Scientific) in 6-well plate (Corning Inc., USA) at 37
°
C 

incubator. After that, groups of three similar sized healthy islets were hand-picked for 

each experimental condition, transferred to 1.5 ml microcentrifuge tubes and were 

incubated for 15 minutes at 37
°
C with KRH buffers containing 1 mM glucose. After the 

incubation, the buffers were replaced with KRH buffers with either 2 mM or 20 mM 

glucose concentrations at 37
°
C for 30 minutes. After the incubation, the buffers were 

collected from the culture wells, centrifuged at 4000 rpm (Hettich BOECO U-32, 

Germany) for 5 minutes at 4
°
C. The supernatants were collected and kept on ice. To 

measure the total insulin content of the group of islets of respective treatment, the islets 

were lysed with KRH buffer supplemented with 1 mM glucose and 2% Triton X-100 

(Sigma-Aldrich) at room temperature for 15 minutes with occasional vortexing. Samples 

were then centrifuged at 4000 rpm for 5 minutes at 4
°
C and supernatants were collected 

and kept on ice. Collected supernatant samples were either stored at -20
°
C for at most 

four weeks, or were used for assaying the quantification of insulin using ALPCO insulin 

(Mouse) ELISA kit (ALPCO, USA) following the manufacturer’s recommended 

protocol. 

 

Table 2.7:  Composition of KRH buffer 

 

Reagents/Chemicals Concentration 

NaCl 129.0 mM 

KCl 4.8 mM 

MgSO4.6H2O 1.2 mM 

KH2PO4 1.2 mM 

NaHCO3 5.0 mM 

HEPES 10 mM 

CaCl2 2.5 mM 

BSA 0.1% w/v 

pH ~ 7.4 
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Table 2.8: Composition of cell lysis solution 

 

Reagents/Chemicals Final volume 

Tris pH 8.0, 1 M 1 ml 

Triton X-100 500 µl 

Glycerol 5 ml 

5 M NaCl 1.37 ml 

0.2 M EGTA 500 µl 

H20 Upto 50 ml 

One anti-protease tablet (Roche Diagnostics, USA) per 10 ml of solution 

 

 

2.6.4  Quantification of insulin content using enzyme-linked immunosorbent assay 

(ELISA) 

 

ALPCO insulin (Mouse) ELISA kit (ALPCO, USA) was used for quantification of 

insulin content in different experimental mouse islet and MIN6 samples. Supplied 

concentration standards (0.188, 0.50, 1.25, 3.75, 6.90 ng insulin/ml) were used for this 

assay. The protocol, in brief, 10 µl of concentration standards and the experimental 

samples were added to the antibody-coated wells in triplicate. 75 µl of antibody conjugate 

was added to the individual well and incubated for 2 hours at room temperature with 

continuous shaking (AM89B, Dynex Technologies, USA) at 700-900 rpm. After the 

incubation, the contents of the wells were decanted and washed six times with wash 

buffer manually using a wash bottle equipped with a wash nozzle. After the final wash, 

any residual wash buffer and bubbles from the wells were removed by inverting and 

firmly tapping the plate on absorbent paper towels. Following the washing steps, 100 µl 

of TMB Substrate was added to each well and incubated for 15 minutes at room 

temperature with continuous shaking at 700-900 rpm. Finally, 100 µl of stop solution was 

added to each well and mixed gently. Absorbance at 450 nm was then measured using a 

plate reader (Synergy HT, BioTek Instruments, Inc.) and the readings of absorbance were 

extracted using Gen5 software (BioTek Instruments, Inc.). The absorbance measured in 

this assay is directly proportional to the amount of insulin present in the experimental 

samples. Further analysis was performed using MS Excel (Microsoft Corp., USA) and 

GraphPad Prism 6 (GraphPad Software, Inc., USA) software programmes. 
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To quantify the insulin content from EndoCβH1 experimental samples, ALPCO insulin 

(human) ELISA kit (ALPCO, USA) was utilised. Supplied concentration standards (3, 10, 

30, 100, 200 µIU insulin/ml) were used for this assay. The protocol is quite similar to the 

protocol for mouse insulin. In brief, 25 µl of concentration standards and the experimental 

samples were added to the antibody-coated wells in triplicate. 100 µl of detection 

antibody was added to the individual wells and incubated for 1 hour at room temperature 

with continuous shaking (AM89B, Dynex Technologies, USA) at 700-900 rpm. After the 

incubation, the contents of the wells were decanted and washed six times with wash 

buffer manually using a wash bottle equipped with a wash nozzle. After the final wash, 

any residual wash buffer and bubbles from the wells were removed by inverting and 

firmly tapping the plate on absorbent paper towels. Following the washing steps, 100 µl 

of TMB Substrate was added to each well and incubated for 15 minutes at room 

temperature with continuous shaking at 700-900 rpm. Finally, 100 µl of stop solution was 

added to each well and mixed gently. Absorbance at 450 nm was then measured using a 

Synergy HT plate reader, and the readings of absorbance were extracted using the Gen5 

software. Further analysis was performed using MS Excel (Microsoft Corp., USA) and 

GraphPad Prism 6 (GraphPad Software, Inc., USA) software programmes. 

 

 

2.7 CHI-iPS cell in vitro differentiation into insulin-producing beta cell 
 

CHI-iPS Cells were cultured following the protocol mentioned in section 2.1.2.3. After 

reaching ~70–80% confluency, cells were rinsed twice with 1× DPBS (without Mg
2+ 

and 

Ca
2+

) (Thermo Fisher Scientific). The cells were detached from the surface by incubating 

the cells with 1x Versene at room temperature for 3-5 minutes. Released cells were rinsed 

with E8 medium and centrifuged at 110xg (Hettich BOECO U-32, Germany) for 3 min at 

room temperature. The resulting cell pellet was re-suspended into single cell suspension 

in E8 medium supplemented with 10 µM ROCK Inhibitor (ROCKi) (Y-27632 

dihydrochloride, Sigma-Aldrich). 1.5 x 10
6
 cells were seeded per well of 6-well plate 

(Corning Inc., USA) pre-coated with Matrigel Basement Membrane Matrix (Scientific 

Laboratory Supplies, Corning Inc., USA) and incubated for 48 hours at 37
°
C. The cells 

were differentiated into insulin-producing cells by following recently published 5-stage 

and 7-stage differentiation protocols (Rezania et al, 2012; Rezania et al, 2014). The 

culture conditions of different stages of differentiation are mentioned below. 
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7-stage differentiation protocols 

 

Stage-1 (definitive endoderm): Three days of treatment were required for the cells to be 

differentiated into this stage. Undifferentiated CHI-iPS cells, plated on Matrigel-coated 

surfaces, were rinsed with 1× DPBS (without Mg
2+ 

and Ca
2+

). Then the cells were 

incubated with MCDB 131 medium (Gibco, Thermo Fisher Scientific) supplemented with 

10 mM glucose (Sigma-Aldrich), 1.5 g/l sodium bicarbonate (Sigma-Aldrich), 2 mM L-

glutamine (Sigma-Aldrich), 0.5% (w/v) BSA (fatty acid free, Roche Diagnostics, USA), 

100 ng/ml Activin A (Sigma-Aldrich), and 3 µM Chir99021 (Sigma-Aldrich) for day 1 

only. For day 2, cells were cultured with MCDB 131 (like day 1) modified with 0.3 µM 

Chir99021. On day 3, the used medium was replaced with fresh supplemented MCDB 

131 (like day 1) without Chir99021, and the cells were incubated for another 24 hours.  

 

Stage-2 (primitive gut tube): Two days were required to achieve this stage. On day 4, the 

used medium was discarded, and stage-1 cells were rinsed once with 1X DPBS (without 

Mg
2+ 

and Ca
2+

). Then the cells were incubated for 2 days with MCDB 131 supplemented 

with 10 mM glucose, 1.5 g/l sodium bicarbonate, 2 mM L-glutamine, 0.5% (w/v) BSA, 

0.25 mM ascorbic acid (Sigma-Aldrich) and 50 ng/ml of fibroblast growth factor-7 

(FGF7, PeproTech EC Ltd., UK).  

 

Stage-3 (posterior foregut): Two days were required for this differentiation stage. On day 

6, the used medium was discarded and stage-2 cells were cultured for two days in MCDB 

131 supplemented with 10 mM glucose, 2.5 g/l sodium bicarbonate, 2 mM L-glutamine, 

2% (w/v) BSA, 0.25 mM ascorbic acid, 50 ng/ml FGF7, 0.25 µM SANT-1 (Sigma-

Aldrich), 1 µM retinoic acid (Sigma-Aldrich), 100 nM LDN193189 (Stemgent Inc., 

USA), 0.5% (v/v) insulin-transferrin-selenium-ethanolamine (ITS-X, Thermo Fisher 

Scientific), and 200 nM TPB (Calbiochem, Merck Millipore, UK).  

 

Stage-4 (pancreatic endoderm, PDX1
+
/NKX6.1

+
 cells): Three days were required for this 

stage. On day 8, stage-3 cells were incubated for 3 days with MCDB 131 supplemented 

with 10 mM glucose, 2.5 g/l sodium bicarbonate, 2 mM L-glutamine, 2% (w/v) BSA, 

0.25 mM ascorbic acid, 2 ng/ml FGF7, 0.25 µM SANT-1, 0.1 µM retinoic acid, 200 nM 

LDN193189, 0.5% (v/v) ITS-X, and 100 nM TPB. 
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Stage-5: (pancreatic endocrine precursors, PDX1
+
/NKX6.1

+
/NEUROD1

+
 cells): Three 

days were required for this stage. On day 11, stage-4 cells were treated for 4 hours with 

the culture medium used in stage-4 supplemented with 10 µM ROCKi. Cells were then 

washed with 1× DPBS (without Mg
2+ 

and Ca
2+

) and incubated with 1x Versene at room 

temperature for 3-5 minutes. The cells were dissociated from the surface using cell 

scraper (2-position blade, Sarstedt, Germany) and re-dissolved in ROCKi supplemented 

stage 4 culture medium. The cell suspension was centrifuged at 110xg for 3 min at room 

temperature, and the resulting cell pellet was re-suspended as single cells at a density of 

50,000 cells/µl. 10 µl of cell suspension was added as a spot on a polyester membrane 

filter (0.4 µm) insert pre-loaded in 6-well culture plate (Corning Inc., USA). Under the 

filter insert, the well of the 6-well plate was filled with MCDB 131 supplemented with 20 

mM glucose, 1.5 g/l sodium bicarbonate, 2 mM L-glutamine, 2% (w/v) BSA,0.25 µM 

SANT-1, 0.05 µM retinoic acid, 100 nM LDN193189, 0.5% (v/v) ITS-X, 1 µM T3 

(3,3′,5-Triiodo-L-thyronine sodium salt; Sigma-Aldrich), 10 µM Repsox (Sigma-

Aldrich), 10 µM zinc sulphate (Sigma-Aldrich), and 10 µg/ml of heparin (Sigma-

Aldrich). Thus, the cells were allowed to grow at an air-liquid interface for three days. 

Culture medium was changed every day.  

 

Stage-6 (NKX6.1
+
/insulin

+
 cells): Fifteen days were required for this stage. On day 14, 

stage-5 cells were incubated for the first 7 days with MCDB 131 supplemented with 20 

mM glucose, 1.5 g/l sodium bicarbonate, 2 mM L-glutamine, 2% (w/v) BSA, 100 nM 

LDN193189, 0.5% (v/v) ITS-X, 1 µM T3, 10 µM Repsox, 10 µM zinc sulphate, 100 nM 

gamma secretase inhibitor XX (Merck Millipore, UK); and further supplemented with 10 

µg/ml heparin from day 8 to day 15. Culture medium was changed every day. 

 

Stage-7 (NKX6.1
+
/insulin

+
/MAFA

+
cells): Another fifteen days were required for this 

final stage. On day 29, stage-6 cells were cultured in MCDB 131 supplemented with 20 

mM glucose, 1.5 g/l sodium bicarbonate, 2 mM L-glutamine, 2% (w/v) BSA, 0.5% (v/v) 

ITS-X, 1 µM T3, 10 µM Repsox, 10 µM zinc sulfate, 1 mM N-acetyl-L-cysteine (Sigma-

Aldrich), 10 µM Trolox (Merck Millipore, UK), and 2 µM R428 (Selleckchem, USA) for 

first 7 days and further supplemented with 10 µg/ml of heparin from day 8 to day 15. 

Culture medium was changed every day. 
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5-stage differentiation protocols 

 

The first four stages of this protocol are similar to the first four stages of the 7-stage 

protocol mentioned above. In this method, stage-4 cells were differentiated directly to 

insulin-producing cell clusters. In brief, on day 11, stage-4 cells were detached using 1x 

Versene and cell scraper following the procedures mentioned above in stage-5. The 

dissociated cells were pipetted gently into cell clumps. The cell clumps were then 

transferred to an ultra-low attachment 6-well plate (Corning Inc., USA) containing 

DMEM high glucose (Thermo Fisher Scientific) supplemented with 10 µM Repsox, 100 

nM LDN193189, 1 µM T3, 100 nM gamma-secretase inhibitor XX, 10 µg/ml heparin, 

and 1% (v/v) B27 (Thermo Fisher Scientific) and incubated for 7 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: A typical diagram of different steps to differentiate CHI-iPS cells into 

insulin-producing cells. Both 5-stage and 7-stage protocols are illustrated here. In both 

protocols, treatments of CHI-iPS cells in the first four stages are similar. The 5-stage 

protocol ends with insulin
+
 islet-like cell clusters, and the protocol requires 17 days. On the 

other hand, the 7-stage protocol ends with insulin
+
 mature beta cells. This protocol requires 

43 days.   
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2.8 Gene knock-out using CRISPR-Cas9 gene editing method 
 

2.8.1 Experimental design  
 

Experiments were designed for introducing a site-specific mutation in the ABCC8 gene 

(G21350A) in CHI-iPS cells, and for introducing a random deletion mutation in both the 

ABCC8 (exon 2) and the KCNJ11 (exon 1) genes in EndoCβH1 cells. To carry out editing 

experiments, it is necessary to design effective guide RNA (gRNA) and single-stranded 

oligonucleotide (ssODN) (as appropriate). The experiments for this knockdown approach 

were designed with the support of the Transgenic Unit, the University of Manchester, 

UK. The overall steps of the gene editing experiments are depicted as a schematic 

diagram (Figure 2.4). 
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Figure 2.4: Schematic diagram of the critical steps of CRISPR-Cas9 mediated knockout 

experiments. The CRISPR-Cas9 method offers an efficient and reliable means to introduce 

targeted changes to the genome of living cells. The major components of this gene-editing 

system include a non-specific endonuclease (Cas9) and target sequence-specific guide RNAs 

(gRNA). gRNAs can bind to target DNA sequences because of sequence complementarity. 

Cas9 can recognise the gRNA-DNA complex and can introduce a DNA double-strand break 

(DSB) at the target. This DNA damage is then repaired by the host repair pathways. The 

repair mechanism can either introduce precise target mutations or can introduce 

unpredictable random mutations like insertion, deletion, or frameshifting depending on the 

repair pathways. Designing potential guide RNAs (gRNAs) and single-stranded 

oligonucleotides (ssODNs) (required for introducing precise target mutations) is the most 

important step of this gene-editing experiment. The potential gRNAs are cloned into transfer 

vectors and analysed for their editing efficiency in target cell lines. Based on the analysis, 

suitable gRNAs were selected and transfected (with ssODNs, for site-specific mutation 

introduction) into the cells. Transfection-positive cells are then sorted as single cells and 

allowed to propagate clonally. Clonal cell lines with target gene modification are selected 

through genotyping and allowed to propagate for downstream experiments.    

 

 

2.8.2 Design and cloning of gRNAs targeted to edit critical exon 
 

gRNAs against target genomic loci were designed with the help of the Genome Editing 

Services at the Transgenic Unit, the University of Manchester, UK. Briefly, gRNAs were 

designed to flank a critical exon of the gene of interest. Transfection of a combination of 

guides would result in the removal of this exon and knockout of the gene by deletion 

and/or frameshift mutation. To introduce a precise mutation in the target gene, ssODNs 

were designed and transfected along with gRNAs which upon excision would repair the 

DNA directed by the ssODN. 

 

gRNAs and ssODNs were designed using the web tool developed by the Sanger Institute 

and available at http://www.sanger.ac.uk/htgt/wge/. gRNAs were designed in a way to 

minimize the potential off-site genomic mismatches (Ran et al, 2013; Kim et al, 2014). 

 

The CHI-iPS cell line is heterozygous with an ABCC8 exon-6 mutation. CRISPR 

oligonucleotides were designed to introduce a second mutation (homozygous) at the 

mutated locus of the ABCC8 gene. Effective gRNAs were designed to delete critical 
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exons of ABCC8 and KCNJ11 genes in EndoCβH1 cell line. ABCC8 is a multi-exonic 

gene. It contains 39 exons, and it is 83961 bp in length. Among all the exons, exon 2 

shows well-conserved sequences and thus, was predicted to be a critical exon of the gene. 

Hence, the gRNAs for ABCC8 were designed to splice out the exon 2 in EndoCβH1 cells. 

On the other hand, KCNJ11 is a small gene with 4086 bp length, and it has only one 

coding exon. Therefore, gRNAs for KCNJ11 were designed against this exon to introduce 

a deletion mutation. Designed gRNA sequences and ssODNs are provided in Table 2.9. 

 
Table 2.9: List of gRNAs and ssODNs used in this study 

 

Cell line Oligonucleotides Sequences (5′ → 3′) 

CHI-iPS 

ABCC8_gRNA1 GCCGACCTGCTGGGCTTCGC 

ABCC8_gRNA2 CCGACCTGCTGGGCTTCGCC 

ABCC8_ssODN 

GCCATCTGGCAGGCACTCAGCCAT 

GCCTTCGGGAGGCGCCTGGTCCTC 

AGCAGCACTTTCCGCATCTTGGCCG 

ACCTGCTGGGCTTCGCCAGGCCACT 

GTGCATCTTTGGGATCGTGGACCA 

CCTTGGGAA 

EndoCβH1 

ABCC8_gRNA1 TAGTTTGTGTGTACCAGCCT 

ABCC8_gRNA2 TGTAGGTGTCACCCTCACCA 

ABCC8_gRNA3 GGGCCTTTCAGGAAGTACCC 

ABCC8_gRNA4 GGATGTAGTAACAAAAGACA 

KCNJ11_gRNA1 GAGGCTGGTATTAAGAAGTG 

KCNJ11_gRNA2 GAGGCCCTAGGCCACGTCCG 

KCNJ11_gRNA3 AACACCCTGGATGAGCAGCA 

KCNJ11_gRNA4 AGTGTGGCTGGTCAATCGTG 

 

 

Selected guides were cloned into expression vector pSpCas9(BB)-2A-GFP (PX458) 

(plasmid # 48138, Addgene, USA) (Figure 2.5). According to the protocol described by 

Ran et al. (2013), the cloned vector was then transformed, sequence verified, and 

supplied as mini-prepped DNA by the Transgenic unit, University of Manchester, UK. 
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Fig: 2.5 Schematic map of the expression vector pX458 used in CRISPR-Cas9 mediated 

gene editing experiments. The image was drawn using SnapGene 3.3.3 software 

(SnapGene, USA). 

 

 

 

 

2.8.3 Transformation and cloning of plasmids, encoding gRNAs 
 

The supplied mini-prepped plasmid was not in sufficient amount to carry out the 

optimisation and downstream experiments. Hence, the amount of plasmid was amplified 

using bacterial transformation system.  

 

2.8.3.1 Preparation of competent bacterial cells 
 

E. Coli DH5α Cells are a renowned, versatile strain that is very amenable to competence 

and can be used in numerous cloning applications. The procedure, in brief, DH5α cells 

were grown in 5 ml Luria-Bertani (LB) medium (purchased from Media preparation and 

decontamination facility, University of Manchester, UK) overnight at 37
°
C with 150 rpm 

continuous shaking (ES-20 Shaker-incubator, Grant Instruments Ltd., UK). 1 ml of the 

overnight culture was then transferred into 100 ml LB medium and incubated at 37
°
C 

with 250 rpm continuous shaking for 3 hours. After that, the culture was placed in an ice 

bath for 10 minutes. The chilled culture was then transferred to a pre-chilled 50 ml 
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polypropylene tube (Corning Inc., USA) and the cells were pelleted by centrifugation 

(Hettich BOECO U-32, Germany) at 4000 rpm, 4
°
C for 10 minutes. The supernatant was 

discarded, and the pellet was then resuspended very gently in ice-cooled 100 mM CaCl2 

and incubated on ice for 10 minutes. The cells were pelleted again by centrifugation at 

4000 rpm, 4
°
C for 10 min. The resuspension in ice-cooled 100 mM CaCl2, followed by 

centrifugation steps were carried out once again with the cell pellet. Finally, the cells 

were resuspended in 1ml (for each 100 ml culture) ice-cooled 100 mM CaCl2 solution 

containing 25% glycerol. 50 µl of cell suspension was aliquoted in pre-chilled 1.5 ml 

microcentrifuge tube and stored in -80
°
C freezer for long-term preservation. 

 

2.8.3.2 Transformation of competent DH5α with plasmids, encoding gRNAs 
 

The previously frozen competent DH5α cells in a microcentrifuge tube were thawed on 

ice for 5-10 minutes. 2 µl of a plasmid, encoding a gRNA, was added to the bacterial 

solution and incubated on ice for 5 minutes. The cells were then challenged with heat 

shock in a 42
°
C water bath for exactly 1 minute, and immediately the cells were 

transferred on ice and incubated for 5 minutes. 500 µl of LB media was added to the tube, 

and the cell suspension was incubated at 37
°
C for 1 hour with 220 rpm continuous 

shaking. The cells were then pelleted by centrifugation (Minispin Plus, Eppendorf, UK) at 

8000xg for 2 min at room temperature. 400 µl of the supernatant was discarded, and the 

cell pellet was resuspended again in the remaining media. The cells were then spread on 

culture plate made of LB media with agar (LA) supplemented with ampicillin antibiotic 

(100 µg/ml) and incubated overnight in a 37
°
C incubator (Mini incubator, Labnet 

International, USA). On next day, a single colony of transformed cells were picked and 

further cultured overnight in a 37
°
C incubator for downstream applications. 

 

2.8.3.3 Plasmid isolation from transformed cells for transfection experiments 
 

Plasmids were isolated only from fresh overnight cultures and by using Plasmid mini kit 

(Qiagen Ltd., UK) following the recommended protocol of the manufacturer. In brief, a 

single colony of transformed DH5α bacteria from a freshly overnight culture was picked, 

inoculated into a 50 ml LB medium with ampicillin (100 µg/ml) and incubated at 37
°
C 

overnight with 250 rpm continuous shaking (ES-20 Shaker-incubator, Grant Instruments 

Ltd., UK). After incubation, the cells were harvested by centrifugation (Hettich BOECO 

U-32, Germany) at 6000xg for 15 min at 4
°
C. After discarding the supernatant, the cell 
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pellet was resuspended completely in 0.3 ml of Buffer P1 that contain RNase A (100 

µg/ml). 0.3 ml Buffer P2 was added to the solution, mixed vigorously by inverting the 

tube several times, and then incubated at room temperature for 5 minutes. After that, 0.3 

ml of pre-chilled Buffer P3 was added, mixed thoroughly by inverting the tubes several 

times, and then incubated on ice for 5 minutes. The solution was then centrifuged 

(PrismR, Labnet International, USA) at 13,000 rpm for 10 minutes at 4
°
C. In the 

meantime, a Qiagen-tip 20 column filter was equilibrated by adding 1 ml Buffer QBT 

into the column and allowing the column to be empty by gravitational force. From the 

centrifuged solution, the supernatant was carefully transferred to the equilibrated column 

and allowed the solution to pass through the resin filter by gravity flow. The column was 

then washed twice with supplied Buffer QC, followed by elution of plasmid DNA with 

Buffer QF. The eluted plasmid solution was then mixed thoroughly with 0.7 volumes of 

isopropanol (room temperature) and then precipitated by immediate centrifugation at 

15000xg for 30 minutes. The supernatant then decanted carefully, and the pellet was 

washed with 70% ethanol and centrifuged at 15000x g for 10 minutes. The washed 

plasmid pellet was dried completely by leaving it open for 10-15 minutes in air and then 

finally redissolved in a suitable volume of TE buffer. The dissolved plasmid DNA was 

then kept at -20
°
C for long-term storage. 

 

 

2.8.4 Transfection of cells with CRISPR gRNAs 

 

2.8.4.1 CHI-iPS cell transfection 
 

To transfect CHI-iPS cells with plasmids, electroporation-based Amaxa Primary Cell 4D-

Nucleofector X Unit (Lonza, Switzerland) transfection system was found to be the most 

efficient. The optimised protocol, in brief, the iPS cells were grown in 6-well plates 

(Corning Inc., USA) following the protocol mentioned above (section 2.1.2.3) until the 

cells reached 70-80% confluency. On the day of nucleofection, the used medium was 

replaced with fresh growth medium supplemented with ROCKi (Sigma-Aldrich) and 

incubated for about 1 hour at 37
°
C. In the meantime, culture plates were coated, and 

nucleofection reagents were prepared. Wells of the 6-well plates were coated with 

Matrigel Basement Membrane Matrix (Scientific Laboratory Supplies, Corning Inc., 

USA) in 1:30 dilution. Fresh nucleofection reagent was prepared by adding P3 
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supplement to the P3 nucleofector solution (Lonza, Switzerland) in 1:4.5 ratio. For a 

transfection reaction, 2.5 µg of gRNA- encoding plasmid and 200 pmole of ssODN were 

mixed in a total of 20 µl of complete nucleofection reagent. After the 1 hour incubation, 

the spent culture medium was removed, and the cells were washed with PBS once. Then 

the cells were incubated with Accutase (STEMCELL Technologies, UK) at 37
°
C for 5-6 

minutes to detach the edge of the cell clusters. After removal of Accutase solution, the 

cells were detached from the surface by adding. The cells were resuspended properly to 

make a single cell suspension. 500,000 cells (per well of 6-well plate) were collected for 

each reaction by centrifugation at 110xg (Hettich BOECO U-32, Germany) for 3 min at 

room temperature and re-suspended in 80 µl of complete nucleofection reagent. 20 µl of 

plasmid solution was combined promptly to this 80 µl of cell suspension, and the whole 

mixture was transferred into a nucleocuvette. The nucleocuvette was placed into the 

nucleofection chamber and pre-set program CB-150 was run. The nucleofected cells in 

the nucleocuvette were incubated 10 min at room temperature. The cells were then mixed 

with pre-warmed growth medium supplemented with ROCKi, transferred to a pre-coated 

well of the culture plate, and incubated at 37
°
C for 24 hours. After the incubation, The 

spent medium was replaced with fresh culture medium (without ROCKi supplementation) 

and incubated at 37
°
C for another 24 hours. One set of transfected cells were used for 

validation of transfection using BstNI (New England Biolabs, UK) restriction enzyme 

profiling (protocol is described in section 2.8.5.3) and the other set of transfected cells 

were sorted as single cell (protocol is described in section 2.8.6) in 96-well plate (Corning 

Inc., USA) and incubated at 37
°
C for clonal propagation.  

 

In addition, in an attempt to introduce deletion mutation in ABCC8 gene, CHI-iPS cells 

were also transfected with the plasmids encoding the gRNAs against the gene (designed 

for EndoCβH1 cell line) using Amaxa transfection system following the protocols 

mentioned above.  

 

2.8.4.2 EndoCβH1 cell transfection 
 

A number of commercially available transfection reagents were explored to find out the 

most efficient method to transfect EndoCβH1 cells with the plasmid DNA. Lipid-based 

ViaFect (Promega, UK) transfection reagent was found most effective compared to other 

reagents. The optimised protocol, in brief, the cells were grown in 6-well plates (Corning 
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Inc., USA) with 3x seeding density for 24 hours. On the day of transfection, fresh 

transfection complex was prepared by adding plasmids and Viafect transfection reagent 

into serum-free Opti-MEM (Thermo Fisher Scientific) medium in a fresh tube and 

incubating at room temperature for 10 minutes. For a single well of a 6-well plate, 5 µg of 

plasmid DNA was found to be better effective. For transfection with two plasmids 

encoding two gRNAs, 2.5 µg of each plasmid was added. For 1 µg of plasmid DNA, 3 µl 

of ViaFect transfection reagent was most effective to form the complex and overall 

transfection.  

 

The used medium from the cell culture was replaced with 1 ml serum-free Opti-MEM 

medium, followed by, 250 µl of transfection complex was added to the culture. The plate 

was swirled gently for a few times and then incubated at 37
°
C for not more than 12 hours. 

After the incubation period, the used medium was replaced with fresh growth medium 

and incubated at 37
°
C for 48 hours. One set of transfected cells were used for validation 

of transfection using T7 nuclease digestion (protocol is described in section 2.8.5.4) and 

another set of transfected cells were sorted as single cell (protocol is described in section 

2.8.6) in 96-well plate (Corning Inc., USA) and incubated at 37
°
C for an attempt of clonal 

propagation.  

 

In some experiments, a plasmid, encoding a puromycin resistance gene, was used to 

select transfected clones. On those occasions, 1.5 µg of each of the two plasmids 

containing gRNAs and 2 µg of puromycin-encoding plasmid was added to form the 

complex with ViaFect reagent.  

 

As mentioned, a number of transfection reagents from different vendors were explored in 

different combinations. The purpose was to find out the most suitable condition which 

would offer the highest yield of transformed cells. The different combinations 

investigated in this study are listed in Table 2.10. 
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Table 2.10: List of transfection reaction conditions explored in this study (for 24-well 

plate) 

 

Lipofectamine 3000 (Thermo Fisher Scientific) 

Cell seeding density Plasmid DNA (µg) P3000 reagent (µl) 

1x / 2x / 3x 1 1 / 1.5 / 2 / 3 / 5 

1x / 2x / 3x 2 1 / 2 / 4 / 6 / 10 

1x / 2x / 3x 3 3 / 6 / 9 

Lipofectamine LTX (Thermo Fisher Scientific) 

Cell seeding density Plasmid DNA (µg) LTX reagent (µl) 

1x / 2x / 3x 1 2 / 3 / 4 / 5 

1x / 2x / 3x 2 2 / 3 / 4 / 5 

1x / 2x / 3x 3 3 / 5 / 6 

ViaFect (Promega, UK) 

Cell seeding density Plasmid DNA (µg) transfection reagent (µl) 

1x / 2x / 3x 1 1 / 2 / 3 / 5 

1x / 2x / 3x 2 1 / 2 / 4 / 6 / 10 

1x / 2x / 3x 3 3 / 6 / 9 

FuGENE HD (Promega, UK) 

Cell seeding density Plasmid DNA (µg) transfection reagent (µl) 

1x / 2x / 3x 1 1 / 2 / 3 / 5 

1x / 2x / 3x 2 1 / 2 / 4 / 6 / 10 

1x / 2x / 3x 3 3 / 6 / 9 

Amaxa Nucleofector P3 (Lonza, Switzerland) 

Cell seeding density Plasmid DNA (µg) 

1x / 2x / 3x 1 / 2 / 3 

Amaxa Nucleofector R (Lonza, Switzerland) 

Cell seeding density Plasmid DNA (µg) 

1x / 2x / 3x 1 / 2 / 3 
 

 

2.8.5 Validation of transfection 

 

2.8.5.1 DNA purification from cultured cells 
 

Genomic DNA of the cells was isolated using the QIAamp DNA Mini Kit (Qiagen Ltd., 

UK) according to the manufacturer's protocol. In brief, cells were detached from the 

culture flask/plates and collected as cell pellet following the protocols described above 

(section 2.1.2.1 for EndoCBH1, section 2.8.4.1 for CHI-iPS). The pellet was washed once 

with DPBS (without MgCl2 and CaCl2) (Sigma-Aldrich). The cell pellet was resuspended 

in DPBS to a final volume of 200 µl, and 20 µl of proteinase K was added to the 

suspension. Followed by, 200 µl of Buffer AL was added to the sample, mixed by pulse-
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vortexing for 15 seconds and incubated at 56
°
C for 10 minutes. After incubation, 200 µl 

ethanol (98%) (Sigma-Aldrich) was added to the sample and mixed again by pulse-

vortexing for 15 s. Then, the mixture was carefully transferred to the QIAamp Spin 

Column (in a 2 ml collection tube) and centrifuged (Minispin Plus, Eppendorf, UK) at 

8000 rpm for 1 minute. The filtrate was discarded, 500 µl of Buffer AW1 was added into 

the column and centrifuged again with the same condition. The filtrate was discarded 

again. 500 µl of Buffer AW2 was added into the column and centrifuged at 14,000 rpm 

for 3 minutes. Finally, the column was placed in a clean microcentrifuge tube, 150 µl 

Buffer AE was added and incubated at room temperature for 1 minute. Then the tube was 

centrifuged at 8000 rpm for 1 minute to elute the genomic DNA into the tube. The 

extracted DNA was then stored at -20
°
C. 

 

2.8.5.2 Amplification of target region by PCR and purification of the amplicon 
 

The target areas of the gene of interests were amplified through PCR by using specific 

primers designed against the flanking regions of mutation sites. All of the primers were 

designed, purchased and processed using the protocol mentioned above (section 2.3.1). 

The primer sequences for the validation study are mentioned in Table 2.11.  

 

Table 2.11: List of PCR primers used in transfection validation studies  

 

Gene 
Primer 

orientation 
Primer sequences (5′ → 3′) 

Annealing 

temperature (
°
C) 

ABCC8 

(exon 6) 

Forward AGGCCCAGCCGTGAATTAG 
58 

Reverse AGAGTAGGATACCCTTGGGGC 

ABCC8 

(exon 2) 

Forward CATTTTGGTGGGCTGTGACA  
60 

Reverse TTGAATGGTGGGCTGAGGAT  

KCNJ11 
Forward GACCTAGTGATCTGCCCTCC 

62 
Reverse GATTGTTCTTCCCCAGCCAC 

 

 

PCR was performed in a Veriti Thermal Cycler (Applied Biosystems, Thermo Fisher 

Scientific) using reagents from Invitrogen (Thermo Fisher Scientific). The reaction 

composition is mentioned above (Table 2.1). The reaction conditions were as follows: an 

initial denaturation at 94
°
C for 5 minutes, then 35 cycles each with denaturation at 94

°
C 

for 30 seconds, annealing for 30 seconds, and elongation at 72
°
C for 45 seconds followed 

by a final extension at 72
°
C for 5 minutes.  
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Successful PCR was confirmed by electrophoretically separating the products on a 1.5% 

agarose gel following the protocol mentioned in section 2.3.3. After electrophoresis, 

DNA bands in the gel were observed and photographed using a UV gel documentation 

system (Biorad Chemidoc MP imaging system, Bio-Rad Laboratories, USA).  

 

The PCR products were purified using a PCR purification kit (QIAquick, Qiagen, UK) 

according to the manufacturer’s protocol described in section 2.3.4. The concentration of 

PCR products was measured using the NanoDrop ND-2000 UV-Vis spectrophotometer 

(Thermo Fisher Scientific) following the manufacturer’s protocol. 

 

2.8.5.3 CHI-iPS cell transfection validation 

 

Following the CRISPR homology-directed repair, substitution mutation was introduced in 

the cells which changed the restriction enzyme cutting site recognised by BstNI (New 

England Biolabs, UK) (Figure 2.6). The protocol, in brief, 300 ng of purified PCR 

amplicon was added to in total of 25 µl solution that contained 1x NEBuffer 3.1 and 10 

units of BstNI enzyme. The solution was incubated at 60
°
C in a water-bath for 60 minutes 

to digest the DNA. The digested product was then checked electrophoretically on a 3% 

agarose gel following the protocol mentioned in section 2.3.3. After electrophoresis, 

DNA bands in the gel were observed and photographed using a UV gel documentation 

system (Biorad Chemidoc MP imaging system, Bio-Rad Laboratories, USA). 

 

2.8.5.4 EndoCβH1 cell transfection validation 

 

Following the CRISPR editing strategy, indel mutations were introduced in the cells, and 

this Cas9 induced deletion can be assessed by T7 endonuclease I (T7EI) assay. T7EI 

(New England Biolabs, UK) recognises and cleaves mismatched heteroduplex DNA 

which arises from hybridisation of wild-type and mutant DNA strands (Figure 2.6). The 

protocol in brief, 200 ng of purified PCR amplicon was added to in total of 10 µl 

annealing buffer (10 mM Tris HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) and performed 

hybridization reaction in a Veriti Thermal Cycler (Applied Biosystems, Thermo Fisher 

Scientific) subjected to the following reaction conditions: 95
°
C for 10 minutes, 95–85

°
C 

at −2
°
C/second, 85

°
C for 1 minute, 85–75

°
C at −2

°
C/second, 75

°
C for 1 minute, 75–65

°
C 

at −2
°
C/second, 65

°
C for 1 minute, 65–55

°
C at −2

°
C/second, 55

°
C for 1 minute, 55–45

°
C 

at −2
°
C/second, 45

°
C for 1 minute, 45–35

°
C at −2

°
C/second, 35

°
C for 1 minute, 35–25

°
C 
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at −2
°
C/second, 25

°
C for 1 minute, and hold at 4

°
C. After the hybridisation reactions, 1x 

NEBuffer 2 and 5 units of T7EI were added to the hybridised sample in a reaction volume 

of 20 µl. The mixture was then incubated at 37
°
C in a water-bath for 30 minutes to digest 

the re-annealed DNA. The digested product was then checked electrophoretically on a 3% 

agarose gel following the protocol mentioned in section 2.3.3. After electrophoresis, 

DNA bands in the gel were observed and photographed by using a UV gel documentation 

system (Biorad Chemidoc MP imaging system, Bio-Rad Laboratories, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.6: Schematic workflow for the validation of CRISPR-Cas9 induced gene editing. 

The CRISPR-Cas9-mediated gene editing method can introduce mutations in a proportion of 

cells in a cell population. For downstream experiments, the cells with target mutations need 

prior identification and validation. A single-stranded oligonucleotide (ssODN) is used as 

homology-directed repair donor where the precise mutation is required in the target locus of a 

cell. After confirming the presence of cells with target mutations in a cell population (through 

PCR or restriction digestion assay), the cells are clonally propagated. Clonal cells with target 

mutations are then identified by PCR or restriction digestion assay and can be used for further 

analyses. In the experiments where random mutations are introduced to knock-out the 

expression of a target gene, the presence of cells with mutations in a cell population are 

confirmed by T7 endonuclease I (T7EI) assay. The cells are then clonally propagated and 

clonal cells with target mutations are then identified by T7EI assay for further analyses. 
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2.8.6 Sorting potential edited cells  
 

The cultured cells were detached and collected as cell pellet from the growing surface 

according to the protocol mentioned above (section 2.1.2.1 for EndoCβH1, section 2.8.4.1 

for CHI-iPS). The cell pellet was resuspended thoroughly in a modified culture medium 

to make a single cell suspension. The growth medium composition was modified by not 

adding any serum and by having HEPES at a final concentration of 25 mM. The cell 

suspension was further diluted in a way to have the cell concentration in the range 5 x 10
6
 

per ml. The diluted cell suspension was then filtered through a 50-micron cup-type filter 

(Filcon, BD Biosciences, USA) and transferred to a 5 ml Falcon Round-Bottom 

Polypropylene Tube (Corning Inc., USA). The filtered cell suspension was then handed 

over to the Flow Cytometry Core Facility of the University of Manchester, UK. The cells 

were sorted based on the expression of the green fluorescent protein (GFP) using BD 

FACSARIA FUSION (BD Biosciences, USA). Finally, the sorted cells were collected 

either as single cell in wells of 96-well plate (Corning Inc., USA) and incubated at 37
°
C 

to allow the cells to grow, or collected altogether in a 15 ml polypropylene tube (Corning 

Inc., USA) to culture them normally as a mixed population for further analysis.  

 

2.8.7 Clonal expansion of single CHI-iPS cell 
 

From sorted GFP-expressing CHI-iPS cells, some clonal cell lines were established. The 

method in brief, 96-well plates were coated with Matrigel Basement Membrane Matrix 

(Scientific Laboratory Supplies, Corning Inc., USA) at 1:30 dilution. The sorted single 

cells were collected in wells of pre-coated 96-well plates containing growth medium 

supplemented with ROCKi. The cells were cultured in a 37
°
C incubator for 48 hours. 

After this incubation spent media were replaced with fresh growth medium (with ROCKi 

supplementation) very gently and incubated at 37
°
C for another 6 days. Eight days after 

sorting, used media were replaced with fresh usual growth media (without ROCKi 

supplementation) very gently and continued to grow at 37
°
C until sufficient confluency 

was achieved to sub-culture the cells. In this stage, the culture media were replaced in 

every other day.  

 

Although the method mentioned above generated survived single cells, the cells lost their 

viability as a stem cell. So, some other methods were explored to generate viable iPS cells 

from the transfected single cells. The methods are as follows- 
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Option-1: Sorted single cells were cultured in normal culture media (with ROCKi 

supplementation) in Matrigel pre-coated 96-well plate at 37
°
C for 24/48 hours (in separate 

experiments), followed by replacement of used media by fresh medium  (without ROCKi 

supplementation). The incubation was continued for 2-3 weeks. 

 

Option-2: Sorted single cells were cultured in normal culture media (with ROCKi 

supplementation) in Matrigel pre-coated 96-well plate at 37
°
C for one/two weeks (in 

separate experiments) without changing growth medium, followed by replacement of 

used medium by fresh medium (without ROCKi supplementation). The incubation was 

continued in a total of three weeks. 

 

Option-3: Sorted single cells were cultured in vitronectin (Gibco, Thermo Fisher 

Scientific) pre-coated (0.5 µg/cm
2
) 96-well plates following the protocols mentioned 

option-1 and 2.  

 

Option-4: Sorted single cells were cultured in normal culture media supplemented with 

small molecule cocktail of 4 inhibitors (SMC4) (1 µM Chir99021, 0.4 µM PD0325901, 2 

µM SB431542, and 5 µM Thiazovivin) (all reagents from Sigma-Aldrich). The cells were 

cultured either Matrigel or Vitronectin pre-coated 96-well plates following the protocol 

similar to option-1 and 2.  

 

Option-5: Sorted single cells were cultured with Cellartis DEF-CS Xeno-Free Culture 

medium (Takara Bio Inc, Japan). 96-well plates were pre-coated with Matrigel or 

Vitronectin or iMatrix-511 (0.5 µg/cm
2
) (Clontech, Takara Bio inc., Japan) (in separate 

experiments). Sorted single cells were seeded in pre-coated plates and cultured at 37
°
C for 

3 weeks.  The culture media were replaced in every 48 hours.  

 

Option-6: The cells were co-transfected with puromycin encoding plasmid (PX459, 

V2.0) (Addgene plasmid # 62988) and were cultured in growth medium supplemented 

with puromycin (2 µg/ml) for 48 hours to select puromycin-resistant cells only. In one 

approach, the survived cells were seeded as single cells in 96-well plates by limiting 

dilution (0.8 cell per well) and cultured following option-1 to 5 in separate experiments. 

In another approach, single cells were isolated using Scienceware cloning cylinders 

(Sigma-Aldrich) or Scienceware cloning discs (Sigma-Aldrich) following manufacturer’s 
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protocol. In brief, the location of the target cell to isolate was marked with a marker pen 

on the bottom of the culture plate with the help of a microscope (Olympus CKX1 inverted 

microscope, Olympus Corporation, Japan). The growth medium was removed and cells 

were washed with DPBS twice. To use a cloning cylinder, the cylinder was placed over a 

single cell and pressed gently to attach the cylinder to the surface firmly. Then the cell 

was detached using Accutase inside the cylinder, transferred to a well of 96-well plate 

(Corning Inc., USA) and allowed to grow at 37
°
C following the protocols mentioned in 

option-1 to 5. To use a cloning disc, the disc was first soaked in the Accutase solution and 

then placed on the marked cell. The cell was then incubated at 37
°
C for 5 minutes. After 

incubation, the disc was picked out from the plate and placed in a well of 24-well plate 

(Corning Inc., USA). Since the cell adhered to the discs after detachment, so it was 

transferred to the individual well. The cell was then incubated at 37
°
C and allowed to 

grow following the protocols mentioned in option-1 to 5. 

 

2.8.8 Clonal expansion of single EndoCβH1cell 
 

A number of methods were explored to expand clonal cells to establish as cell lines. 

However, none of them was successful. Some of the methods that were used to culture 

single EndoCβH1 cells are as follows- 

 

Method-1: Single cells were sorted either by FACS or limiting dilution (0.8 cell per well) 

and cultured in normal growth media in 24-/ 96-well plate at 37
°
C for up to 12 weeks with 

the replacement of used medium by the fresh medium in every 5 days.  

 

Method-2: Single cells were sorted either by FACS or serial dilution and cultured in 

normal growth media in 24-/ 96-well plate at 37
°
C for up to 2 weeks without media 

replacement. Then, spent media was replaced by the fresh medium in every 5 days for up 

to 12 weeks. 

 

Method-3: Single cells were sorted either by FACS or serial dilution and cultured with 

previously used normal culture media in a 24-/ 96-well plate at 37
°
C for either 5 days or 2 

weeks without media replacement (in separate experiments) (like method -1 and 2). Then, 

spent media was replaced by the fresh medium in every 5 days for up to 12 weeks. 
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Method-4: Single cells were sorted either by FACS or serial dilution and cultured with 

growth medium supplemented with either ROCKi or SMC4 following the protocol for 

method-1 and 2.  

 

Method-5 The cells were transfected with puromycin encoding plasmid (PX459, V2.0) 

(Addgene plasmid # 62988) and were cultured in growth medium supplemented with 

puromycin (4 µg/ml) for 48 hours to select puromycin-resistant cells only. After 48 hours, 

the spent medium was replaced with fresh growth medium (without puromycin 

supplementation) and were cultured for 5 more days. From the survived cells, single cells 

were sorted following the methods described in option-6 for CHI-iPS cells and cultured 

following the protocols for method-1 to 4 for EndoCβH1  

 

 

2.9 Gene knock-down experiments using short interfering RNAs   

 

Pre-designed Silencer Select Short interfering RNA (siRNAs) (Ambion, Thermo Fisher 

Scientific) was used to transiently knockdown the expression of KCNJ11 gene in 

EndoCβH1 cells. The protocol, in brief, the cells were seeded 2x concentration in a pre-

coated well of a 6-well plate (Corning Inc., USA) and allowed to grow at 37
°
C for 24 

hours. Before transfection, siRNA solutions were freshly prepared. 5 µl of siRNA 

solution (of 10 µM stock) was diluted into 250 µl of serum-free Opti-MEM medium 

(Gibco, Thermo Fisher Scientific). 15 µl of lipid-based Lipofectamine RNAiMAX 

reagent (Invitrogen, Thermo Fisher Scientific) was diluted into 250 µl of Opti-MEM 

medium. 250 µl of diluted siRNA solution was mixed with 250 µl of diluted RNAiMAX 

reagent and incubated at room temperature for 10 minutes to make siRNA-lipid complex. 

After the incubation, the used growth medium was replaced with 1 ml of fresh growth 

medium, and 250 µl of the siRNA-lipid complex solution was added to it. The cells were 

then incubated at 37
°
C for 72 hours. After that, the used growth medium with siRNA-

lipid complex was replaced with fresh growth medium containing freshly prepared 

siRNA-lipid complex solution following the above-mentioned method and incubated at 

37
°
C for another 72 hours. This two 3-day phases of treatment were found to be the most 

efficient to knock-down the gene in this cell line. Further treatment of the cells with the 

siRNA reagent was observed to be fatal for the cells.  
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2.10 GSIS assay of siRNA-based knocked down EndocβH1 cells 

 

The cells were seeded 2x concentration in a pre-coated well of a 96-well plate (Corning 

Inc., USA) and allowed to grow at 37
°
C for 24 hours. Before transfection, siRNA 

solutions were freshly prepared. 0.5 µl of siRNA solution (of 10 µM stock concentration) 

was diluted into 25 µl of serum-free Opti-MEM medium (Gibco, Thermo Fisher 

Scientific). Also, 1.5 µl of lipid-based Lipofectamine RNAiMAX reagent (Invitrogen, 

Thermo Fisher Scientific) was diluted into 25 µl of Opti-MEM. 25 µl of diluted siRNA 

solution was mixed with 25 µl of diluted RNAiMAX reagent and incubated at room 

temperature for 10 minutes to make siRNA-lipid complex. After the incubation, the used 

growth medium was replaced with 80 µl of fresh growth medium, and 20 µl of the 

siRNA-lipid complex solution was added to it. The cells were then incubated at 37
°
C for 

72 hours. After that, the used growth medium with siRNA-lipid complex was replaced 

with fresh growth medium containing freshly prepared siRNA-lipid complex solution 

following the above-mentioned method and incubated at 37
°
C for another 72 hours. 

Finally, the transfected cells were used for GSIS assay following the protocol mentioned 

in section 2.6. 

 

 

2.11 Gene expression microarray analysis of CHI tissues  

 

Pancreatic tissues from CHI patients were freshly collected after surgery from Royal 

Manchester Children’s Hospital, Manchester, UK. Total RNAs of the tissues were 

isolated using TissueLyser II (Qiagen Ltd., UK) and ISOLATE II RNA Mini Kit (Bioline, 

UK). The protocol in brief- 30 mg of individual tissues were weighed out and added to 

600 µl of buffer RLY (containing 6.5 µl β-mercaptoethanol). The tissues were then 

placed in the TissueLyser adapter set, and the TissueLyser was operated twice for 2 min 

at 20–30 Hz. The tissue lysates were then transferred to ISOLATE II filters and 

centrifuged for 1 minute at 11000xg using a benchtop centrifuge machine (Minispin Plus, 

Eppendorf, UK). One volume of 70% ethanol (Sigma-Aldrich) was added to the 

homogenized lysates, mixed properly by pipetting and then the lysates were transferred to 

ISOLATE II RNA mini columns allowing the RNAs to bind to membrane inside the 

columns. The samples were then centrifuged at 11,000xg for 30 seconds followed by 

washing with desalting buffer MEM once and centrifuged at 11,000xg for 1 minute. 95 µl 

of RNase-free DNase I reaction mixture (10 µl of DNase I in 90 µl of Buffer RDN) was 
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applied to each of the column membranes and incubated at room temperature for 15 

minutes to prevent any genomic DNA carryover. The columns were washed with Buffer 

RWI once, then with RW2 buffer twice. Finally, total RNA from tissues were eluted 

using RNase-free water in RNase-free microcentrifuge tube.  

 

The extracted RNA of different tissue samples were then handed over to Genomic 

Technologies Core Facility (GTCF) of the University of Manchester, Manchester, UK. In 

the facility, the extracted RNAs were assessed for the quality, quantity and size using 

RNA ScreenTape assays (Agilent Technologies, USA). Microarray analysis was then 

performed by the GTCF using GeneChip Human Transcriptome Array 2.0 according to 

GeneChip protocols (Affymetrix, Thermo Fisher Scientific). Raw microarray data were 

then analysed by Bioinformatics Core Facilities, University of Manchester, Manchester, 

the UK for technical quality control of the arrays, normalisation, and statistical analysis. 

The state of data normalisation was checked by generating an M-A plot. An M-A plot is a 

graphical method for visualising the intensity-dependent ratio of raw microarray data. 

Here, “M” corresponds to the binary log of intensity ratio (lesion/control) and “A” stands 

for the average log intensity of the gene expression (Dudoit et al, 2002; Quackenbush, 

2002; Yang et al, 2002; Smyth and Speed, 2003). The calculation formulas of M and A 

are as follows- 

      (
 

 
)      ( )       ( ) 

   
 

 
     (  )  

 

 
(    ( )        ( )) 

 

Here R indicates gene expression intensities in lesion tissues and G indicates intensities in 

control tissues (Tseng et al, 2001; Dudoit et al, 2002; Yang et al, 2002). The normalised 

data file was then used for further gene expression analysis using multiple computer 

software.   

 

 

2.12 Computational analysis of CHI-related biological data 
 

2.12.1 Analysis of differential gene expression and associated pathways  
 

The normalised microarray data were analysed using free command-based statistical 

software environment R, version 3.4.0 (www.r-project.org), MS Excel (Microsoft corp., 
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USA), Ingenuity pathway analysis (IPA) (Qiagen Bioinformatics, Qiagen, UK), and the 

statistical software GraphPad Prism 6 (GraphPad Software Inc., USA). Pathway analyses 

were conducted using the Database for Annotation, Visualization and Integrated 

Discovery (DAVID) version 6.7 (https://david-d.ncifcrf.gov), IPA, and Panther 

classification systems (http://www.pantherdb.org/pathway).  

 

2.12.2 Finding protein-protein interaction partners, sorting and their validation  
 

Through preliminary analysis, a number of potential candidate genes associated with CHI 

were identified. A large number of databases are available for biologists that offer 

information related to protein-protein interactions (PPIs) of candidate genes. Databases 

such as DIP (http://dip.doe-mbi.ucla.edu/dip/Main.cgi), BioGRID (http://thebiogrid.org/), 

HPRD-BIN (http://hprd.org/index_html), and I2D (http://ophid.utoronto.ca/ophidv2.204/) 

were used primarily to gather the PPI data. Later, pathway databases like KEGG 

(http://www.genome.jp/kegg/), REACTOME (http://www.reactome.org/) were used. To 

facilitate the findings, UniHi (United Human Interactome) (http://www.unihi.org/), a 

web-based PPI-finding tool was used. All of these search tools provide authentic data 

already published in the literature. 

 

2.12.3 Integrated network visualisation and analysis 
 

With the listed potential genes and their protein-protein interaction partners (PIPs), 

networks were generated and analysed with a free bioinformatics tool, Cytoscape 

(http://www.cytoscape.org/). Data was filtered to generate a viable metabolic network 

model with the genes/proteins that got at least 10 interaction partners. The network was 

analysed based on the network properties including average shortest path length (ASP), 

betweenness centrality (BC), closeness centrality (CC), clustering coefficient (CCo), and 

degree which are the measurement of the confidence of network prediction. ASP is a 

measurement that indicates an average number of steps that is required by a node in a 

network to communicate with another node. It is a measure of efficiency to transfer 

information between nodes in a network (Ye et al, 2010; Mao and Zhang, 2013). BC of a 

node in a network is a measurement that indicates the level of control or influence of the 

node over the transferring information to the other nodes in the network (Newman, 2005; 

Yoon et al, 2006). CC is a measure describing how fast information can transfer from a 

given node to other nodes in a network, i.e. how close a node in a network to all of the 



Chapter two 

Page | 92  Towards an in vitro model of congenital hyperinsulinism of infancy 

other nodes (Newman, 2005). CCo is a measure that describes how well a node in a 

cluster is connected with neighbour clusters (Barabási and Oltvai, 2004). The degree is 

the most basic measurement of a node that indicates the number of other nodes it is 

connected within a network (Barabási and Oltvai, 2004). 

 

 

2.13 Statistical analysis 
 

All the relevant data are presented as a mean ± standard error of the mean (SEM). All 

data were statistically analysed using the GraphPad Prism 6 (GraphPad Software Inc., 

USA). Comparisons were made using Student's t-test or one-way analysis of variance 

(ANOVA) followed by Bonferroni’s post-test, as appropriate. P-values of less than 0.05 

were considered significant. 
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Chapter 3 

 
Derivation of CHI beta cells by 

modification of cell culture conditions 
 

 

 

3.1 Introduction 
 

3.1.1 Congenital hyperinsulinism in infancy and its predominant causes  
 

Congenital hyperinsulinism in infancy (CHI) is one of the most common causes of 

persistent hypoglycemia in early childhood or infancy (Stanley, 1997; Meissner et al, 

2003; Steinkrauss et al, 2005; Stevens et al, 2013). This potentially lethal disease is 

characterised by the inappropriate release of insulin from the pancreatic beta cells 

(Stanley and Baker, 1976; Thomas Jr et al, 1977; Dunne et al, 2004; Senniappan et al, 

2012; Proverbio et al, 2013; Arya et al, 2014). Mutations in several genes have been 

identified to be associated with this condition (James et al, 2009; Mohamed et al, 2012; 

Lord and Leon, 2013; Yorifuji, 2014; Nessa et al, 2015; Rahman et al, 2015a). The most 

common being inactivating mutations in the ABCC8 and KCNJ11, genes encoding the 

subunits (SUR1 and Kir6.2, respectively) of KATP channel in beta cell (Thomas et al, 

1996; Dunne et al,1997; Huopio et al, 2000; Dunne et al, 2004; Kapoor et al, 2013; Nessa 

et al, 2016). However, a significant proportion of CHI patients have no recognisable 

genetic causes (Banerjee et al, 2011; Kapoor et al, 2013; Sang et al, 2014; Yorifuji, 2014; 

Senniappan et al, 2015). 

 

In order to regulate insulin secretion, pancreatic beta cells utilise a signal transduction 

system that connects intracellular metabolic changes in the beta cell for inactivation of 

KATP channels. In CHI, loss-of-function of this channel can cause membrane potential 

changes inappropriately, i.e. without increased glucose levels. This membrane 

depolarisation then leads to calcium influx and hence, irregular uncontrolled increased 

insulin release (James et al, 2009).  
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3.1.2 CHI and its symptomatic functional attributes  
 

CHI tissues were reported to be associated with altered sensitivity to glucose, irregular 

exocytosis and hence, uncontrolled irregular insulin secretion (Thomas Jr et al,1977; 

Aynsley-Green et al, 1981; Dunne et al, 1997; Grimberg et al, 2001; Senniappan et al, 

2012; Nessa et al, 2016). In normal pancreatic beta cells, glucose, the first molecule in 

energy production cascade reactions, become phosphorylated and through the further 

chain of reactions, ATP is generated. Generation of ATP through glycolysis results in an 

increase of the intracellular ATP/ADP ratio (Ashcroft et al, 1973). ATP binds to KATP 

channels and leads to their closure. This closure of the channels prevents K
+
 efflux via the 

channel and thus membrane depolarisation results (Cook and Hales, 1984; Dunne et al, 

1994; Dunne et al, 2004; Craig et al, 2008). This membrane depolarisation subsequently 

opens voltage-gated calcium channels that mediate Ca
2+

 influx and insulin is released 

from secretory granules through exocytosis (Dunne et al, 1994; Kane et al, 1996; Nichols 

et al, 1996; Dunne et al, 2004). However, in the majority of CHI cases, where the KATP 

channel is malfunctional, the beta cell plasma membrane becomes depolarised constantly. 

This leads to an uncontrolled constitutive Ca
2+

 influx and insulin secretion (Inagaki et al, 

1995; Dunne et al, 1997; Shyng et al, 1998; Eichmann et al, 1999). 

 

It has also been reported that the affected beta cells in both Fo-CHI and Di-CHI tissues 

are associated with increased cell proliferation (Kassem et al, 2000; Kassem et al, 2010; 

Lovisolo et al, 2010). Increased cell proliferation in Fo-CHI patients may be associated 

with the losses of H19, a maternally expressed tumour suppressor gene and CDKN1C, 

encoding a negative regulator of cell proliferation, p57
KIP2

, and activation of paternally 

expressed insulin-like growth factor 2 (IGF2) (Fournet et al, 2000; Fournet et al, 2001; 

Kassem et al, 2001; James et al, 2009; Avrahami et al, 2014). On the other hand, 

increased nuclear expression of CDK6 and CDKN1B (encoding p57
KIP1

) might be 

associated with the increased cell proliferation observed in Di-CHI (Salisbury et al, 

2015). Alternatively, increased level of secreted insulin could be the reason of CHI-

related hyperproliferation since insulin is reported to act as a potential growth factor (Hill 

and Milner, 1985; Ish-Shalom et al, 1997; Heni et al, 2011; Gong et al, 2016; Li et al, 

2017). Insulin has a low affinity for insulin-like growth factor (IGF) receptors and can 

bind to IGF receptors in high concentration. Thus upon binding to the IGF receptors, 

insulin can mediate growth promoting effects (Hill and Milner, 1985; Boucher et al, 

2010). 
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3.1.3 Insulin secretagogues and their effect on cellular functions  

 
A number of previous studies reported that some synthetic chemicals and amino acids act 

as insulin secretagogues (ISG). ISGs are widely used in type 2 diabetes where they 

prompt beta cells to secrete more insulin (Proks et al, 2002; Schmitz et al, 2002; Lund et 

al, 2009; Swinnen et al, 2010; Schramm et al,2011; Scheen, 2016).  

 

A number of studies have reported that potassium chloride (KCl) (Gembal et al, 1992; 

Amin et al, 2002; Johnson et al, 2007a; Hatlapatka et al, 2009; Hatlapatka et al, 2011; 

Cheng et al, 2012), sulfonylureas (e.g. tolbutamide and glibenclamide) (Mariot et al, 

1998; Giersbergen et al, 2002; Proks et al, 2002; Ishiyama et al, 2006; Hatlapatka et al, 

2009) and specific amino acids (e.g. arginine and leucine) (Charles et al, 1982; Smith et 

al,1997; Ishiyama et al, 2006; Yang et al, 2010; Cheng et al, 2012) perform as ISGs in 

pancreatic beta cells. These ISGs modulate insulin secretion by acting directly or 

indirectly on membrane-bound KATP channel proteins in beta cells.  

 

KCl at a high concentration can trigger beta cell membrane depolarisation independent of 

the KATP channel and as a result, can open voltage-gated calcium channel to influx Ca
2+ 

that causes insulin release (Gembal et al, 1992; Hatlapatka et al, 2009; Hatlapatka et al, 

2011). Sulfonylureas are effective KATP channel blockers. Sulfonylureas work by binding 

to the ABCC8-encoding SUR1 subunit of KATP channels and hence promote closure of the 

channels. Consequently, the inhibition or closure of this channel causes membrane 

depolarisation, calcium influx and finally insulin release (Ashcroft and Rorsman, 1989; 

Mariot et al, 1998; Aguilar-Bryan and Bryan, 1999; Proks et al, 2002; Ishiyama et al, 

2006). Arginine is a positively charged amino acid under physiological conditions, and its 

uptake by the cell is electrogenic. So, it was hypothesized that arginine induces 

membrane depolarisation directly through its positive charge and evokes Ca
2+

 influx and 

stimulates insulin secretion (Henquin and Meissner, 1981; Charles et al, 1982; Smith et 

al,1997; Ishiyama et al, 2006). Leucine was reported to be transaminated to α-

ketoisocaproate (KIC), and KIC closes KATP channel and induces the depolarisation of 

plasma membrane (Bränström et al, 1998; Yang et al, 2010). Also, Leucine was reported 

to activate glutamate dehydrogenase (GDH) allosterically to convert glutamate to α-

ketoglutarate (αkG) (Stanley, 2004; Stanley, 2009; Yang et al, 2010). αkG, in turn, acts to 

increase the intracellular ATP/ADP ratio that leads to KATP channel closure and insulin 
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secretion (Stanley et al, 1998; Tanizawa et al, 2002; Kapoor et al, 2009a). The modes of 

action of the secretagogues are illustrated in Figure 3.1 in a simplified way. 

 

 

 

 

Figure 3.1: Schematic representation of the insulin secretagogues and their mode of 

actions. Tolbutamide, glibenclamide and leucine inactivate KATP channels whereas KCl and 

arginine depolarise membrane and thus induce Ca
2+

 influx via L-type voltage-gated calcium 

channels and stimulate insulin secretion. The pointed arrow in green colour shows positive 

action whereas the red coloured solid line with blunt end indicates negative action.  

 

 

3.1.4 Pancreatic beta cell lines and islets used in this study 

 

Two functional model pancreatic beta cell lines, one from human origin (EndoCβH1) and 

the other from mouse origin (MIN6), were considered for this study.  

 

The EndoCβH1 cell line was derived from human fetal pancreatic bud which was 

modified with simian virus 40 large T antigen (SV40LT) and human telomerase reverse 

transcriptase to express beta cell-specific markers (Ravassardet al, 2011). Ravassard and 

colleagues showed that this cell line displayed characteristics of pancreatic beta cells as it 

expressed many of the beta cell-specific markers (INS, PDX1, NKX6.1, NEUROD1) 

without significant expression of other pancreatic cell type markers. This finding was 

supported by Gurgul-Convey et al. (2015). This cell line was reported to secrete insulin in 
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response to glucose and ISGs (such as KCl, leucine, glibenclamide) (Ravassard et al, 

2011; Andersson et al, 2015; Gurgul-Convey et al, 2015; Krishnan et al, 2015). A 

number of recent studies have reported using this cell line as a functional model beta cell 

line (Fred et al, 2015; Scoviille et al, 2015; Axelsson et al, 2017; Grieco et al, 2017).  

 

The MIN6 cell line was derived from a mouse insulinoma and established by targeted 

expression of SV40LT antigen gene in transgenic mice (Miyazaki et al, 1990). The cell 

line was reported to secrete insulin in response to glucose and ISGs as native pancreatic 

cells (Miyazaki et al, 1990; Ishihara et al, 1993; Johnson et al, 2007a; Cheng et al, 2012). 

MIN6 is one of the widely used functional model rodent beta cell lines (Vanderford et al, 

2008; Weir and Bonner-Weir, 2011; Antonucci et al, 2015; Hilderink et al, 2015). 

 

In addition, mouse pancreatic islets were used in this study. The purified islets were 

extracted from C57BL/6 mice, one of the widely used inbred strains of mouse (Fergusson 

et al, 2014; da Silva et al, 2016). This mouse strain was reported earlier to be used in a 

number of insulin secretion related studies (Henquin et al, 2006; Imai et al, 2007; 

Fergusson et al, 2014; Roat et al, 2014). 

 

 

3.1.5 Aim and objectives of this study 

 

Since CHI is a poorly understood disease, the aim of this series of studies was to 

generate an in vitro CHI -cell line to support additional studies of the mechanisms of the 

disease.   

 

In order to support this aim, the objectives of this chapter, in general, were to use insulin-

secreting cell lines and to manipulate cell culture conditions. The objectives were as 

follows- 

 

a) To characterise the basic properties of a novel human pancreatic -cell line, 

EndoCH1 and the mouse pancreatic -cell line, MIN6.      

b) To examine the actions of insulin-secretagogues on cell proliferation in the 

EndoCH1 and MIN6 cell lines.     



Chapter three 

Page | 98 Towards an in vitro model of congenital hyperinsulinism of infancy 

c) To investigate the actions of insulin-secretagogues on insulin production in the 

EndoCH1 and MIN6 cell lines.     

d) To examine the actions of insulin-secretagogues on insulin secretion in the 

EndoCH1 and MIN6 cell lines.     

e) To study the actions of insulin-secretagogues on the expression of core ion 

channel proteins in the EndoCH1 and MIN6 cell lines.    
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3.2 Results 
 

3.2.1 Characterization of MIN6 and EndoCβH1 cells 

 

3.2.1.1 Morphological features of the beta cell lines 

 

Both the MIN6 and EndoCβH1 cell lines (Figure 3.2) were observed to maintain their 

growth in formulated culture media. The growth of MIN6 cells was faster compared to 

EndoCβH1 cells. Through manual cell counting, it was observed that after 7 days of 

culture in media, the number of MIN6 cells was increased 6.36 ± 0.82 (average ± SEM, 

n=3, r = 2) times. For EndoCβH1, the number was 1.91± 0.74 (n = 3, r = 2) times. Since 

the growth rate of these two cell lines was different, so the downstream similar types of 

experiments with these two cell types were designed differently in terms of cell seeding 

density and cell incubation time for growth in some cases (described in the materials and 

methods chapter). 

 

 
Figure 3.2: Morphological shapes of pancreatic beta cell lines MIN6 and EndoCβH1. The 

cells were on day 7 of culture. These bright field images were taken using an Olympus 

CKX41 inverted microscope at 20x magnification. 

 

 

3.2.1.2 MIN6 and EndoCβH1 cells show characteristics of pancreatic beta cells 

 

MIN6 is well characterised and has been used as a model beta cell line previously 

(Miyazaki et al, 1990; Ishihara et al, 1993; Johnson et al, 2007a; Vanderford et al, 

2008; Cheng et al, 2012; Antonucci et al, 2015). So, this cell line was not characterised 

again in details in this study. The MIN6 cells undergoing studies were checked for their 

MIN6 EndoCβH1 
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insulin expression ability. The cells were observed to be capable of insulin expression, 

and it was confirmed by immunofluorescence study (Figure 3.3).  

 

 

             Insulin                             DAPI              Merged  

 
 

 

 

Figure 3.3: Immunofluorescence images of MIN6 cells showing expression of insulin. 

Nuclei (DNA) were stained with DAPI (blue). Insulin was stained as green. The images were 

captured using an Olympus BX51 upright microscope using appropriate band-pass filters and 

merged using ImageJ software. 

 

 

 

The EndoCβH1 cell line was newly developed at the beginning of this research project 

and was not reported to be used by any other research group apart from Ravassard et al. 

(2011). Primarily, the cells were investigated for their ability to express some of the 

important beta cell-specific markers genes at the mRNA level. Transcription of a gene 

(at mRNA level) does not indicate the expression and function of its protein product. 

However, it can suggest the possibility of the expression of that gene at the protein level 

(Vogel and Marcotte, 2012). There are some marker genes which are normally 

transcribed and expressed as proteins in the pancreatic beta cells (Pan and Wright, 

2011). Ravassard and colleagues reported earlier that EndoCβH1 cells transcribe as well 

as translate some of the key beta cell-specific marker genes - INS, PDX1, NKX6.1 and 

NEUROD1 (Ravassard et al, 2011). RT-PCR data showed that the cells undergoing 

studies were positive for expressing all of these markers at the mRNA level (Figure 3.4 

A). Furthermore, immunofluorescence was used to confirm the expression of insulin at 

the protein level in the cells (Figure 3.4 B). 

 

Since both of the cell types were expressing pancreatic beta cell-specific markers 

including insulin, it was concluded that both the cell lines were maintaining their beta 
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cell-like characteristics. Therefore, the cells were considered for downstream 

experiments. 

 

 

 

 

 

 

 

 

 

 

B. 

        Insulin               DAPI             Merged  

 
 

Figure 3.4:  Expression of pancreatic beta cell markers in EndoCβH1 cells. A. RT-PCR 

products showing the mRNA expression of the markers. M: DNA ladder, RT+: presence of 

reverse transcriptase for cDNA synthesis, RT-: absence of reverse transcriptase, hgDNA: 

Human genomic DNA. B. Immunofluorescence imaging study showing the expression of 

insulin (green) at the protein level in EndoCβH1cells. Nuclei were stained with DAPI (blue). 

The Image was captured using an Olympus BX51 upright microscope. 

 

 

3.2.1.3 MIN6 and EndoCβH1 cells respond to glucose and secrete insulin 

 

To confirm that the beta cell models were responsive to glucose stimulation, insulin 

secretion was measured following the protocols mentioned in section 2.6.2. As previously 

reported in the literature, increased insulin secretion was observed in response to higher 

concentrations of glucose (Figure 3.5) (Ishihara et al, 1993; Johnson et al, 2007a; 

Ravassard et al, 2011; Krishnan et al, 2015). In MIN6 cells glucose was able to stimulate 

insulin secretion. Compared to low glucose (2 mM & 5.5 mM), 10 mM, 20 mM and 25 

M            RT+          RT-      hgDNA       Size (bp) 
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107 

 

203 

 

298 

 
275 
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mM were able to induce insulin secretion significantly. In EndoCβH1 cells, 11 mM, 15 

mM and 20 mM glucose were able to induce insulin secretion, compared to low (0.5 mM 

& 2.8 mM) glucose. The glucose concentrations for MIN6 were selected observing the 

glucose-stimulated insulin secretion (GSIS) patterns in the literature (Ishihara et al, 1993; 

Johnson et al, 2007a). The glucose concentrations for EndoCβH1 were used extensively 

by Ravassard et al. (2011). Despite the differences in concentrations, both cell types were 

observed to respond to glucose as like native beta cells. 

 

 

 

 

  

Figure 3.5: Quantitative assays for glucose-stimulated insulin secretion in MIN6 and 

EndoCβH1 cells. ~70% confluent cells were used for the studies. Values were normalised and 

expressed as the percentage of the amount of insulin secreted by the cells from the total insulin 

content of the cells in individual conditions. n = 3; 3 independent experiment; **** - p 

<0.0001; ns = not significant; One-Way ANOVA. Data are presented as mean ± SEM. 

 

 

3.2.2 Effects of ISGs on MIN6 and EndoCβH1 cells proliferation 
 

Insulin secretagogues (ISGs) that promote beta cells to secrete insulin, were investigated 

to determine whether they could induce beta cell proliferation. The reason for doing these 

studies was to mimic the actions of CHI through chronically depolarizing the cells, 

raising intracellular Ca
2+

 and looking to see whether these manipulations had an action on 

cell proliferation, which is a key feature of the CHI pancreas (Kassem et al, 2000; 

Kassem et al, 2010; Lovisolo et al, 2010).  
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Five different ISGs (KCl, 40 mM; tolbutamide, 200 µM; arginine, 10 mM; leucine, 10 

mM; and glibenclamide, 10 µM) were used to treat the MIN6 and EndoCβH1 cells. These 

ISGs were reported to be efficient in inducing beta cells to secrete more insulin (Proks et 

al, 2002; Schmitz et al, 2002; Lund et al, 2009; Swinnen et al, 2010; Schramm et 

al,2011). The concentrations of these ISGs were reported earlier to be capable of inducing 

insulin secretion (Johnson et al, 2007a; Hatlapatka et al, 2009; Yang et al, 2010; Cheng et 

al, 2012). Cells were grown for eight days (192 hours) in culture media containing 

individual ISG. The number of cells was counted manually using a hemocytometer every 

24 hours. Growth curves were plotted to observe the effect of these stimuli on cell growth 

(Figure 3.6). It was observed that neither of the ISGs was able to induce any effect on cell 

proliferation in both MIN6 and EndoCβH1 cells. The cell proliferation was not 

statistically significant at each time point compared to untreated control MIN6 and 

EndoCβH1 cells. 

 

 

A. MIN6 B. EndoCβH1 

  

Figure 3.6: Growth curve of MIN6 and EndoCβH1 cells showing the effect of insulin 

secretagogues on cell proliferation. Cells were grown for 192 hours in culture media 

containing individual insulin secretagogues. Cells were counted in every 24 hours. n = 3; 3 

independent experiments; one-way ANOVA across treatments at each time point. Data are 

presented as mean ± SEM. 
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To further verify this method of manual counting to examine cell proliferation, the effects 

of ISGs on cell proliferation were measured using two chemical-incorporating methods. 

The first method was using CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay 

kit (Figure3.7) (detail protocol in section 2.5.2). The data from these assays were found 

similar to the data from manual counting. No significant changes in cell proliferation 

were observed in cells exposed to ISGs compared to untreated control cells at individual 

time points.  

 

 

A. MIN6 B. EndoCβH1 

  
 

Figure 3.7: CellTiter 96 Aqueous Non-Radioactive Cell Proliferation assay-based growth 

curve of MIN6 and EndoCβH1 cells treated with insulin secretagogues. Cells were grown 

for 192 hours in culture media containing individual insulin secretagogues. The absorbance of 

cell suspensions was measured in every 48 hours. The absorbance of culture media was 

measured to normalise the background noise. n = 3; 3 independent experiments; one-way 

ANOVA across treatments at each time point. Data are presented as mean ± SEM. 

 

 

The second chemical-incorporating method was based on utilising BrdU (5-Bromo-2-

deoxyuridine) as a labelling reagent. EndoCβH1 cells did not show any incorporation of 

BrdU inside the cells (data not shown). MIN6 cells were grown for 48 hours with or 

without ISGs. The cells were then incubated with BrdU for 2 hours following another 24-

hours growth with or without respective ISGs (details in section 2.5.3). The incorporation 

of BrdU in genomic DNA was evaluated by immunofluorescence imaging (Figure 3.8 A). 

The number of actively dividing cells (that incorporated BrdU) were counted using 
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ImageJ software. The data from this assay were similar to those observed in the previous 

two methods, and no significant changes in the numbers of actively dividing cells (which 

indicates cell proliferation) were observed in the different treatment conditions compared 

to untreated control cells (Figure 3.8 B).  

 

So, the results from these three methods indicate that the ISGs used in this study did not 

have any effect on beta cell proliferation normally. So, further experiments were designed 

to examine if the cells could acquire permanent changes in proliferation property because 

of prolonged exposure (acute or chronic) to ISGs. 

 

 

 

 
 

 

 

Figure 3.8: BrdU incorporation-based MIN6 cells proliferation assay. A. Representative 

immunofluorescence images of BrdU incorporation (red) in genomic DNA of MIN6 cells 24 

hours after the BrdU treatment. Nuclei were stained with DAPI (blue). Images were taken 

using an Olympus BX51 upright microscope. B. Percentage of the number of actively dividing 

cells in different treatment conditions. n = 3; 3 independent experiments; one-way ANOVA. 

Data are presented as mean ± SEM. 
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3.2.2.1  Effects on the proliferation of MIN6 and EndoCβH1 cells acutely treated 

with ISGs  

 

Proliferation assays were carried out to investigate the effect of acute (48 hours) exposure 

of ISGs on beta cell proliferation. Both the MIN6 and EndoCβH1 cells were grown in 

growth media with ISGs for 48 hours. Then these treated cells were cultured in normal 

culture media (without any ISG) and allowed to grow for a further 144 hours (6 more 

days). Cells were counted manually using a hemocytometer every 24 hours. Growth 

curves were plotted to observe the effect of these stimuli on cell growth (Figure 3.9). 

With time, the cell numbers were increased. However, compared to untreated control 

cells, neither the MIN6 (Figure 3.9 A) nor the EndoCβH1 (Figure 3.9 B) cells showed any 

significant changes in proliferation at different time points after acute exposure to the 

different treatment conditions. 

 

 

 
A. MIN6 B. EndoCβH1 

 
 

 

Figure 3.9: Effects of acute exposure to insulin secretagogues on MIN6 and EndoCβH1 

cells proliferation. Panel A and B represent the growth curve of acutely (48 hours) treated 

MIN6 and EndoCβH1 cells, respectively, with secretagogues. Dotted lines indicate the time 

duration when the cells were exposed to secretagogues. n = 3; 3 independent experiments; 

one-way ANOVA across treatments at each time point. Data are presented as mean ± SEM. 
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3.2.2.2  Effects on the proliferation of MIN6 and EndoCβH1 cells chronically treated 

with ISGs 

 

Since acute exposure of ISGs did not show any effect on cell proliferation, so, MIN6 and 

EndoCβH1 cells were grown in growth media with ISGs continuously for up to 16 weeks. 

After every week of the treatment, the treated cells were collected and cultured in normal 

growth media (without ISG) for up to 192 hours. Cells were counted manually using a 

hemocytometer every 24 hours. Growth curves were plotted to observe the effect of these 

stimuli on cell growth (Figure 3.10). With time, the cell numbers were increased. 

However, compared to untreated control cells, neither the MIN6 (Figure 3.10 A) nor the 

EndoCβH1 (Figure 3.10 B) cells showed any significant changes in proliferation at 

different time points after the chronic exposure to the different treatment conditions. 

 

 

A. MIN6 B. EndoCβH1 

  

 

Figure 3.10: Effects of Chronic exposure of insulin secretagogues on MIN6 and 

EndoCβH1 cells proliferation. Panel A and B show representative growth curve of 

chronically treated MIN6 and EndoCβH1 cells, respectively (after week 5, 6 and 7). The 

chronically treated cells were grown in normal culture media (without secretagogues) to 

analyse the effect on proliferation. n = 3; 3 independent experiments; one-way ANOVA 

across treatments at each time point. Data are presented as mean ± SEM.  
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After every week, the chronically treated cells were also analysed for their proliferation in 

the presence of ISGs to examine whether the treated cells retained their sensitivity to 

respective ISGs. To do these proliferation assays, the treated cells were collected and 

cultured in growth media (with respective ISG) and allowed to grow for 192 hours. Cells 

were counted manually using a hemocytometer every 24 hours and growth curves were 

plotted and analysed (Figure 3.11). With time, the cell numbers were increased. However, 

compared to untreated control cells, neither the MIN6 (Figure 3.11 A) nor the EndoCβH1 

(Figure 3.11 B) cells showed any significant changes in proliferation in different time 

points after the chronic exposure to the different treatment conditions. 

 

From these observations, it was concluded that neither acute nor chronic exposure of cells 

to ISGs, at the concentrations used here, had any effect on the proliferation of either 

MIN6 or EndoCβH1 cells. 

 

 

A. MIN6 B. EndoCβH1 

  

 

 

 

Figure 3.11: Cell proliferation of chronically insulin secretagogues treated MIN6 and 

EndoCβH1 cells in the presence of respective secretagogues. Panel A and B show 

representative growth curve of chronically treated MIN6 and EndoCβH1 cells, respectively 

(after week 5, 6 and 7). The chronically treated cells were grown in culture media with 

respective secretagogues to analyse the effect on proliferation. n = 3; 3 independent 

experiments; one-way ANOVA across treatments at each time point. Data are presented as 

mean ± SEM. 
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3.2.2.3 Effects on the proliferation of MIN6 and EndoCβH1 cells acutely and 

chronically treated with tolbutamide in high concentration 

 

Some previous studies reported the use of higher concentration of tolbutamide (500µM) 

in treating different cell types (Huang et al, 1995; Ammala et al, 1996a; Ammala et al, 

1996b; Gribble et al, 1997a). These studies used this higher concentration of tolbutamide 

to induce insulin secretion from beta cells or to inhibit KATP channel activity for analysing 

electrochemical properties of beta cells. Although the reasons for using this high 

concentration of tolbutamide were different from the present study, it was thought useful 

to investigate whether this higher concentration (500µM) of tolbutamide (Tol
high

) could 

induce increased cell proliferation. Since the concentration (200µM) of tolbutamide used 

in the experiments described in previous sections did not have any effect on proliferation 

of MIN6 and EndoCβH1 cells, it was hypothesised that these cells could be sensitive to 

this higher concentration of tolbutamide (Tol
high

) to acquire increased cell proliferation 

property. Since this high tolbutamide concentration was not reported earlier to be toxic 

for cells, both MIN6 and EndoCβH1 cells were treated with Tol
high

 acutely and 

chronically (as in sections 3.2.2.1 and 3.2.2.2).  

 

 

3.2.2.3.1 Effects on the proliferation of MIN6 and EndoCβH1 cells acutely treated 

with Tol
high

 

 

Both the MIN6 and EndoCβH1 cells were grown in the presence of Tol
high

 for 48 hours. 

These treated cells were then cultured in normal media (without Tol
high

) and allowed to 

grow for a further 144 hours. Cells were counted manually using a hemocytometer every 

24 hours. Compared to untreated control cells, neither the MIN6 (Figure 3.12 A) nor the 

EndoCβH1 (Figure 3.12 B) cells showed any significant changes in proliferation in 

different time points after acute exposure to the Tol
high

.  
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A. MIN6 B. EndoCβH1 

 
 

Figure 3.12: Effects of acute exposure of 500µM tolbutamide on MIN6 and EndoCβH1 

cells proliferation. Panel A and B represent the growth curve of acutely (48 hours) treated 

MIN6 and EndoCβH1 cells, respectively. Dotted lines indicate the time duration when the 

cells were exposed to tolbutamide. n = 3; 3 independent experiments; t-test at each time point. 

Data are presented as mean ± SEM. 

 

 

 

3.2.2.3.2 Effects on the proliferation of MIN6 and EndoCβH1 cells chronically 

treated with Tol
high

 

 

MIN6 and EndoCβH1 cells were grown in growth media with Tol
high

 continuously for up 

to 12 weeks. After every week, the treated cells were analysed for the growth curve 

experiments. The treated cells were collected and cultured in normal growth media 

(without Tol
high

) and allowed to grow for 192 hours. Cells were counted manually using a 

hemocytometer every 24 hours. Compared to untreated control cells, neither the MIN6 

(Figure 3.13 A) nor the EndoCβH1 (Figure 3.13 B) cells showed any significant changes 

in proliferation in different time points after the chronic exposure to Tol
high
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A. MIN6 B. EndoCβH1 

  

Figure 3.13: Effects of chronic exposure of 500µM tolbutamide on MIN6 and EndoCβH1 

cells proliferation. Panel A and B represent the growth curve of chronically treated MIN6 and 

EndoCβH1 cells, respectively (after week 5, 6 and 7). The chronically treated cells were 

grown in normal culture media (without tolbutamide) to analyse the effect on proliferation. n = 

3; 3 independent experiments; t-test at each time point. Data are presented as mean ± SEM. 
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A. MIN6 B. EndoCβH1 

  

Figure 3.14: Cell proliferation of chronically Tol
high

 treated MIN6 and EndoCβH1 cells 

in the presence of tolbutamide. Panel A and B show representative growth curve of 

chronically treated MIN6 and EndoCβH1 cells, respectively (after week 5, 6 and 7). The 

treated cells were grown in culture media with tolbutamide to analyse the effect on 

proliferation. n = 3; 3 independent experiments; t-test at each time point. Data are presented 

as mean ± SEM. 
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allowed to grow for a further 144 hours. Cells were counted manually using a 

hemocytometer every 24 hours. Compared to untreated control cells, neither the MIN6 

(Figure 3.15 A) nor the EndoCβH1 (Figure 3.15 B) cells showed any significant changes 

in proliferation in different time points after acute exposure to the ISGmix. 

 

A. MIN6 B. EndoCβH1 

  

 

Figure 3.15: Effects of acute exposure of the mixture of insulin secretagogues on MIN6 

and EndoCβH1 cells proliferation. Panel A and B represent the growth curve of acutely (48 

hours) treated MIN6 and EndoCβH1cells, respectively. Dotted lines indicate the time duration 

when the cells were exposed to secretagogues. n = 3; 3 independent experiments; one-way 

ANOVA across treatments at each time point. Data are presented as mean ± SEM. 
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A. MIN6 B. EndoCβH1 

  

Figure 3.16: Effects of chronic exposure of the mixture of insulin secretagogues on MIN6 

and EndoCβH1 cells proliferation. Panel A and B represent the growth curve of chronically 

treated MIN6 and EndoCβH1 cells, respectively (after week 5, 6 and 7). The chronically 

treated cells were grown in normal culture media (without any secretagogues) to analyse the 

effect on proliferation. n = 3; 3 independent experiments; one-way ANOVA across treatments 

at each time point. Data are presented as mean ± SEM. 
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A. MIN6 B. EndoCβH1 

  

 

Figure 3.17: Cell proliferation of chronically treated MIN6 and EndoCβH1 cells in the 

presence of the respective mixture of insulin secretagogues. Panel A and B show 

representative growth curve of chronically treated MIN6 and EndoCβH1 cells, respectively 

(after week 5, 6 and 7). The treated cells were grown in culture media with respective 

secretagogues to analyse the effect on proliferation. n = 3; 3 independent experiments; one-

way ANOVA across treatments at each time point. Data are presented as mean ± SEM. 
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Figure 3.18: Expression of insulin in MIN6 cells chronically treated with insulin 

secretagogues. A – F: Representative immunofluorescence images of MIN6 cells stained with 

anti-insulin antibody. Individual images correspond to MIN6 cells untreated (A) and treated with 

different secretagogues (B-E). Cells were chronically treated with ISGs for 10 weeks. Green 

fluorescence represents insulin. Nuclei were stained with DAPI (blue). Images were taken using 

an Olympus BX51 upright microscope. G: Total insulin content of MIN6 cells chronically treated 

in different conditions (after week 8, 9 and 10). n = 3; 3 independent experiments; one-way 

ANOVA. Data are presented as mean ± SEM.  
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Figure 3.19: Expression of insulin in EndoCβH1 cells chronically treated with insulin 

secretagogues. A – F: Representative immunofluorescence images of cells stained with anti-

insulin antibody. Individual images correspond to cells untreated (A) and treated with different 

secretagogues (B-E). Cells were chronically treated with ISGs for 10 weeks. Green fluorescence 

represents insulin. Nuclei were stained with DAPI (blue). Images were taken using an Olympus 

BX51 upright microscope. G: Total insulin content of EndoCβH1 cells chronically treated in 

different conditions (after week 8, 9 and 10). n = 3; 3 independent experiments; one-way 

ANOVA. Data are presented as mean ± SEM. 
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3.2.4 Effects of ISGs on MIN6 and EndoCβH1 cells insulin secretion 
 

To investigate the capacity of cells to secrete insulin in response to ISGs, insulin secretion 

assays were carried out. The ISGs were added to KRH buffers separately, and the cells 

were incubated in the buffers (in the presence of low and high glucose content) for 

specific periods of time (see materials and methods chapter for more details). 

 

Significantly higher amounts of insulin were released in the presence of high glucose (20 

mM and 15 mM for MIN6 and EndoCβH1, respectively) compared to the secretion in low 

glucose (2 mM and 0.5 mM for MIN6 and EndoCβH1, respectively) (Figure 3.20 and 

Figure 3.21) as it was observed in Figure 3.5. The amount of secretion was observed to be 

much higher in both low and high glucose conditions when the cells were treated with 

ISGs. So, this observation indicates that both MIN6 and EndoCβH1 cells are sensitive to 

ISGs and can release more insulin upon stimulation by ISGs. Further experiments were 

designed to examine if the cells could acquire permanent changes in glucose sensitivity 

and hence insulin secretion property because of prolonged exposure (acute or chronic) to 

ISGs. 
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Figure 3.20: Quantitative assays for glucose-stimulated insulin secretion in MIN6 cells 

treated with insulin secretagogues. Secretion data of MIN6 untreated and treated with KCl 

(A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide (E) are represented here. 

The assay was carried out in KRH buffer with individual secretagogues. Values were 

normalised and expressed as the percentage of the amount of insulin secreted by the cells from 

the total insulin content of the cells in individual conditions. n = 3; 3 independent experiments; 

**** - p < 0.0001; t-test. Data are presented as mean ± SEM. 
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Figure 3.21: Quantitative assays for glucose-stimulated insulin secretion in EndoCβH1 cells 

treated with insulin secretagogues. Secretion data of EndoCβH1 cells untreated and treated with 

KCl (A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide (E) are represented here. 

The assay was carried out in KRH buffer with individual secretagogues. Values were normalised 

and expressed as the percentage of the amount of insulin secreted by the cells from the total 

insulin content of the cells in individual conditions. n = 3; 3 independent experiments;  **** - p < 

0.0001; t-test. Data are presented as mean ± SEM. 
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3.2.4.1  Effects on insulin secretion of MIN6 and EndoCβH1 cells acutely treated 

with ISGs  

 

To examine whether acute exposure of cells to ISGs have a role in changing glucose 

sensitivity, and therefore in insulin secretion, both cell types were cultured in growth 

media containing individual ISG for 48 hours. These treated cells were then incubated in 

the KRH buffers (without any ISG) having low or high glucose content. 

 

Both untreated and treated MIN6 and EndoCβH1 cells were observed to be sensitive to 

glucose concentration and significantly higher amounts of insulin were released in the 

presence of high glucose (Figure 3.22 and Figure 3.23 for MIN6 and EndoCβH1, 

respectively). However, no significant changes in insulin secretion were observed in 

acutely ISG-treated cells compared to untreated control cells in either low or high glucose 

conditions.  
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Figure 3.22: Quantitative assays for glucose-stimulated insulin secretion in MIN6 cells 

acutely treated with insulin secretagogues. Secretion data of MIN6 untreated and treated 

with KCl (A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide (E) are 

represented here. The assay was carried out in KRH buffer without any secretagogues. Values 

were normalised and expressed as the percentage of the amount of insulin secreted by the cells 

from the total insulin content of the cells in individual conditions. n = 3; 3 independent 

experiments; **** - p < 0.0001; ns = not significant, t-test. Data are presented as mean ± 

SEM. 
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Figure 3.23: Quantitative assays for glucose-stimulated insulin secretion in EndoCβH1 

cells acutely treated with insulin secretagogues. Secretion data of EndoCβH1 untreated and 

treated with KCl (A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide (E) are 

represented here. The assay was carried out in KRH buffer without any secretagogue. Values 

were normalised and expressed as the percentage of the amount of insulin secreted by the cells 

from the total insulin content of the cells in individual conditions. n = 3; 3 independent 

experiments; **** - p < 0.0001; ns = not significant, t-test. Data are presented as mean ± 

SEM. 

 

 

 

Some previous studies also used purified islets to observe the effect of ISGs on insulin 

secretion capacity of islets (Gullo et al, 1991; Annelo et al, 1999; Mullooly et al, 2014). 

As an alternative approach, in addition to cell lines, highly purified mouse pancreatic 

islets were used in this study to investigate whether the islets could show the higher 

secretion capacity after acute treatment with ISGs and act as CHI. Purified islets were 

incubated in nutrient media containing individual ISG for 48 hours. These treated islets 

were then incubated in the KRH buffers (without any ISG) having low or high glucose 

content. As with both MIN6 and EndoCβH1 cells, significantly higher amounts of insulin 

were released from islets in the presence of high glucose (Figure 3.24). Also, no 

significant changes in insulin secretion were observed in acutely ISG-treated islets 

compared to untreated control islets in both low and high glucose conditions.  

 

So, it can be inferred from the observations as mentioned above that acute treatment with 

ISGs was not an appropriate technique to induce increased insulin secretion capacity in 

pancreatic beta cells and mouse islets. 

0

1

2

3

4

Untreated

control

10 µM

Glibenclamide
In

su
li

n
 s

ec
re

ti
o

n
 

(%
 o

f 
to

ta
l 

in
su

li
n

 c
o

n
te

n
t)

 

0.5 mM Glucose

15 mM Glucose

E.  

**** **** 

ns 

ns 



Chapter three 

Page | 124 Towards an in vitro model of congenital hyperinsulinism of infancy 

 

 

  

  

 

Figure 3.24: Quantitative assays for glucose-stimulated insulin secretion in mouse islets 

acutely treated with insulin secretagogues. Secretion data of islets untreated and treated with 

KCl (A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide (E) are represented 

here. The assay was carried out in KRH buffer without any secretagogue. Values were 

normalised and expressed as the percentage of the amount of insulin secreted by the cells from 

the total insulin content of the cells in individual conditions. n = 3; 3 independent experiments; 

**** - p < 0.0001; ns = not significant; t-test. Data are presented as mean ± SEM. 
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3.2.4.2  Effects on insulin secretion of MIN6 and EndoCβH1 cells chronically treated 

with ISGs  

 

To examine whether chronic exposure to ISGs could change the glucose sensitivity of the 

cells, and therefore change in insulin secretion capacity, both cell types were cultured in 

growth media containing individual ISG for up to 16 weeks. After every week, the treated 

cells were collected and analysed for their insulin secretion property. The treated cells 

were incubated in the KRH buffers (without any ISG) having low or high glucose content 

and analysed for insulin secretion. 

 

Similar to the acute exposures, both untreated and chronically treated MIN6 and 

EndoCβH1 cells were observed to be sensitive to glucose concentration. Significantly 

higher amounts of insulin (near about 4 fold for MIN6 and more than 3 fold for 

EndoCβH1) were released in the presence of high glucose (Figure 3.25 and Figure 3.26 

for MIN6 and EndoCβH1, respectively). However, there were no changes in insulin 

secretion in acutely ISG treated cells compared to untreated control cells in either low or 

high glucose conditions.   
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Figure 3.25: Quantitative assays for glucose-stimulated insulin secretion in MIN6 cells 

chronically treated with insulin secretagogues. Secretion data of cells untreated and 

chronically treated with KCl (A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide 

(E) (after week 5, 6, and 7) are represented here. The assay was carried out in KRH buffer 

without any secretagogues. Values were normalised and expressed as the percentage of the 

amount of insulin secreted by the cells from the total insulin content of the cells in individual 

conditions. n = 3; 3 independent experiments; **** - p < 0.0001; ns = not significant; t-test. 

Data are presented as mean ± SEM. 
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Figure 3.26: Quantitative assays for glucose-stimulated insulin secretion in EndoCβH1 

cells chronically treated with insulin secretagogues. Secretion data of cells untreated and 

treated with KCl (A), tolbutamide (B), arginine (C), leucine (D) and glibenclamide (E) (after 

week 5, 6, and 7) are represented here. The assay was carried out in KRH buffer without any 

secretagogue. Values were normalised and expressed as the percentage of the amount of 

insulin secreted by the cells from the total insulin content of the cells in individual conditions. 

n = 3; 3 independent experiments; **** - p < 0.0001; ns = not significant; t-test. Data are 

presented as mean ± SEM. 
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The chronically treated cells were then assessed to examine whether the chronic treatment 

caused any alteration in cells for their sensitivity to the respective ISG for insulin release. 

The treated cells were collected and incubated in the KRH buffers (with respective ISG) 

having low or high glucose content and analysed for insulin secretion. 

 

Both the cell types were observed to retain their sensitivity to the ISG with which the 

cells were treated chronically. Similar to the secretion observed in untreated cells (Figure 

3.20 and Figure 3.21), significantly higher amounts of insulin were released from both the 

cell types in the presence of high glucose compared to the secretion in low glucose 

(Figure 3.27 and Figure 3.28 for MIN6 and EndoCβH1, respectively). The amount of 

secretion was observed to be significantly higher in both low and high glucose conditions 

when the cells were treated with ISGs. So, based on these observations mentioned above 

it was concluded that similar to acute treatment, chronic treatment with ISGs was also not 

a suitable way to alter insulin secretion ability of pancreatic beta cells. 
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Figure 3.27: Quantitative assays for glucose-stimulated insulin secretion in chronically 

treated MIN6 cells in the presence of insulin secretagogues. Secretion data of cells 

untreated and treated with KCl (A), tolbutamide (B), arginine (C), leucine (D) and 

glibenclamide (E) (after week 5, 6, and 7) are represented here. The assay was carried out in 

KRH buffer with respective secretagogues. Values were normalised and expressed as the 

percentage of the amount of insulin secreted by the cells from the total insulin content of the 

cells in individual conditions. n = 3; 3 independent experiments; **** - p < 0.0001; t-test. 

Data are presented as mean ± SEM. 
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Figure 3.28: Quantitative assays for glucose-stimulated insulin secretion in chronically 

treated EndoCβH1 cells in the presence of insulin secretagogues. Secretion data of cells 

untreated and treated with KCl (A), tolbutamide (B), arginine (C), leucine (D) and 

glibenclamide (E) (after week 5, 6, and 7) are represented here. The assay was carried out in 

KRH buffer with respective secretagogues. Values were normalised and expressed as the 

percentage of the amount of insulin secreted by the cells from the total insulin content of the 

cells in individual conditions. n = 3; 3 independent experiments; **** - p < 0.0001; t-test. 

Data are presented as mean ± SEM. 
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changes in insulin secretion were observed in acutely tolbutamide-treated cells compared 

to untreated control cells in both low and high glucose conditions.  

 
 

 

 

A. MIN6 B. EndoCβH1 

  
 

Figure 3.29: Quantitative assays for glucose-stimulated insulin secretion in MIN6 and 

EndoCβH1 cells acutely treated with 500µM tolbutamide. The image illustrates the 

secretion data of MIN6 (A) and EndoCβH1 (B) untreated and treated with tolbutamide. The 

assay was carried out in KRH buffer without tolbutamide. Values were normalised and 

expressed as the percentage of the amount of insulin secreted by the cells from the total insulin 

content of the cells in individual conditions. n = 3; 3 independent experiments; **** - p < 

0.0001; ns = not significant; t-test. Data are presented as mean ± SEM. 
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Both the cell types were cultured in growth media containing Tol
high 

for up to 12 weeks. 

After every week, the treated cells were collected and incubated in the KRH buffers 

(without Tol
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) having low or high glucose content and analysed for insulin secretion.  

 

Similar to the acute exposures, both untreated and chronically treated MIN6 and 

EndoCβH1 cells were observed to secrete significantly higher amounts of insulin in the 

presence of high glucose (Figure 3.30). Again, there were no changes in insulin secretion 

in chronically tolbutamide-treated cells compared to untreated control cells in both low 

and high glucose conditions.  
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So, it can be inferred from the observations mentioned in this section 3.2.4.3 that 

treatment (acute or chronic) with tolbutamide (even in high concentration) was not an 

appropriate technique to induce insulin secretion ability in pancreatic beta cells. 

 

 
 

A. MIN6 

 

B. EndoCβH1 

  
 

 

Figure 3.30: Quantitative assays for glucose-stimulated insulin secretion in MIN6 and 

EndoCβH1 cells chronically treated with 500µM tolbutamide. The image illustrates the 

secretion data of MIN6 (A) and EndoCβH1 (B) untreated and treated with tolbutamide. The 

assay was carried out in KRH buffer without tolbutamide. Values were normalised and 

expressed as the percentage of the amount of insulin secreted by the cells from the total insulin 

content of the cells in individual conditions. n = 3; 3 independent experiments; **** - p < 

0.0001; ns = not significant; t-test. Data are presented as mean ± SEM. 
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secretion.   
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3.2.4.4.1 Effects on insulin secretion of MIN6 and EndoCβH1 cells acutely treated 

with ISGmix 

 

Both the cell types were cultured in growth media containing ISGmix for 48 hours. The 

treated cells were then incubated in the KRH buffers (without ISGmix) having low or high 

glucose content. Similar to previous approaches, both untreated and treated MIN6 and 

EndoCβH1 cells were observed to secrete significantly higher amounts of insulin in the 

presence of high glucose (Figure 3.31 and Figure 3.32 for MIN6 and EndoCβH1, 

respectively). And, again, there were no changes in insulin secretion in acutely ISGmix 

treated cells compared to untreated control cells in either low or high glucose conditions.  

 

 

 

  

  

 

Figure 3.31: Quantitative assays for glucose-stimulated insulin secretion in MIN6 cells 

acutely treated with a mixture of insulin secretagogues. Secretion data of MIN6 untreated 

and treated with KCl + tolbutamide (A), KCl + arginine (B), KCl + leucine (C) and KCl + 

glibenclamide (D) are represented here. The assay was carried out in KRH buffer without any 

secretagogues. Values were normalised and expressed as the percentage of the amount of 

insulin secreted by the cells from the total insulin content of the cells in individual conditions. 

n = 3; 3 independent experiments; **** - p < 0.0001; ns = not significant; t-test. Data are 

presented as mean ± SEM.  
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Figure 3.32: Quantitative assays for glucose-stimulated insulin secretion in EndoCβH1 

cells acutely treated with a mixture of insulin secretagogues. Secretion data of cells 

untreated and treated with KCl + tolbutamide (A), KCl + arginine (B), KCl + leucine (C) and 

KCl + glibenclamide (D) are represented here. The assay was carried out in KRH buffer 

without any secretagogues. Values were normalised and expressed as the percentage of the 

amount of insulin secreted by the cells from the total insulin content of the cells in individual 

conditions. n = 3; 3 independent experiments; **** - p < 0.0001; ns = not significant; t-test. 

Data are presented as mean ± SEM. 

 

 

3.2.4.4.2 Effects on insulin secretion of MIN6 and EndoCβH1 cells chronically 

treated with ISGmix 

 

Both MIN6 and EndoCβH1 cell types were cultured in growth media containing ISGmix 

for up to 12 weeks. After every week, the treated cells were collected and analysed for 

their insulin secretion property. The treated cells were incubated in the KRH buffers 

(without any ISG) having low or high glucose content and analysed for insulin secretion. 
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Similar to acute treatments, both untreated and treated MIN6 and EndoCβH1 cells were 

observed to secrete significantly higher amounts of insulin in the presence of high glucose 

(Figure 3.33 and Figure 3.34 for MIN6 and EndoCβH1, respectively). And, again, no 

changes were observed in insulin secretion in chronically ISGmix treated cells compared to 

untreated control cells in either low or high glucose conditions.  

 

 

 

  

  
 

Figure 3.33: Quantitative assays for glucose-stimulated insulin secretion in MIN6 cells 

chronically treated with a mixture of insulin secretagogues. Secretion data of MIN6 

untreated and treated with KCl + tolbutamide (A), KCl + arginine (B), KCl + leucine (C) and 

KCl + glibenclamide (D) are represented here. The assay was carried out in KRH buffer 

without any secretagogues. Values were normalised and expressed as the percentage of the 

amount of insulin secreted by the cells from the total insulin content of the cells in individual 

conditions. n = 3; 3 independent experiments; **** - p < 0.0001; ns = not significant; t-test. 

Data are presented as mean ± SEM. 
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Figure 3.34: Quantitative assays for glucose-stimulated insulin secretion in EndoCβH1 

cells chronically treated with a mixture of insulin secretagogues. Secretion data of 

EndoCβH1 untreated and treated with KCl + tolbutamide (A), KCl + arginine (B), KCl + 

leucine (C) and KCl + glibenclamide (D) are represented here. The assay was carried out in 

KRH buffer without any secretagogues. Values were normalised and expressed as the 

percentage of the amount of insulin secreted by the cells from the total insulin content of the 

cells in individual conditions. n = 3; 3 independent experiments; **** - p < 0.0001; ns = not 

significant; t-test. Data are presented as mean ± SEM. 

 

 

 

So, based on the findings mentioned in this section, it can be concluded that similar to the 

treatments with individual ISGs, treatment with a combination of two ISGs was also 

ineffective as a means to alter insulin secretion capacity of pancreatic beta cells. 
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3.2.5 Chronic treatment of MIN6 and EndoCβH1 cells with ISGs had no effect on 

the expression of membrane-bound ion channels  

 

Since treatment (acute or chronic) with ISGs had no effects on beta cell properties (cell 

proliferation, insulin production, and insulin secretion), it was hypothesised that the 

potential changes in these beta cell properties mentioned above might be counteracted by 

other alterations, particularly in other membrane-bound ion channel proteins important 

for cell metabolism and electrolyte balance. Cellular metabolism, especially, glucose 

homeostasis, as well as cell proliferation, are reported to be regulated by electro-physical 

properties of the cell (Efanova et al, 1998; Dunne et al, 2004; James et al, 2009; Kassem 

et al, 2010). Alteration in any of the ion (e.g. Na
+
, K

+
, Ca

+2
) channels present in beta cells 

due to the treatment with ISGs could restore any changes in electro-physical properties of 

cells that could affect cell properties mentioned above. So, RT-PCR experiments were 

designed to screen any alteration of ion channels at RNA level since the change in 

transcription of a gene can sometimes indicate a possibility of change in protein 

expression and functions.  

 

Mouse and human pancreatic beta cell membrane contain different ion channels. Gene 

targets were chosen according to the cell type (MacDonald and Wheeler, 2003; Yan et al, 

2004; Vignali et al, 2006; Braun et al, 2008; Rorsman et al, 2012). For MIN6 cells, 

expression of genes encoding calcium channels including CACNA1A, CACNA1B, 

CACNA1C; potassium channels including ABCC8, KCNJ11, KCNB1, KCNB2, KCNMA1; 

and sodium channel SCN9A were evaluated (Figure 3.35). For EndoCβH1 cells, 

expression of genes encoding calcium channels including CACNA1H, CACNA1D; 

potassium channels including ABCC8, KCNJ11, KCNB1, KCNB2, KCNC2; and sodium 

channel including SCN8A, SCN9A were evaluated (Figure 3.36). These particular channel 

subunit genes were reported to be conserved and prominently expressed in mouse and 

human beta cells (MacDonald and Wheeler, 2003; Vignali et al, 2006; Braun et al, 2008). 

Insulin expression was also analysed for both the cell types. GAPDH was used as a 

quantitative control for both cell types. With comparison to untreated cells, no significant 

changes in the expression of membrane ion channels were observed in MIN6 and 

EndoCβH1 cells chronically treated with ISGs.  
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Figure 3.35: mRNA transcript profiles of membrane-bound ion channel proteins in 

chronically treated MIN6 cells. The representative mRNA expressions were analysed from 

cells chronically treated for 10 weeks. The lanes correspond to mRNA isolated from cells in 

different treatment conditions. ‘g’ represents mouse genomic DNA and ‘n’ represent PCR 

negative control.‘+’ and ‘-’ represent cDNA positive and negative control respectively.  
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Figure 3.36: mRNA transcript profiles of membrane-bound ion channel proteins in 

chronically treated EndoCβH1 cells. The representative mRNA expressions were analysed 

from cells chronically treated for 10 weeks. The lanes correspond to mRNA isolated from cells 

in different treatment conditions. ‘g’ represents mouse genomic DNA and ‘n’ represent PCR 

negative control.‘+’ and ‘-’ represent cDNA positive and negative control respectively.  
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levels. To examine this, western blot experiments were carried out using protein extracted 

from untreated and chronically treated MIN6 and EndoCβH1 cells. KATP channel proteins 

were considered preliminarily to correlate the findings at mRNA level with protein level. 

Only Kir6.2 protein expression was examined, as unfortunately, antibodies against SUR1 

were unsuitable for western blot analysis. From the analysis, it was observed that chronic 
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exposure of cells to ISGs did not have a significant effect on Kir6.2 protein production in 

the cell (Figure 3.37). 

 

 

 

   

A 
 

Kir6.2 (MIN6) 

B 
 

β-Actin (MIN6) 

C 
 

Kir6.2 (EndoCβH1) 

D 
 

β-Actin (EndoCβH1) 

 

Figure 3.37: Western blot analysis of chronically treated MIN6 and EndoCβH1 cells 

stained with anti-Kir6.2 and anti-β-Actin antibody. Proteins were extracted from cells 

treated for 10 weeks. A and B show the expression in MIN6 cells whereas C and D show the 

expression in EndoCβH1 cells. The lanes correspond to proteins detected from cells treated in 

different conditions. β-Actin was used as a loading control. Samples were separated in 12% 

polyacrylamide gels. Membranes were incubated separately with the antibodies. 

 

 

It is well known that the expression of a gene at mRNA and protein levels do not always 

correlate with each other as well as with its level of functional activity. However, it can 

suggest some preliminary links to follow for downstream analysis. Both the RT-PCR and 

western blot data indicated the similar findings that ISGs had no effect on KATP channels 

expression. However, based on mRNA profile only, it was not possible to rule out the 

potential changes of other ion channels at the protein level, either protein expression or 

functional expression of channels at the cell surface which would influence ion flux and 

thus, cellular metabolism. Analysing functional activities of these ion channels would 

require a lot of time. The main focus of the study described in this chapter was to develop 

an in vitro condition to modulate model beta cells to behave as CHI-like cells. Since the 

approaches described in this chapter did not alter any cell properties (cell proliferation 

and insulin secretion) and the cells did not behave as CHI-like cells, so it was decided not 

to continue with these approaches anymore. Thus, functional activity studies on these ion 

channels were not carried out.  
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3.3 Discussion  
 

 

The aim of the study was to generate an in vitro condition in which a model pancreatic 

beta cell line could be made to behave in a similar manner to CHI tissues. A very widely 

used mouse pancreatic beta cell line, MIN6 and a recently developed human model cell 

line, EndoCβH1 were used for this purpose. 

 

The foremost features of CHI are increased insulin secretion from beta cells as well as 

beta cell hyperproliferation. Since insulin can act as a potential growth factor, so it was 

postulated that modifying cell culture conditions by the addition of insulin secretagogues 

(ISGs), alone or in combination, could induce the cells to transform into cell models that 

could behave similar to CHI cells (in terms of insulin secretion and cell proliferation). 

However, all the analyses and their data confirmed that implemented chemical induction 

method by using insulin secretagogues was not sufficient to transform the pancreatic beta 

cells into a CHI-like model cell line. 

 

As it is mentioned in section 3.1.1, CHI is a metabolic disorder affecting neonates and 

early infants. This disorder is characterised by severe, persistent hypoglycemia due to 

inappropriate increased insulin secretion from pancreatic islet β-cells (Stanley and Baker, 

1976; Dunne et al, 2004; Senniappan et al, 2012; Proverbio et al, 2013; Arya et al, 2014). 

In addition to the uncontrolled insulin secretion, the other major feature of CHI is 

hyperproliferation of affected beta cells compared to normal, unaffected cells. This 

increased proliferation was observed both in Fo-CHI and Di-CHI tissues (Kassem et al, 

2000; Kassem et al, 2010; Lovisolo et al, 2010; Salisbury et al, 2015). Although, one 

study was reported not to find any significant association of CHI with beta cell 

hyperproliferation (Sempoux et al, 1998a).  

 

Increased uncontrolled insulin secretion is the major feature of CHI, and also insulin was 

reported to act as a potential growth factor (Hill and Milner, 1985; Ish-Shalom et al,1997; 

Desbois-Mouthon et al, 2000; Beith et al, 2008; Heni et al, 2011; Li et al, 2017). Insulin 

has a low affinity to insulin-like growth factor (IGF) receptors and can bind to IGF 

receptors in high concentration. Thus upon binding to the IGF receptors, insulin can 

mediate growth promoting effects (Hill and Milner, 1985; Boucher et al, 2010). So, 

hyperproliferation observed in CHI tissues could be linked with this increased insulin 
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secretion. Further, increased proliferation of beta cells has been reported in rodent models 

to be associated with glucose sensing and insulin secretion pathways (Porat et al, 2011; 

Dadon et al, 2012). So, considering these facts in mind, it was hypothesised in this study 

that chemical induction of beta cells using secretagogues for increased insulin secretion 

might promote cells to acquire behaviour similar to CHI in terms of insulin secretion and 

cell hyperproliferation.  

 

Five ISGs - KCl, two sulfonylureas (tolbutamide, glibenclamide) and two amino acids 

(arginine, leucine) were used in this study to induce the cells for hyperproliferation and 

insulin hypersecretion.  

 

Previously, Popiela and Moore, (1991) reported increased cell proliferation in rat islet 

cells in the presence of tolbutamide. In contrast, tolbutamide was also reported to reduce 

cell proliferation in pancreatic islets and some other mammalian cell types (Efanova et al, 

1998; Sanchez-Alvarez et al, 2006). The continuous presence of leucine in the growth 

medium was suggested to stimulate cell proliferation in a mammalian cell line (porcine 

ectoderm cell) (Kim et al, 2013). Increased cell proliferation was evidenced when 

mammalian cell types (human endometrial cell, human dermal fibroblast cell, rat islet 

cell, porcine ectoderm cell) were incubated continuously with arginine (Green et al, 2013; 

Kim et al, 2013; Fujiwara et al, 2014; Mullooly et al, 2014). Cells were treated with the 

secretagogues for 1 - 4 days in all of these studies mentioned above. There is no previous 

report of this proliferation study with KCl and glibenclamide. None of the earlier studies 

was carried out on MIN6 and EndoCβH1 cell line. Since secretagogues were found to 

increase cell proliferation in some cell types, so it was assumed that ISGs might affect 

these beta cell lines and increase cell proliferation. The experiment was designed to 

monitor the cell proliferation up to eight days as the untreated cells usually reached 70-

80% confluency after eight days. However, neither of the cell types (MIN6 and 

EndoCβH1) showed any changes in cell proliferation while growing continuously in the 

presence of the ISGs for eight days. So, it can be inferred that the continuous presence of 

ISGs in growth medium might not be able to produce any direct effect on the proliferation 

of MIN6 and EndoCβH1 cells normally.   

 

Hence, as alternative approaches, the experiments were designed to treat the beta cells 

with ISGs for either short (acute, 48 hours) or long (chronic, up to 16 weeks) period of 
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time and then evaluate the possible changes in proliferation of the cells without the 

presence of ISGs. It was hypothesised that short to prolonged exposure of cells to ISGs 

could bring permanent changes in cells which would affect the proliferation property of 

the cells. No previous studies were reported earlier where the cells were treated with ISGs 

for a certain period of time and then evaluate the changes in cell proliferation in the 

absence of that particular ISG. Experimental data in this study suggested that ISGs were 

unable to induce any changes in the cells that might influence cell proliferation whether 

cells were treated acutely or chronically with the ISG individually. Some studies also 

reported the use of higher concentration of tolbutamide (500 µM) in treating different cell 

types (Huang et al, 1995; Ammala et al, 1996a; Ammala et al, 1996b; Gribble et al, 

1997a). Again higher concentration of tolbutamide could not bring any change in both 

MIN6 and EndoCβH1 cell proliferation. As an alternative approach, experiments were 

designed to treat cells with a mixture of two ISGs where KCl was used in all combination 

as a KATP channel-independent cell depolariser (Gembal et al, 1992; Hatlapatka et al, 

2009; Hatlapatka et al, 2011). It was assumed that the combination of ISGs could have 

more stimulation effect to induce cell hyperproliferation. Again, no success was there 

with this approach. So, based on the experimental data, it can be inferred that increased 

secreted insulin through the actions of ISGs might not have any effect on cell 

proliferation in either MIN6 or EndoCβH1 beta cells.  

 

A number of studies were reported earlier showing the response of MIN6, EndoCβH1 and 

other beta cell lines to ISGs in different glucose concentrations. The cells were reported 

to secrete higher amount of insulin in the presence of ISGs both in low and high glucose 

conditions (Landgraf et al, 1974; Gembal et al, 1992; Johnson et al, 2007a; Cheng et al, 

2012; Andersson et al, 2015). In one study, arginine was shown capable to increase 

insulin release only in high glucose condition, not in low glucose condition (Ishiyama et 

al, 2005. Both the MIN6 and EndoCβH1 cell undergoing studies showed similarly 

increased insulin secretion in the presence of ISGs.  

 

However, it was reported in some studies that acute (18-48 hours) exposure of cells and 

islets with ISG might impair cellular properties including glucose-stimulated insulin 

release. Tolbutamide and glibenclamide were reported to reduce sensitivity to glucose and 

lowered insulin release in acutely treated cells (Brennan et al, 2006). Insulin secretion 

from islets was reported to be lowered after acute treatment with arginine (Mullooly et al, 
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2014). After acute treatment with leucine, lowered insulin secretion was reported by 

Anello et al. (2001) and Liu et al. (2012) whereas increased secretion was reported by 

Yang et al. (2006). In contrast, no significant changes in insulin secretion in cells were 

observed by Yang et al. (2004) and Mullooly et al. (2014) after acute treatment with 

leucine. Nonetheless, pancreatic islets were reported to acquire increased insulin secretion 

capacity after one week of chronic treatment with leucine (Yang et al, 2004) whereas 

reduced secretion ability was reported for cells treated with glibenclamide for two weeks 

(Ball et al, 2000). No other study was reported on cells treated with other ISGs or with 

ISGs continuously for 12-16 weeks. 

 

So variability was observed in different cell types in terms of insulin secretion after acute 

or a couple of weeks of treatment with ISGs in earlier reports. However, it was 

hypothesised that MIN6 or EndoCβH1 cells could be amenable to short or prolong 

exposure (several weeks) to ISGs and this treatment could bring permanent changes in 

either of these cell types which could alter mechanisms of the cells to secrete higher 

amount of insulin continuously without proper stimulations. So, the experiments were 

designed to treat the beta cells with individual ISGs or a mixture of two ISGs for either 

short (acute, 48 hours) or long (chronic, up to 16 weeks) period of time and then evaluate 

the possible changes in the cells for insulin secretion without the presence of ISGs.  

 

From the experimental data, it was observed that ISGs used in this study individually or 

as a mixture were unable to induce any significant changes in insulin secretion while the 

beta cells or mouse islets (as a control cell model) were treated acutely (for 48 hours) or 

chronically. So, based on the experimental data, it can be inferred that ISGs are unable to 

induce any change in insulin secretion mechanism in either MIN6 or EndoCβH1 beta 

cells after acute or chronic treatments.  

 

It was reported previously that mouse and human pancreatic beta cells contain different 

membrane-bound ion channels in addition to KATP channels (MacDonald and Wheeler, 

2003; Yan et al, 2004; Vignali et al, 2006; Braun et al, 2008; Rorsman et al, 2012). These 

channels act in an integrated fashion to control the electrolyte balance and hence, cell 

metabolism. As acute or chronic treatment of cells with ISGs showed no effect on insulin 

secretion as well as cell proliferation, it was hypothesised that the potential effects of 

ISGs could be counteracted by any other alterations in any of these membrane-bound ion 
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channel proteins. No reports were published earlier regarding the expression profiles of 

ion channels in beta cells acutely or chronically treated with ISGs. So experiments were 

designed for chronically treated both the MIN6 or EndoCβH1 cells to investigate the 

expression of some ion (Na
+
, K

+
 and Ca

2+
) channel genes at mRNA level according to the 

cell source (mouse or human). Although the change of mRNA level does not necessarily 

correlate with the change of the protein expression level and downstream functions, 

sometimes some changes in mRNA level can lead to new findings to explain the reasons 

behind that. Chronic treatments with ISGs were unable to induce any changes in ion 

channels expression at mRNA level both in MIN6 and EndoCβH1 cells. Since confirming 

the functional activities of these ion channels would take time and as these analyses were 

beyond this present research focus, functional activity studies on these ion channels were 

not carried out. Hence, it was not possible to conclude whether these ion channels were 

altered to minimise the effect of ISGs in terms of insulin secretion or cell proliferation. 

 

Briefly, the major features of CHI are cell hyperproliferation and increased uncontrolled 

insulin secretion from beta cells. This study attempted to induce pancreatic model beta 

cell lines, MIN6 and EndoCβH1 to acquire characteristics similar to CHI cells in terms of 

cell proliferation and insulin secretion. This induction was carried out by modifying 

growth medium composition through the addition of ISGs. Since ISGs are reported earlier 

for their capability to induce insulin hypersecretion in cells and since insulin can act as a 

growth factor, so it was believed that treatment (either acute or chronic period of time) of 

beta cells with ISGs could stimulate the cells to be CHI-like. However, neither acute nor 

chronic treatments with any of the ISGs could bring any change in MIN6 or EndoCβH1 

cells in terms of cell proliferation and insulin secretion. So, it can be concluded that 

chemical induction using ISGs was not an appropriate method of choice to transform beta 

cells into a CHI-like model cell line.   
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Chapter 4 

 
Implementing CRISPR-Cas9 to knock out the ABCC8 

gene to generate in vitro CHI model cell line 

 

 

4.1 Introduction 
  

4.1.1 General 
 

It is described in the previous chapter (Chapter 3) that chemical induction by using insulin 

secretagogues was not an appropriate method of choice to transform the pancreatic beta 

cells into a CHI-like model cell line. It is mentioned earlier that malfunctional ATP-

sensitive potassium (KATP) channels found on the membrane of pancreatic beta cells are 

associated with CHI in most of the CHI cases (Dunne et al, 1997; Marthinet et al, 2005; 

Kapoor et al, 2013; Sang et al, 2014; Nessa et al, 2016). It was therefore hypothesised 

that introducing mutations in KATP channel genes (ABCC8 and KCNJ11) to make the 

channels malfucntional would promote CHI characteristics in cells. Hence, experiments 

were conducted to introduce mutations to knock-out the activity of KATP channels with a 

view to generating a CHI-like model cell line  

 

4.1.2 Experimental approaches used in this study 
 

Two cell lines were utilized in this gene editing-based approach of generating CHI-like 

model cell lines. One cell line was EndoCβH1 and the other one was an iPS (induced 

pluripotent stem) cell line. EndoCβH1 is described in section 3.1.4. The iPS cell line was 

derived in our laboratory from ex vivo expanded pancreas tissue of a Fo-CHI patient. This 

CHI tissue-derived iPS (CHI-IPS) cell line was established by targeted expression of key 

genetic factors (Oct3/4, Sox2, Klf4 and c-Myc) necessary for reprogramming somatic 

cells into iPSCs. This reprogramming was performed through retrovirus-mediated gene 

transduction (using Sendai reprogramming kit, Life Technologies, Thermo Fisher 

Scientific) and conducted by Dr Sophie Kellaway (Kellaway, 2016). Successful 

reprogramming to iPS cells and their pluripotency was confirmed by 

immunofluorescence, flow cytometry and differentiation studies (Kellaway, 2016).  
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The CHI-iPS cell line was originally established from a Fo-CHI pancreatic tissue with a 

heterozygous recessive mutation in the ABCC8 gene (details in section 4.2.1). The cells 

that were used to make the CHI-iPS cell line were from the healthy tissue at the edge of 

the focal lesion. The cells were healthy, carried the recessive allele, and did not show 

insulin over-secretion as like CHI (Kellaway, 2016). So, the heterozygous recessive 

mutation might not have any deleterious effect on ABCC8 expression in vitro which, 

otherwise, induced CHI in some cells in vivo. It was assumed that homozygous mutation 

might be helpful to induce CHI in in vitro condition. Malfunctional KATP channels 

because of homozygous mutations in the ABCC8 gene were reported earlier in CHI 

patients (Yan et al, 2007; Flanagan et al, 2009; Rahman et al, 2015a; Nessa et al, 2016). 

Therefore, it was hypothesised that introduction of a second mutation at the mutated locus 

of CHI-iPS cells, so that both copies of the ABCC8 gene would be mutated, would have 

the potential to make the gene inactive or malfunctional. Malfunctional KATP channels 

because of deletion mutations in the ABCC8 or KCNJ11 gene were also reported earlier in 

CHI patients (James et al, 2009; Flanagan et al, 2012; Fan et al, 2015). Hence, it was also 

hypothesised that the introduction of a deletion mutation in either of the ABCC8 or the 

KCNJ11 gene would make the channels malfunctional. So, different experimental 

approaches were considered to edit the ABCC8 or the KCNJ11 gene by introducing either 

homozygous or deletion mutations. 

 

It was reported that iPS cells preserve an epigenetic memory of the original somatic tissue 

from which they have been established, and this epigenetic memory helps iPS cells for 

the differentiation towards the cells of origin (Kim et al, 2010; Bar-Nur et al, 2011; 

Vaskova et al, 2013; Liang and Zhang, 2013). Since CHI-iPS cell line was originally 

established from a Fo-CHI pancreatic tissue, so it was hypothesised that the use of this 

iPS cell line would be helpful for the differentiation into pancreatic beta-like cells.   

 

4.1.3 Stem cells and their potential for generation of CHI in vitro models  
 

Stem cells, a class of undifferentiated cells, are able to differentiate into many different 

cell types in the body during early life and growth. These cells play a crucial role in the 

development and/or body repair processes. These cells have the capability to grow 

without limit in in vitro culture condition (Wu et al, 2016; Paterson et al, 2017). When a 

stem cell divides, each new cell has the capability to differentiate into another type of cell 



Chapter four 

Page | 148  Towards an in vitro model of congenital hyperinsulinism of infancy 

or to remain as a stem cell (Pittenger et al, 1999; Bach et al, 2000; Liu et al, 2000; 

Odorico et al, 2001).   

 

Two types of stem cells have been primarily studied- embryonic stem (ES) cells and adult 

stem (AS) cells (Kao et al, 2011). ES cells are isolated from blastocyst stage embryos and 

are considered to be pluripotent, i.e. they are able to differentiate into almost any cell type 

(Hwang et al, 2004; Johnson et al, 2008; Narsinh et al, 2011). These cells are easy to 

grow in vitro. AS cells are found inside of different types of tissue and considered to be 

multipotent, i.e. these cells have limited ability to differentiate into other cell types 

(Oshima et al, 2001; Toma et al, 2001; Beltrami et al, 2003). AS cells are very limited in 

number in mature tissues and their origin in most tissues are still not conclusive (Boisset 

and Robin, 2012; Sidhu et al, 2012). A third type of stem cells, induced pluripotent stem 

(iPS) cells, are basically engineered somatic cells which are genetically reprogrammed to 

be ES-like cells and these cells are not very different in terms of pluripotency compared 

to ES cells (Takahashi and Yamanaka, 2006; Leeper et al, 2010; Okita and Yamanaka, 

2011; Koh and Piedrahita, 2014). All of the stem cell lines are important models for 

understanding cell development and biology. 

 

 

 
 

Figure 4.1: Schematic illustration of types of stem cells and their source of origin. 

Embryonic stem cells are isolated from blastocyst of embryos and these cells are pluripotent, 

i.e. these cells can produce any cells of endodermal, mesodermal or ectodermal lineage. Adult 

stem cells are isolated from bone marrow, circulation or resident tissues. These cells are 

multipotent and cannot be differentiated into cells of ectodermal or endodermal lineage. 

These cells are partially lineage committed and hence, can give rise to the cells of their origin 

to enhance tissue functions. On the other hand, induced pluripotent stem cells are 

reprogrammed somatic cells that can behave similarly to embryonic stem cells. The image is 

adapted from Leeper et al. (2010). 
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A number of previous studies have established a range of differentiation protocols to 

transform ES and iPS cells into mature and functional insulin-producing pancreatic beta 

cells (Zhang et al, 2009; Rezania et al, 2012; Pagliuca et al, 2014; Rezania et al, 2014; 

Millman et al, 2016). None of these studies was reported to use pancreatic progenitor 

cells to produce insulin-producing cells. However, successful generation of insulin-

producing cells from ES and iPS cell lines indicated the possibility of generating a CHI 

disease model cell line from either stem cell type (Musunuru, 2013; Sterneckert et al, 

2014). More recently, two studies were reported to generate ABCC8 deficient human 

ES cell lines with knocked out KATP channels (Guo et al, 2016; Guo et al, 2016a). 

These findings illustrate the possibility of stem cell-based CHI models.  

 

4.1.4 CRISPR/Cas9: an efficient gene editing tool to generate disease model 
 

The emerging technology of genome editing provides the ability to introduce a variety 

of genetic alterations with high efficiency and target specificity. The alteration could be 

as small as a single-nucleotide modification or could be a whole gene addition or 

deletion (Musunuru, 2013).   

 

Among the various high-throughput genome editing tools, the CRISPR-Cas9 method 

offers efficient and reliable means to introduce precise and targeted changes to the 

genome of living cells (Cong et al, 2013; Ran et al, 2013). CRISPR (Clustered 

Regularly Interspaced Short Palindromic Repeats) and CRISPR-associated (Cas) genes 

are essential in microbial adaptive immunity. This is a defence mechanism of microbial 

organisms to get rid of invading foreign genetic materials using RNA-guided nuclease 

systems (Musunuru, 2013; Ran et al, 2013; Kim et al, 2014; Maruyama et al, 2015).  

 

Among the three types (I-III) of CRISPR systems identified so far in a wide variety of 

bacteria and archaea, the Type II CRISPR system is the most widely used system that has 

been modified for genome engineering (Ran et al, 2013; Kim et al, 2014; Maruyama et 

al, 2015). This Type II system consists of a non-specific endonuclease (Cas9), a CRISPR 

RNA (crRNA) array that encodes the guide RNAs (gRNA) and a trans-activating crRNA 

(tracrRNA) that mediates the processing of the crRNA array (Ran et al, 2013). The gRNA 

is composed of a user-defined 20 nucleotide “guide” or “spacer” sequence which 

delineates the target DNA sequence to be modified and a “scaffold” sequence which is 
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required for Cas9 proteins to bind to the target area (Musunuru, 2013; Ran et al, 2013). In 

this editing method, the target DNA must be present immediately upstream of a 5'-NGG 

Protospacer Adjacent Motif (PAM) sequence. Upon binding, Cas9 introduces a DNA 

double-strand break (DSB) at the target locus mediated by the gRNAs. This DNA damage 

is repaired by either the error-prone non-homologous end joining (NHEJ) pathway or the 

high-fidelity homology-directed repair (HDR) pathway (Figure 4.2) (Cong et al, 2013; 

Ran et al, 2013; Maruyama et al, 2015; Chu et al, 2015). As mentioned, NHEJ is an 

error-prone repair process, and so unpredictable random mutations like insertion, 

deletion, or frameshifting could result in the genome (Ran et al, 2013; Wang et al, 2013; 

Wu et al, 2013; Maruyama et al, 2015). For introducing controlled mutation, single-

stranded oligonucleotide (ssODN), homologous to the target site, should be added along 

with guide RNAs. The HDR pathway is promoted by the addition of ssODN (Yang et al, 

2013; Wang et al, 2013; Maruyama et al, 2015). Experimental strategies inducing 

multiple DSBs can furthermore facilitate to mediate larger deletions in the genome (Chen 

et al, 2011; Cong et al, 2013). Both of the editing methods have the capability to 

accomplish the desired editing outcome (Ran et al, 2013). 
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Figure 4.2: Schematic representation of CRISPR-Cas9 mediated gene editing. gRNAs 

form complex binding with a Cas9 endonuclease. Spacer sequences direct the complexes to 

the target genomic locus, followed by the introduction of DSB facilitated by Cas9. DSB can be 

repaired in one of two ways. A) In the error-prone NHEJ pathway, the nicks are rejoined by 

endogenous DNA repair machinery results in random indel mutations. These mutations within 

the coding region of a gene can result in frameshifts, which can change the downstream 

protein sequences and/or can create a premature stop codon, resulting in gene knockout.  B) 

On the other hand, supplied repair templates activated the high fidelity and precise HDR 

pathway can edit and repair the error precisely. Images are adapted from https:// 

www.addgene.org/crispr/guide. 

 

 

Multiple studies were reported earlier to show the effectiveness of the CRISPR-Cas9 

method by editing target genes precisely. This method was used widely for genome 

editing applications in experimental in vitro and in vivo model systems (Hsu et al, 

2014; Sander and Joung, 2014). The application of the CRISPR/Cas9 system to edit 

target genes in human pluripotent stem cells has facilitated approaches for generating in 
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vitro human disease models (Musunuru, 2013; González, 2016; Yu and Cowan, 2016). 

The CRISPR-Cas9 method was also reported to be used to generate ABCC8 deficient 

human ES cell lines which showed malfunctional KATP channels (Guo et al, 2016; Guo 

et al, 2016a). From these ABCC8 deficient ES cell lines, insulin-producing CHI-like 

model cell line was reported to be established in a very recent report (Guo et al, 2017). 

A higher insulin secretion was observed in this ABCC8 deficient cell type similar to the 

CHI tissues. This increased insulin secretion was reported to be rescued by drugs 

(nifedipine, octreotide) commonly used in CHI treatment. Hence, this study illustrates 

the feasibility of differentiating stem cell as a CHI-like model cell line.  

 

4.1.5 Aim and objectives of this study 
 

The aim of this series of studies was to generate genetically manipulated models of CHI 

-cells to support additional studies of the mechanisms of disease. Two independent 

approaches were used. First, CRISPR-induced manipulation of CHI-iPS, a human 

induced pluripotent stem cell line and second, CRISPR-induced modulation of 

EndoCH1 human -cells. 

 

In order to support this aim, the objectives of this Chapter were:-   

 

a) To characterise the basic properties of a novel human induced pluripotent stem 

cells lines, CHI-iPS.   

b) To demonstrate that CHI-iPS cells can be differentiated towards insulin-

producing beta-like cells.      

c) To generate a genetic model of CHI -cells from CHI-iPS cells using 

CRISPR-Cas9 System. 

d) To generate a genetic model of CHI -cells from EndoCH1 cells using 

CRISPR-Cas9 System. 
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4.2 Results 
 

4.2.1 Characterization of CHI-iPS cells 
 

Before conducting gene editing experiments on CHI-iPS cells, some analyses were 

conducted to characterise the cells to check if they maintained their stem cell properties. 

Since this study aimed to generate a beta cell line from the CHI-iPS cells which would be 

capable to produce insulin, the differentiation method to transform the CHI-iPS cells into 

insulin-producing beta cells was optimized before conducting gene editing experiments. 

The following sections (4.2.1 – 4.2.3) describe these analyses. 

 

CHI-iPS cells showed robust growth in supplemented 8 culture media (Figure 4.3 A). 

Within 4 days, the number of cells increased four-fold. The cells carry a heterozygous 

recessive mutation in the ABCC8 gene. Location of the mutation was identified as base 

number 21350 by DNA sequence analysis. A purine transition (from G to A) is 

introduced because of the point mutation and as a result, amino acid, glycine is replaced 

by arginine in the final protein product (Figure 4.3 B and C).  
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DNA sequence …… TGCTGGGCTTCGCCG/AGGCCACTGTGCATC……… 

Mutation location 21350 G>A 

Change of codon GGG (glycine) > AGG (arginine) 

 

Figure 4.3: Morphological and genetic features of CHI-iPS cells. A) CHI-iPS cells, grown 

in culture media on day 2. The cells grow in aggregated form and have a compact cluster like 

cell shape. The bright field images were taken using an Olympus CKX41 inverted microscope 

at 20x magnification. B) Nucleotide-BLAST (accessed at https://blast.ncbi.nlm.nih.gov/Blast. 

cgi?PAGE_TYPE=BlastSearch) analysis confirmed the location and genre of the mutation. C) 

Summary of the genetic features of the heterozygous mutation in cells.  

  

A 

B 

C 
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4.2.2 CHI-iPS cells maintain expression of proteins characteristic for pluripotency 
 

The CHI-iPS cell line was earlier characterized in our laboratory for its stem cell 

characteristics and pluripotency (Kellaway, 2016). Before conducting downstream 

experiments, the cells were checked if they maintained their stem cell properties. Here, 

immunofluorescence studies were carried out to look for the expression of the stem cell 

markers- Nanog, Oct4, Sox2 and SSEA4. Nanog, Oct4 and Sox2 are already reported in 

many studies as important transcription factors (TFs) that act in a concerted core 

regulatory network and determine stem cell pluripotency (Chambers et al, 2003; 

Okumura-Nakanishi et al, 2005; Zhou et al, 2011; Amini et al, 2014). SSEA4, an early 

embryonic glycolipid antigen, has also been reported using as a marker for 

undifferentiated pluripotent human stem cells (Henderson et al, 2002; Gang et al, 2007). 

Immunofluorescence studies were conducted to confirm the expression of a set of 

pluripotency marker proteins in CHI-iPS cells (Figure 4.4). The cells were found to 

express all four markers- Nanog, Oct4, Sox2, and SSEA4. As a negative control, an anti-

insulin antibody was used, determining that CHI-iPS did not express any insulin. So these 

result indicated that CHI-iPS cells maintained stem cell features and so were suitable for 

further experiments. 

 

          Marker protein              DAPI                                           Merged  
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A. Nanog 

(Continued on next page..) 
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          Marker protein              DAPI                                           Merged 

 

 

 

 

Figure 4.4: Expression of pluripotency markers in CHI-iPS cells. Individual images 

correspond to immunofluorescence images stained with anti-Nanog (A), anti-Oct4 (B), anti-

Sox2 (C), anti-SSEA4 (D) and anti-Insulin (E) antibody. Green represents the expression of 

marker proteins. Nuclei were stained with DAPI (blue). Images were taken using an Olympus 

BX51 upright microscope. 

 

 

4.2.3 Differentiation of CHI-iPS cells into insulin-producing cells  
 

Before conducting gene-editing experiments, CHI-iPS cells were investigated to observe 

the ability of the cells to differentiate into insulin-producing cells. A number of earlier 

studies reported to differentiate human and mouse ES and iPS cells established from 

different sources of stem cells into insulin-producing cells through chemical modification 

of culture systems (Zhang et al, 2009; Rezania et al, 2012; Pagliuca et al, 2014; Rezania 

et al, 2014; Millman et al, 2016).  

 

Two different approaches were utilized here (section 2.7 for more details). The first 

approach was a 5-stage protocol (Rezania et al, 2012; Rezania et al, 2014) that ended 

C. Sox2 

D. SSEA4 

E. Insulin 
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with insulin-producing cell-clusters. The second one was a 7-stage protocol (Rezania et 

al, 2014) that generated insulin-producing mature beta-like cells. Since it was not certain 

which cell types (cell clusters or beta-like cells) would be feasible for CHI model cells, so 

both the protocols were optimised for CHI-iPS cell line. 

 

4.2.3.1 Differentiation of CHI-iPS cells into insulin-producing cells following 5-stage 

protocol 
 

At first, the 5-stage differentiation protocol was explored for CHI-iPS cells. After 

completion of every stage, the expression of some key beta cell-specific markers (INS, 

PDX1, and NEUROD1) was examined through RT-PCR (Figure 4.5). PDX1 was 

observed to be expressed from differentiation stage-3, whereas NEUROD1 was being 

expressed from stage-4. Both of the markers were being expressed until stage-5. 

Expression of insulin was observed only in the final cluster-like stage (stage-5) that 

indicated the differentiation of CHI-iPS cells into pancreatic islet-like cluster structure. 

Expression of markers at stage-5 was similar to that of observed in EnodCβH1, a model 

mature beta cell line. 

 

 

 

 

 

 
GAPDH 

 

 

PDX1 

 
NEUROD1 

 

INS 

 

Figure 4.5: mRNA transcript profiles of beta cell-specific marker genes in CHI-iPS cells 

at different stages of the 5-stage differentiation protocol. The lanes correspond to mRNA 

isolated from CHI-iPS (untreated) cells, cells after stage-1, cells after stage-2, cells after stage-

3, cells after stage-4, cells after stage-5 and EnodCβH1 cells (as a positive control) (7). „g‟ 

represents human genomic DNA and „n‟ represent PCR negative control. „+‟ and „-‟ represent 

cDNA positive and negative control respectively. Expression of GAPDH was analysed as a 

quantitative control. 
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This pattern of expression of beta cell-specific markers was analysed quantitatively using 

q-PCR. After completion of every stage of the protocol, q-PCR was conducted to analyse 

the expression of PDX1, NEUROD1, NKX6.1, Neurogenin-3 (NGN3), and INS. Figure 4.6 

shows the q-PCR data for 5-stage differentiation protocol. PDX1 was found to be 

expressed from stage-3 treatment (68-fold higher compared to untreated CHI-iPS) and the 

expression was continued in higher amount until stage-5. Compared to the expression 

level after stage-3 (which marks the formation of posterior foregut) (Rezania et al, 2012; 

Rezania et al, 2014), the expression of PDX1 was significantly higher (p-value <0.0001) 

after stage-4 (pancreatic endoderm and endocrine precursors) and stage-5 (islet-like cell 

clusters) (Rezania et al, 2012; Rezania et al, 2014). No significant change was observed 

in PDX1 expression after stage-5 compared to the level of stage-4. Expression of 

NEUROD1 and NKX6.1 was first observed after stage-4 and expressions were continued 

after stage-5 at a significantly higher amount. Expression of NGN3 (an endocrine 

progenitor marker) (Gu et al, 2002b; Afrikanova et al, 2012; Ma et al, 2012) was 

observed only after stage-5 and the level of expression was low (~5.5-fold compared to 

untreated cells) related to the expression of other markers analysed. Expression of insulin 

(INS) and somatostatin (SST) (expressed by delta cells, a marker for pancreatic islets) 

(Wang et al, 2014; Brereton et al, 2015; Lau et al, 2016) only in stage-5 indicated the 

differentiation of CHI-iPS cells into pancreatic islet-like cluster structure. In this 

experiment, where expression of markers in any stage was very low or undetectable, 

threshold cycle (CT value) of q-PCR for those markers was observed to be >38. It was 

reported that CT >35 is not reliable and can be considered as very low or no expression at 

all (Goni et al, 2009; Mar et al, 2009; McCall et al, 2014; van Vuren et al, 2016). Gene 

expression changes in q-PCR are measured as fold change (2
-ΔΔCT

), so a change of 

expression close to zero value always resulted with a fold change close to 1 (as observed 

in Figure 4.6 for expression of NKX6.1 and NGN3). 

 

Immunofluorescence studies were also conducted to confirm the expression of some of 

the marker genes at the protein level since suitable antibodies only for these marker 

proteins were available during the study. Figure 4.7 A illustrates the expression of 

NEUROD1 in differentiated cells after stage-4. No insulin was expressed in those cells at 

this stage (Figure 4.7 B) or earlier stages (data not shown). The stage-5 cells were found 

to express insulin and somatostatin proteins, which again indicated the differentiation of 

CHI-iPS cells into pancreatic islet-like cell clusters (Figure 4.7 C-D).   
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Figure 4.6: Gene expression changes of beta cell-specific marker genes in CHI-iPS cells at 

different stages of the 5-stage differentiation protocol. Expression patterns of PDX1, 

NEUROD1, NKX6.1, NGN3, INS and SST are illustrated here. Values were normalised with 

the expression of GAPDH in each condition. EnodCβH1 cells were used as positive control. 

Blue dotted line in the graph for NGN3 expression indicates the level for very low or zero 

expression. n = 3; 3 independent experiments; **** - p < 0.0001; *** - p < 0.001; ns = not 

significant; one-way ANOVA. Data are presented as mean ± SEM. 
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      Marker protein              DAPI                                           Merged 

 

 

 

 

 

Figure 4.7: Expression of beta cell-specific marker genes at the protein level in 

differentiated CHI-iPS cells after stage-4 and stage-5 (5-stage protocol). Individual 

immunofluorescence images correspond to protein expression of NEUROD1 (after stage-4) 

(A), insulin (after stage-4) (B), insulin (after stage-5) (C), and somatostatin (after stage-5) (D). 

Green and red fluorescents represent the expression of marker proteins. Nuclei were stained 

with DAPI (blue). Images were taken using an Olympus BX51 upright microscope. 

 

 

 

A. NEUROD1 

B. Insulin (Stage-4) 

C. Insulin (Stage-5) 

D. Somatostatin 
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4.2.3.2 Differentiation of CHI-iPS cells into insulin-producing cells following 7-stage 

protocol 

 

7-stage differentiation protocol was also explored for CHI-iPS cells to transform them 

into insulin-producing cells. After completion of every stage, expression of beta cell-

specific markers (PDX1, NEUROD1, NKX6.1, NGN3 and INS) was examined 

quantitatively through RT-PCR as like the 5-stage protocol performed earlier. Figure 4.8 

shows the q-PCR data for 7-stage differentiation protocol. Similar to the 5-stage protocol, 

PDX1 was first expressed after stage-3 treatment and the expression was continued in 

higher amount until stage-7. After stage-3 treatment (which marks the formation of 

posterior foregut) (Rezania et al, 2014), expression of PDX1 was increased significantly 

(p-value <0.0001) compared to the previous step until stage-6-day-7 (precursors of 

NKX6.1
+
/INS

+
 cells). Significantly lower expression of PDX1 was observed after stage-6-

day-15 (NKX6.1
+
/INS

+
 cells) compared to the earlier stage and the expression was 

increased again after stage-7 (NKX6.1
+
/INS

+
 beta-like cells). Significant expression of 

NEUROD1 and NKX6.1 was first observed after stage-4 (pancreatic endoderm) and 

expression was continued till the end (stage-7). The change of expression of both markers 

was not significant after stage-5 (endocrine precursors) compared to the level of stage-4 

and after stage-6-day-15 compared to the expression of stage-6-day-7. However, the 

expressions after stage-6-day-7 and stage-7 were significantly higher compared to the 

respective previous stage. Expression of NGN3 was first observed after stage-5 treatment 

and the expression gradually decreased until stage-7. Expression of INS was first 

observed after stage-6-day-7 treatment at low amount (more than 80-fold compared to 

untreated condition) and the same level of expression was continued after stage-6-day-15. 

The expression was significantly increased after the final stage-7. SST was expressed only 

after stage-7 which indicated the presence of delta-like cells along with beta-like cells. In 

this 7-stage protocol, after stage-4 the cells were cultured at an air-liquid interface on a 

special filter (see materials and methods for details), so technically it was very difficult to 

conduct immunofluorescence analysis on cells at final stages and hence such studies were 

not performed.  
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Figure 4.8: Gene expression changes of beta cell-specific marker genes in CHI-iPS cells at 

different stages of the 7-stage differentiation protocol. Expression patterns of PDX1, 

NEUROD1, NKX6.1, NGN3, INS and SST are illustrated here. Values were normalised with 

the expression of GAPDH in each condition. Blue dotted line in the graph for NGN3 

expression indicates the level for very low or zero expression. n = 3; 3 independent 

experiments; **** - p < 0.0001; ** - p < 0.01; * - p < 0.05; ns = not significant; one-way 

ANOVA. Data are presented as mean ± SEM. 
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4.2.4    Introduction of a homozygous mutation in CHI-iPS cells using CRISPR-Cas9 

system  

 

4.2.4.1 Design of guide RNAs and single-stranded oligo donor targeted to introduce 

a homozygous mutation in CHI-iPS cells 

 

After showing that CHI-iPS cells were able to differentiate into insulin-expressing beta 

cells, this cell line was used to generate a CHI-like in vitro model. It is mentioned earlier 

that the CHI-iPS cell line carries a heterozygous recessive mutation in ABCC8 gene exon 

6 which introduces a purine transition (from G to A), and there is a change in amino acid 

sequence because of this mutation (Figure 4.3). Although this mutated cell line was 

generated from a CHI patient, however the cells that were used to make the CHI-iPS cell 

line were from the healthy tissue at the edge of the focal lesion (Kellaway, 2016). So, the 

cells were healthy and carried the inactive recessive mutation. Since the heterozygous 

recessive mutation could not show any deleterious effect on ABCC8 expression, it was 

hypothesized that introduction of a second mutation in the ABCC8 gene to make the 

mutated locus homozygous would make the gene inactive or non-functional. Further, 

insulin-producing cells differentiated from this edited CHI-iPS cells might behave as 

CHI-like cells 

 

CRISPR-Cas9, a well-known genome engineering tool, was used to introduce a second 

mutation to transform the heterozygous locus into homozygous. Guide RNAs (gRNAs), 

single-stranded oligo donor (ssODN) required for homology-directed repair (HDR) and 

potential primers spanning the mutation locus were designed using the web tool 

developed by Sanger Institute (Figure 4.9). Two potential gRNAs were cloned into 

expression vector pSpCas9(BB)-2A-GFP (PX458) and verified by the Genome Editing 

Services at the Transgenic Unit, the University of Manchester, UK. This vector was 

amplified using E. coli DH5α and used for downstream transfection experiments. Guides 

were designed to flank the mutation locus of the ABCC8 exon 6. After transfection of 

cells with CRISPR reagents and guide RNAs, ABCC8 at the specific locus was expected 

to be excised by concurrent actions of guide RNAs and Cas9 nuclease. A second mutation 

was hoped to be introduced by the HDR pathway using ssODN as a repair template.   
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Figure 4.9: Schematic representation of guide RNAs, ssODN and primers designed for 

ABCC8 gene modification in CHI-iPS cells. A. Illustrative map of ABCC8 exon 6 zoomed to 

represent loci of guide RNAs and ssODN. B. Sequence view (partial) of ssODN with target 

mutation. The sequence of guide RNA 1 is highlighted in the image. C. Graphical 

representation of the expression vector pX458 cloned with guide RNA 1. Images were drawn 

using SnapGene 3.3.3 software.  
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4.2.4.2 Optimisation of cellular transfection method for transfection of CHI-iPS cells 

with plasmid DNA encoding gRNA 

 

A number of previous studies reported transfection of ES and iPS cells using chemical or 

electroporation methods (Byrne et al, 2014; Tabar et al, 2014; Yang et al, 2014a; Yang et 

al, 2014b; Li et al, 2016; Luo et al, 2016). Byrne et al. (2014), Yang et al. (2014a) and 

Yang et al. (2014b) reported the detailed protocol to transfect iPS cells through 

electroporation method using the Amaxa Primary Cell 4D-Nucleofector X Unit.  

 

In this study, Amaxa nucleofector, Lipofectamine 2000 (Thermo Fisher Scientific) and 

ViaFect (Promega, UK) were examined to find the most suitable and efficient method to 

transfect the CHI-iPS cells. From the observed fluorescent images, Amaxa nucleofector 

was found to transfect a relatively higher amount of CHI-iPS cells (Figure 4.10).  

 
 

 

Figure 4.10: Relative green fluorescence emitted by CHI-iPS cells after transfection with 

plasmid encoding GFP using different transfection methods. The images are a 

representative image for different transfection methods with the best combination of 

transfection reagents (materials and methods chapter for details) that generated the highest 

proportion of transfected cells. A) Cells transfected with Amaxa nucleofector; B) cells 

transfected with ViaFect and C) cells transfected with Lipofectamine 2000. Images were taken 

using an Olympus IX83 inverted microscope. 

 

 

4.2.4.3 Transfection of CHI-iPS cells with gRNA-encoding plasmid DNA and ssODN 

and validation of transfection 

 

To introduce homozygous mutation, CHI-iPS cells were transfected with plasmid DNA 

encoding guide RNA 1 and guide RNA 2 separately using Amaxa Nucleofector. ssODN 

was co-transfected along with plasmid DNA to ensure homology-directed mutation in the 

specific locus. Green fluorescent protein (GFP) gene was integrated into the plasmids and 

hence, expression of the GFP confirmed the transfection of cells with both gRNAs 

(Figure 4.11 A and B). PCR products covering the mutation locus in the ABCC8 gene 

A B C 
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were digested with the restriction enzyme, BstNI. The amplified region naturally includes 

three restriction cutting sites of BstNI. Introduction of a G→A mutation results in another 

cutting site. So, PCR products from wild-type homozygous cells should generate three 

DNA fragments of 329, 107 and 25 base pairs (bp) after digestion with BstNI (Figure 

4.11 C). PCR products from mutated homozygous cells should break 329 bp fragment 

and generate four DNA fragments of 183, 146, 107 and 25 bp. PCR products from 

heterozygous cells should generate five DNA fragments with 329, 183, 146, 107 and 25 

bp. Figure 4.11 D illustrates that all three cell types - untreated CHI-iPS cells, cells 

transfected with guide RNA 1 and guide RNA 2 – generated restriction profiles similar to 

that of a theoretical heterozygous cell. However, the band intensity of 329 bp fragment is 

significantly lower (~50%) in transfected cells. The smaller fragment of 25 bp was out of 

the gel for all three samples as the gel was run for long to separate the larger fragments 

from one another. 

 

4.2.4.4  Single cell sorting and clonal propagation of CRISPR induced mutated CHI-

iPS cells  
 

Usually, eukaryotic cells excrete any transfected plasmid vector in two-three days. 

Similarly, CHI-iPS cells should have excreted the transfected vector within a couple of 

days. Hence, GFP was expressed transiently by CHI-iPS cells transfected with both guide 

RNA 1 and 2.  GFP was used as a selection marker to sort CHI-iPS cells which were 

introduced with homozygous mutation by CRISPR-mediated gene editing system. Only 

cells which showed expression of the GFP were sorted as single cells using the 

fluorescence-activated cell sorting (FACS) method. Representative FACS data shows that 

GFP expression was observed only in 2.4% and 1.8% cells (experiments with gRNA 1 

and 2 respectively) of all seeded cells (Figure 4.12). After 10-12 days, some of the 

clonally propagated single cells were visible as a cluster-like cell colony. However, rates 

of cell growth and propagation were different for different clonal cells (cell colonies 

generated from single cells). After two weeks of incubation time, some clonal cells were 

propagated to large, visible cell-clusters whereas some were observed to grow as very 

small colony (Figure 4.13). From four individual transfection experiments with both 

gRNA 1 and 2, a total of 1920 GFP-positive cells were seeded as single cells (240 cells in 

4 x 96-well plates, for each guide RNA in each experiment). Among the seeded cells, a 

total of 82 single cells were propagated to cell colony and from them, only 27 clones 

survived after first sub-culture.   
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Figure 4.11: Transfection of CHI-iPS cells with CRISPR guide RNA and ssODN, and 

validation of transfection. Panel A and B represent CHI-iPS cells emitting green 

fluorescence after transfection with guide RNA 1 and guide RNA 2 respectively. Images were 

taken using an Olympus IX83 inverted microscope and analysed using ImageJ software. Panel 

C is a representational illustration of theoretical restriction enzyme cutting profile of 

homozygous and heterozygous cells with or without the mutation. Panel D illustrates the data 

confirming validation of CRISPR mediated transfection and introduction homozygous 

mutation. Lane 1, 2 and 3 represent cells without transfection, cells transfected with guide 

RNA 1 and cells transfected with guide RNA 2 respectively. The restricted fragments were 

separated in a 3% agarose gel. Band intensity of the largest fragment (329 bp) was measured 

using ImageJ software.  
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A B 

  

Figure 4.12: FACS data of GFP-expressing edited CHI-iPS cells. Only GFP-positive cells 

were sorted and collected for clonal propagation. Panels A and B illustrate representative 

FACS data of CHI-iPS cells transfected with guide RNA 1 and 2, respectively.  

 

   

   

 

Figure 4.13: Single-cell clonal propagation of edited CHI-iPS cells. All the cell images were 

captured after 10 days of the single cell sorting experiment. Individual representative images 

correspond to untreated CHI-iPS (A), Guide1 clone 2 (B), Guide 1 clone 7 (C), Guide 1 clone 

9 (D), Guide 2 clone 6 (E) and Guide 2 clone 7 (F) cells. The term “Guide X clone Y” 

indicates Y
th
 survived clone from transfection experiment with guide RNA X. Red arrow 

indicates the location of the cell colony. The bright field images were taken using an Olympus 

CKX41 inverted microscope. 

A B C 
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4.2.4.5 Characterization of clonally propagated edited CHI-iPS cells  
 

All the clonal cells generated from edited CHI-iPS single cells showed robust growth in 

supplemented E8 culture media. However, diverse morphologic features were shown by 

the cells and the cells appeared to be differentiated to different cell types (Figure 4.14 B-

H). Only 6 clones out of 27 clones showed cell morphology similar to CHI-iPS cells. 

However, the growth rate of all the clones was observed to differ greatly from that of 

control untransfected CHI-iPS cells. More than twice the amount of time (7-10 days) was 

required for clonal cells to achieve 70-80% confluency compared to untransfected CHI-

iPS cells (3 days). The cells were investigated to confirm the insertion of the homozygous 

mutation in the target loci of ABCC8 exon 6. Amplified PCR products from the cell 

genomic DNA were digested with the restriction enzyme, BstNI. Successful incorporation 

of homozygous mutation should have a restriction profile similar to that illustrated in 

panel C of Figure 4.11. However, homozygous restriction profile was not observed in any 

of the edited clones (Figure 4.15). A band accounting for a DNA fragment of 329 bp was 

observed in all clonal cells. In addition, variations in restriction enzyme digestion profile 

were observed in most of the clones which could be explained as potential incorporation 

of random mutations in non-specific loci of the gene in CHI-iPS cells because of 

transfection treatments.   
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Figure 4.14: Morphological features of clonal cells generated from CRISPR-edited CHI-

iPS cells. Individual images correspond to untreated CHI-iPS cell (A), Guide 1 clone 1 cell 

(B), Guide 1 clone 7 cell (C), Guide 1 clone 12 cell (D), Guide 2 clone 3 cell (E), Guide 2 

clone 6 cell (F), Guide 2 clone 8 cell (G) and Guide 2 clone 15 cell (H). The term “Guide X 

clone Y” indicates Y
th
 survived clone from transfection experiment with guide RNA X. The 

bright field images were taken using an Olympus CKX41 inverted microscope. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

Figure 4.15: Genetic screening and restriction enzyme profiles of clonal cells generated 

from edited CHI-iPS cells. Transfections of CHI-iPS cells were conducted with CRISPR 

guide RNAs and ssODN. The top panel shows the restriction profiles of clones generated from 

treatment with guide RNA 1, along with controls. The bottom panel shows the restriction 

profiles of clones generated from treatment with guide RNA 2. The smaller fragments were 

out of the gel for all samples and were not visible in the gel. None of the cells shows 

homozygous mutated cell-like restriction enzyme profile.   
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To investigate the incorporation of random mutations in the ABCC8 gene in the clonal 

cells, PCR amplicons were sequenced.  A number of random mutations were identified in 

each clonal cell compared to CHI-iPS cells while analysed by multiple sequence 

alignment (Figure 4.16 A). Phylogenetic trees were constructed to observe the genomic 

distance of each clonal cells comparing to CHI-iPS cells (Figure 4.16 B and C). The 

phylogenetic trees show that 12 out of 27 clones acquired heavily random mutations and 

thus show very high differences in the gene sequence. To investigate whether random 

mutations induced any differentiation of clonal cell to insulin-producing cells, RT-PCR 

was carried out with 12 clonal cells (based on differences in restriction profiles) to 

observe insulin mRNA expression (Figure 4.17 A). A PCR amplicon of the desired size 

(along with some undesired non-specific DNA fragments) was observed in two of the 

clones (guide 1 clone 11 and guide 2 clone 13). However, no insulin protein production 

was observed in any of the cells while analysed with immunofluorescence studies (Figure 

4.17 B).    

 

From these above-mentioned observations, it can be concluded that CHI-iPS cells can be 

transfected with guide vectors and the target gene can be edited. However, clonal 

propagation of the edited cells resulted in differentiation into random cell types and the 

cells lost their stem cell characteristics. Also, random mutations were introduced in the 

cell genome without any control and none of them possessed the target homozygous 

mutations. So, these clonal cell lines generated from these experiments could not be used 

for any downstream experiment.  
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Figure 4.16: Schematic representation of the genomic relation of clonal cells generated from 

edited CHI-iPS cells. Panel A shows the multiple sequences alignment constructed using the 

software, SeaView 4.6.2 (Gouy et al, 2010). Panel B and C show the genomic relation of clonal 

cells represented as phylogenetic trees constructed in two different visualizations – tree style and 

topology style, respectively. CHI-iPS cell was used as the root of the tree. ABCC8 Exon 6 

sequence was also added as the reference sequence. The sequences were analysed following the 

Neighbor-Joining method (Saitou and Nei, 1987; Tamura et al, 2004). The trees were constructed 

using the software, MEGA7 (Kumar et al, 2016). 
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Figure 4.17: Analysing insulin expression in clonal cells generated from edited CHI-iPS 

cells. A. RT-PCR products separated on 2% agarose gel (stained with GelRed staining 

solution). GAPDH was used as RNA amount control. RT+ve and RT-ve correspond to the 

presence and absence of reverse transcriptase for cDNA synthesis, respectively. EndoCβH1 

cell was used as insulin-positive control. RT-ve PCR products show only primer dimers. PCR 

amplicons indicating the possible presence of insulin in Guide 1 clone 11 and Guide 2 clone 

13 cells are marked with red circles. B. Immunofluorescence imaging study showed no 

expression of insulin in Guide 1 clone 11 and Guide 2 clone 13 cells. Nuclei were stained with 

DAPI (blue). Images were taken using an Olympus BX51 upright microscope.  
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4.2.4.6  Applying alternative methods to transfect CHI-iPS cells and propagation of 

sorted single cells  

 

A number of edited CHI-iPS clonal cells were generated following the above-discussed 

methods of transfection, single cell sorting using FACS and subsequent culturing of 

single cells. However, random mutations were introduced into the cells through the 

process and the cells were observed to be differentiated to undesired cell types and lose 

their viability as pluripotent cells. It was concluded that the process followed for 

generating viable clonal population from a single edited CHI-iPS cell was not the proper 

method of choice. So, alternative following methods were tried to generate viable edited 

CHI-iPS cells from the transfected single cells (Table 4.1). The cells were transfected 

with guide RNA 1 and 2 using Lipofectamine 2000 or ViaFect following the 

recommended protocols. The number of successfully transfected cells was very poor 

compared to Amaxa nucleofector method (Figure 4.10). Also, the cells were co-

transfected with a puromycin-encoding plasmid to select puromycin-resistant cells. Single 

cells were sorted and cultured as previously described (section 2.8.7). However, not a 

single cell was observed to propagate after 3 weeks time.  

 

In another attempt, cells were transfected using all three transfection methods, all the GFP 

expressing cells were sorted and collected altogether using the FACS method, and 

allowed to grow as a mixed population. After 2 weeks of growth, when the cells were 

growing properly, then the cells were detached from the culture plates, seeded as single 

cells and cultured individually in a single well of culture plates. However, no single 

survived cell colony was observed from these experiments.  

 

Alternatively, the culture conditions were modified once single cells were sorted and 

plated (Table 4.1). The growth surface coating reagents, Matrigel or Vitronectin were 

used in each experimental approach. A small molecule cocktail of 4 inhibitors (SMC4) (a 

cocktail of Chir99021, PD0325901, SB431542, and Thiazovivin) was used in place of 

ROCK inhibitor (ROCKi). SMC4 was reported earlier to enhance stem cell survival in 

single cell condition (Valamehr et al, 2012; Byrne et al, 2014). As previously seen, these 

attempts were also failed to generate a single viable cell colony. A summary of the 

aforementioned alternative experiments is shown in Table 4.1.  
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Finally, a different cell culture media, Cellartis iPSC Single-Cell Cloning DEF-CS 

Culture Media Kit (Clontech, Takara Bio inc., Japan) was used for electroporation and 

subsequent culture of sorted single cells. The growth medium was claimed to enhance 

robust clonal propagation of iPS single cells (accessed at http://www.clontech.com/ 

US/Products/Stem_Cell_Research/Resources/Technical_Notes/DEF-CS_Single-Cell_ 

Cloning). But again, no clonal propagation was observed from the sorted single CHI-iPS 

cells. Since viable clonal propagation was not possible with edited CHI-iPS cells, hence, 

no further single nucleotide editing experiments were performed with this CHI-iPS cells.  

 

Table 4.1: Utilised alternative methods of single cell clonal propagation. 

Culturing sorted single cells 

in growth media with 

supplements 

(time duration) 

Continuation of 

Culturing cells in 

growth media without 

supplements 

(time duration, up to) 

Coating 

reagent 

Clonal 

propagation 

observed 

First 2 days post-seeding with 

ROCKi, then next 6 days 

with fresh ROCKi  

3 weeks Vitronectin No  

First 1 or 2 day(s) post-

seeding with ROCKi 
3 weeks 

Matrigel / 

Vitronectin 
No 

First 1 or 2 week(s) with 

ROCKi 
1 or 2 week(s) 

Matrigel / 

Vitronectin 
No 

First 2 days with SMC4, then 

next 6 days with fresh SMC4  
3 weeks 

Matrigel / 

Vitronectin 
No 

First 1 or 2 day(s) with SMC4 3 weeks 
Matrigel / 

Vitronectin 
No 

First 1 or 2 week(s) with 

SMC4 
1 or 2 week(s) 

Matrigel / 

Vitronectin 
No 

 

 
4.2.5 Introduction of a deletion mutation in EndoCβH1 cells using CRISPR-Cas9 

system to knock out ABCC8 or KCNJ11 genes 

 

4.2.5.1 Design of guide RNAs targeted to knock out genes in EndoCβH1 cells 
 

Since a number of approaches failed to generate a stable homozygous mutated cell line 

from the CHI-iPS cell line, as an alternative approach, EndoCβH1 cells were used for 

further gene-editing experiments. It was hypothesised that any deletion of KATP channel 

subunit genes (ABCC8 and KCNJ11) might make the channel non-functional and thus 
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induce the cells to have CHI behaviour. In order to create a CHI-like in vitro model 

system, attempts were made to knock out either the ABCC8 or the KCNJ11 gene. In 

Chapter 3, it was presented that chemical modification of growth media did not introduce 

any CHI-like characteristics in this cell line. So, the following experiments were focused 

on introducing a knock out mutation of ABCC8 or KCNJ11 gene in a controlled way with 

an expectation that the cell would behave as a CHI-like model system.    

 

To knock out the ABCC8 or KCNJ11 genes in EndoCβH1, the CRISPR-Cas9 method was 

again used. ABCC8 is a multi-exonic gene (39 exons) whereas KCNJ11 contains one 

single coding exon (Figure 4.18) (Adi et al, 2015). gRNAs and potential primers spanning 

the mutation locus of ABCC8 or KCNJ11 gene were designed using the web tool 

developed by Sanger Institute (Figure 4.19). Exon 2 of ABCC8 was predicted as the 

critical exon by the algorithm of the software to successfully knock down the gene 

product. Four potential gRNAs were designed for each gene and cloned into expression 

vector pSpCas9(BB)-2A-GFP (PX458) and verified by the Genome Editing Services at 

the Transgenic Unit, the University of Manchester, UK. This vector was amplified using 

E. coli DH5α and used for downstream transfection experiments.  

 

 

 

Figure 4.18: Schematic representation of the gene map of human ABCC8 and KCNJ11 

genes. Image A and B show the maps of ABCC8 and KCNJ11, respectively. Locations of 

exons in the gene are illustrated in the images. ABCC8 is very big gene having 83960 bp of 

DNA. KCNJ11 is a comparatively small gene spanning 3411 bp of DNA. Images were drawn 

using SnapGene 3.3.3 software. 
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Figure 4.19: Schematic representation of the location of guide RNAs and primers 

designed for ABCC8 and KCNJ11 gene knock out experiments in EnodCβH1 cells. Image 

A and B illustrates the map of ABCC8 exon 2 and KCNJ11 exon, respectively, zoomed to 

represent loci of guide RNAs. Image C and D shows a sequence view (partial) of the location 

of guide RNAs. The sequence of guide RNA 2 for each gene is highlighted in the images. 

Image E is a graphical representation of the expression vector pX458 cloned with guide RNA 

1 targeted to ABCC8. Images were drawn using SnapGene 3.3.3 software. 
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4.2.5.2 Optimising cell culture conditions for EndoCβH1 single cell clonal 

propagation    
 

It is mentioned that for proper growth and survival EndoCβH1 cells require high cell 

seeding density (Section 2.1.1). Since the generation of edited clonal cell line requires 

single cell clonal propagation, a number of methods were explored to grow EndoCβH1 as 

a single cell, maintain the cells and then expand the cells. In all methods, cells were 

sorted as a single cell by using either FACS method or limiting dilution. In some 

approaches, the time for replacing spent media with fresh media was varied. In other 

approaches, used culture media, which might contain growth factors favourable for single 

cell growth, was filter purified and used as growth media for single cell culture. As 

indicated for the experiments using CHI-iPS cells, ROCKi and SMC4 were added to 

culture media in some experiments for possible enhancement of single cell propagation. 

However, all of these attempts failed to generate any single cell colony for up to 12 weeks 

of total incubation time.  

 

Using a different approach, cells were transfected with a puromycin-encoding plasmid 

along with plasmid encoding guide RNA. The cells were cultured for two days in growth 

medium containing puromycin. After 2 days, the spent medium was replaced with fresh 

growth medium without puromycin supplementation and incubated for 5 more days to 

promote proper cell growth of surviving cells. However, after 7 days of post-cell-seeding, 

the surviving cells did not show proper cell growth as a colony. In one approach, the cells 

were allowed to grow in the growth media for up to 12 weeks. However, no propagation 

of surviving cells was observed. In another approach, surviving cells (after 7-days or 12-

weeks post-cell-seeding) were picked manually using Scienceware cloning cylinders 

(Sigma-Aldrich) or Scienceware cloning discs (Sigma-Aldrich) and transferred to 96-well 

or 24-well plates, respectively. The cells were incubated in normal growth media for up to 

12 weeks with media replacement in every 5 days. But, again, no clonal propagation was 

observed from the single EndoCβH1 cells. A summary of the above-mentioned 

experiments is mentioned in Table 4.2.  

 

Since single cell clonal propagation was not successful in EndoCβH1 under any 

conditions, so subsequent experiments were focused on the capacity to generate a mixed 

population containing a minority of wild-type cells, with a higher percentage of knocked 

out cells. 
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Table 4.2.: Attempted methods of EndoCβH1 single cell clonal propagation. 

 

Cell type Culture condition 

Continuation 

of culturing 

cells (time 

duration) 

Clonal 

propagation 

observed 

serial-

diluted/FACS-

sorted 

transfected 

single cells 

Culturing in normal growth media and 

replacement of spent media in every 5 days 

Total 12 

weeks 
No  

Culturing in normal growth media for 2 weeks 

without media replacement and then 

replacement of spent media in every 5 days 

Total 12 

weeks 
No 

Culturing in previously used normal growth 

media and replacement with fresh media in 

every 5 days 

Total 12 

weeks 
No 

Culturing in previously used normal growth 

media for 2 weeks without media replacement 

and then replacement of spent media in every 5 

days 

Total 12 

weeks 
No 

Culturing in normal growth media with ROCKi 

for 2 days and then replacement with normal 

media in every 5 days 

Total 12 

weeks 
No 

Culturing in normal growth media with SMC4 

for 2 days and then replacement with normal 

media in every 5 days 

Total 12 

weeks 
No 

Cells 

transfected 

with 

puromycin- 

encoding 

plasmid 

Culturing in growth media with puromycin as 

mixed cell population for 2 days and then in 

normal growth media without puromycin for 5 

more days. Colonies were picked using cloning 

cylinder/disc and seeded in a well of culture 

plate. Spent media was replaced in every 5 days. 

Total 12 

weeks 
No 

 

 

 

4.2.5.3 Selection of transfection method for transfecting EndoCβH1 cells with 

plasmid DNA 

 

No previous studies were reported where EndoCβH1 cells were transfected successfully 

with plasmid at the time of these experiments. A number of commercially available cell 

transfection kits were examined to find a suitable method to transfect the EndoCβH1 

cells. Since single cell clonal propagation of EndoCβH1 cell, reported in the earlier 

section, was not made possible, the aim of these transfection experiments was to find out 

the method which would yield the highest number of transfected i.e. knocked out cells. 

Four chemical based transfection kits - Lipofectamine 3000 (Thermo Fisher Scientific), 
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Lipofectamine LTX (Thermo Fisher Scientific), ViaFect (Promega, UK) and FuGENE 

HD (Promega, UK) were explored. In addition, Amaxa nucleofector was also tried as a 

mean to transfect the cells. A combination of cell seeding density, the amount of plasmid 

DNA and the amount of kit specific transfection reagents were explored to find out the 

most successful method.  

 

Among all the conditions, the ViaFect transfection kit gave the highest number of 

transfected cells under the following combination of conditions; 3x cell density, 1µg 

plasmid DNA and 3 µl transfection reagent (for a well of 24-well plate) (Figure 4.20). 

The reaction combinations which generated the visible amount of GFP-expressing 

transfected cells are summarized in Table 4.3.  

 

Table 4.3: Reaction combinations for successful EndoCβH1 cell transfection (24-well plate) 

 

Lipofectamine 3000 (Thermo Fisher Scientific) 

Cell seeding density Plasmid DNA (µg) P3000 reagent (µl) 

2x 2 6 

Lipofectamine LTX (Thermo Fisher Scientific) 

Cell seeding density Plasmid DNA (µg) LTX reagent (µl) 

2x 2 4 

ViaFect (Promega, UK) 

Cell seeding density Plasmid DNA (µg) transfection reagent (µl) 

3x 1 3 

3x 1 5 

3x 2 6 

3x 3 9 

2x 1 3 

FuGENE HD (Promega, UK) 

Cell seeding density Plasmid DNA (µg) transfection reagent (µl) 

3x 2 4 

3x 3 6 
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Figure 4.20: Relative transfection efficiencies of explored transfection kits used for 

EndoCβH1 cells. Green fluorescences are emitted by cells after transfection with plasmid 

encoding GFP. The images represent the best transfection reaction combinations to generate 

transfected EndoCβH1 cells. The individual images correspond to cells transfected with A) 

Lipofectamine 3000 (2x cell seeding density + 2 µl plasmid + 6 µl transfection reagent), B) 

Lipofectamine LTX (2x cell seeding density + 2 µl plasmid + 4 µl transfection reagent), C) 

ViaFect (3x cell seeding density + 1 µl plasmid + 3 µl transfection reagent), D) ViaFect (3x 

cell seeding density + 1 µl plasmid + 5 µl transfection reagent), E) ViaFect (3x cell seeding 

density + 2 µl plasmid + 6 µl transfection reagent), F) ViaFect (3x cell seeding density + 3 µl 

plasmid + 9 µl transfection reagent), G) ViaFect (2x cell seeding density + 1 µl plasmid + 3 µl 

transfection reagent), H) FuGENE HD (3x cell seeding density + 2 µl plasmid + 4 µl 

transfection reagent), and I) FuGENE HD (3x cell seeding density + 3 µl + 6 µl transfection 

reagent). This transfection data represent three individual experiments with three replicates. 

Images were taken using an Olympus IX83 inverted microscope. The scale bar in the images 

represents 50 µm. 

 

 

D E F 
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4.2.5.4  Selection of best CRISPR guide RNAs to knock out ABCC8 and KCNJ11 

genes in EndoCβH1 cells  

 

In section 4.2.5.1, it is mentioned that four gRNAs were designed, constructed and cloned 

into plasmid vector pX458 for both of the ABCC8 and KCNJ11 genes. Among the four 

gRNAs, two were targeted for the forward strand and two were designed for the reverse 

strand. The strategy of the knock out experiments was to introduce a double-strand break 

(DSB) in two distantly located site of DNA mediated by one forward strand gRNA and 

one reverse strand gRNA. As a result, a big segment of the genes could be perturbed by 

these two DSB.  

 

All four gRNAs for each of the genes were examined for their mutation introduction 

efficiencies. EndoCβH1 cells were transfected with all gRNAs individually using the 

ViaFect transfection method. After three days of post-transfection, genomic DNA was 

extracted from each of the samples. PCR products covering the target mutation regions in 

the ABCC8 and KCNJ11 genes were digested with T7 endonuclease I (T7EI). T7EI 

recognises and cleaves mismatched heteroduplex DNA which arises from hybridization 

of wild-type and mutant DNA strands (Mashal et al, 1995; Babon et al, 2003).  From the 

gel-electrophoresis image of digested samples, the ABCC8 PCR amplicon was found to 

naturally possess a single nucleotide polymorphism (SNP) as all transfected and un-

transfected samples of EndoCβH1 showed a smaller DNA fragment (Figure 4.21 B). 

gRNA 2 (forward strand) and gRNA 4 (reverse strand) designed for the ABCC8 gene 

were considered better efficient introducing mutations in target loci after observing the 

gel image of digested products (Figure 4.21 B). So, for final mutation experiments on the 

ABCC8 gene, gRNA 2 and 4 were decided to co-transfect the cells.  

 

Figure 4.21 C and D show PCR and T7EI digested image of the KCNJ11 gene of 

EndoCβH1 cells. Unfortunately, none of the guide RNAs designed for this gene showed 

sufficient efficiencies to introduce mutations in the gene. Due to time constraints, new 

attempts to design guide RNAs and subsequent knock out experiments for the KCNJ11 

were not conducted further.      
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Figure 4.21: Transfection efficiencies of guide RNAs used to knock out ABCC8 and 

KCNJ11 genes in EndoCβH1 cells. Images A and C represent PCR amplicons of ABCC8 and 

KCNJ11 genes, respectively, from transfected and non-transfected cells of EndoCβH1.  

Images B and D show T7EI digestion pattern on PCR products of ABCC8 and KCNJ11 genes, 

respectively, from transfected and non-transfected cells of EndoCβH1.  
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4.2.5.5 Generation of ABCC8 knock-out EndoCβH1 cell population and their 

characterization  

 

As mentioned earlier single cell clonal isolation and expansion were not successful in 

EndoCβH1 under any conditions, despite many attempts to optimise the culture 

conditions. Therefore subsequent experiments were focused to generate a mixed 

population containing a minority of wild-type cells, with a higher percentage of knocked 

out cells (as described in section 4.2.5.3). gRNA 2 and gRNA 4 were selected to co-

transfect EndoCβH1 cells to knock out the ABCC8 gene. So, the cells were transfected 

with plasmids encoding gRNA 2 and gRNA 4. Then the cells were cultured for two days 

in normal growth media. After two days, cells were sorted based on the GFP expression 

using FACS. All the sorted cells were then allowed to grow together as a mixed 

population. The cells were sub-cultured until a sufficient number of cells was achieved 

for further analysis. To increase the percentage of successfully knocked out cells in the 

mixed population of transfected cells, another approach was applied. The EndoCβH1 

cells were transfected with plasmids, encoding guide RNA 2 and gRNA 4 along with 

plasmid encoding puromycin resistance gene. Then the cells were cultured for two days in 

growth media containing puromycin antibiotic to select puromycin-resistant cells only. 

This selection approach was explored to kill the non-transfected cells and also to increase 

the percentage of successfully knocked out cells in the cell population. After two days of 

post-transfection spent media was replaced with fresh growth media without puromycin 

supplementation and incubated for two more days to promote proper cell growth of 

surviving cells. Then the cells were sub-cultured altogether as a mixed population until 

sufficient cell number was achieved to do further analysis.  

 

Both the transfection experiments show a good number of successfully transfected cells 

(Figure 4.22). Amplification of the targeted mutated region of the ABCC8 gene was 

carried out using PCR. A deletion mutation resulted because of the dual effect of two 

guide RNAs. As a result, an additional smaller DNA fragment was observed in the 

transfected cell population compared to untreated EndoCβH1 cells (Figure 4.23 A). 

Successful gene editing experiments were confirmed through the presence of smaller 

DNA fragments in the PCR amplicons. However, the percentage of cells having this 

deletion mutation was very poor in the population. Less than 30% of cells of the 

populations, generated from two approaches, were edited and knocked out through the 
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experiments (Figure 4.23 B). As expected, multiple smaller DNA fragments were 

observed when PCR amplicons were digested with T7EI (Figure 4.23 C).  

 

Hence, whilst the designed guide RNAs were efficient to knock out the ABCC8 gene and 

also transfection experiments were successful to generate knocked out cells, the low 

percentage of cells with the desired genotype made the transfected cell population 

inappropriate for use in further analyses.  

 

  

 

Figure 4.22: Successfully transfected EndoCβH1 cells expressing GFP.  Image A represents 

cells transfected with plasmids encoding guide RNAs only. Image B represents cells transfected 

with plasmids, encoding guide RNAs along with plasmid, encoding puromycin resistance gene. 

The images were captured two days after transfection. Images were taken using an Olympus IX83 

inverted microscope and analysed using ImageJ software.  

  

A B 
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Figure 4.23: Genetic screening of transfected EndoCβH1 cell population for ABCC8 

mutation. Cells were transfected with guide RNAs encoding plasmids with or without co-

transfection with the puromycin-encoding plasmid. Transfected cells were selected by either 

GFP or puromycin selection methods. Image A represents PCR amplicons of the ABCC8 gene 

covering the targeted mutation region. Image B corresponds to a graphical representation of 

relative Band intensity observed in image A. 26.5% and 17.5% cells were ABCC8 knocked out 

among the cell population while selected by puromycin and GFP based methods, respectively. 

Data are presented as mean ± SEM. Image C illustrates T7EI digestion pattern of PCR 

products of the ABCC8 gene from experimental cells of EndoCβH1.  
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4.2.6 Introduction of a deletion mutation in the ABCC8 gene in CHI-iPS cells 
 

Since single cell clonal propagation was unsuccessful for EndoCβH1 cells and generated 

ABCC8 knocked out cell population was not suitable for further studies, as a final 

attempt, CHI-iPS cells were targeted for introducing ABCC8 deletion mutation using the 

guide RNAs designed for EndoCβH1 cells. CHI-iPS cells were transfected with plasmids 

encoding gRNA 2 and gRNA 4 targeted for ABCC8 gene using Amaxa nucleofector. As 

described earlier, the transfected cells were sorted by either limiting dilution or using 

FACS. However, not a single cell was found to propagate clonally after seeding 540 

single cells in three separate experiments. The transfected cells were then allowed to grow 

as a mixed population. A smaller DNA fragment (because of deletion mutation) was 

generated after PCR amplification of the ABCC8 gene from the mixed cell population 

(Figure 4.24).  However, less than 10% of cells were observed to have deletion mutation 

in three separate experiments. And again the low percentage of knocked out cells in the 

cell population made the CHI-iPS transfected cell population inappropriate for use in 

further analyses.   

 

 

 

 

 

Figure 4.24: Genetic screening of the ABCC8 gene knocked out CHI-iPS cell population. 

Image A represents PCR amplicons of the ABCC8 gene from control and transfected cell 

population.  Image B shows relative band intensities observed in PCR experiments. Data are 

presented as mean ± SEM. Band intensity was measured using ImageJ software. 
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4.3 Discussion  
 

4.3.1 General  
 

The principal aim of this thesis was to generate a population of insulin-producing model 

pancreatic beta cells that act like CHI affected cells and could be used for further analysis 

in order to gain an insight into key molecular processes involved in CHI development in 

patients. 

 

In chapter 3, attempts were made to transform beta cells into CHI-like cells by modifying 

in vitro culture conditions. However, those attempts were unable to generate CHI-like 

cells. The aim of the experiments presented in this chapter was to generate a population of 

CHI-like model cells by editing the ABCC8 gene directly using gene editing methods. 

CRISPR-Cas9 mediated gene editing method was explored to introduce either 

homozygous mutation in the ABCC8 gene in CHI-iPS cells or deletion mutations in the 

ABCC8 gene in either CHI-iPS cells or EndoCβH1 cells. Failure of clonal propagation of 

edited cells made it unsuccessful to generate viable CHI model cells. 

 

4.3.2 CHI-iPS cell and its potential to generate insulin-producing cells 
 

The expression of several key TFs including Oct4, Sox2, c-Myc and Klf4 are inherent to 

pluripotent stem cells (Takahashi and Yamanaka, 2006; Schmidt and Plath, 2012). It was 

reported earlier that CHI-iPS cells express all of these TFs (Kellaway, 2016). To 

investigate whether a stem or iPS cell line maintains its stem cell properties, expression of 

some pluripotency marker proteins including Oct4, Sox2, Nanog and SSEA4 are 

routinely examined ((Henderson et al, 2002; Chambers et al, 2003; Okumura-Nakanishi 

et al, 2005; Gang et al, 2007; Zhou et al, 2011; Amini et al, 2014). Before conducting any 

downstream experiment, the CHI-iPS cells were examined whether they maintained their 

stem cell characteristics. Immunofluorescence assays were designed to investigate the 

expression of abovementioned marker proteins in CHI-iPS cells. The cells were found to 

maintain stable expression of these pluripotency markers and this finding suggested that 

the cells were suitable for further experiments.   

 

It was reported earlier that iPS cells might preserve an epigenetic memory of the original 

somatic tissue from which they have been established. iPS cell differentiation towards 
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cells of origin might be enhanced because of the possible influence of the retained 

epigenetic memories (Kim et al, 2010; Bar-Nur et al, 2011; Vaskova et al, 2013; Liang 

and Zhang, 2013). As mentioned earlier, the CHI-iPS cell line was established from 

pancreatic tissue. So, the CHI-iPS cells were examined for their ability to differentiate 

into insulin-producing beta cells.  

 

A number of differentiation protocols were reported earlier to transform stem cells (ES 

and iPS cells) into mature and functional insulin-producing pancreatic beta cells (Zhang 

et al, 2009; Rezania et al, 2012; Pagliuca et al, 2014; Rezania et al, 2014; Millman et al, 

2016). Differential expression of a set of key TFs involved in pancreatic beta cell 

development is the key to the differentiation of iPS cells into insulin-producing cells 

(Rezania et al, 2014; Millman et al, 2016). The key TFs are PDX1 (a key critical factor of 

pancreatic endoderm) (Roberts, 1999; Sambathkumar et al, 2016), NEUROD1 (required 

for transition to endocrine cell type) (Flasse et al, 2013; Mastracci et al, 2013), NK6.1 

(required for islet cell identity) (Schaffer et al. 2013; Taylor et al, 2013) and NGN3 (an 

endocrine progenitor marker) (Gu et al, 2002b; Li et al, 2010b; Afrikanova et al, 2012). 

Two differentiation methods, recently published by Rezania et al. (2012) and Rezania et 

al. (2014), were used in this study. Since it was not certain which differentiation protocol 

would lead to a desired insulin-producing cells from edited CHI-iPS cells, so both the 

protocols were optimised for CHI-iPS cell line.  

 

In the 5-stage protocol (Rezania et al, 2012) that ended with insulin-producing cell-

clusters, PDX1 was expressed from stage-3 (marks formation of posterior foregut) and the 

expression was continued in increasing amount until stage-5 (insulin-producing cell-

clusters) (Figure 4.6) as it was observed in the findings of Rezania et al. (2012). 

NEUROD1 and NKX6.1 were expressed from stage-4 (pancreatic endoderm) significantly 

and the expressions were continued in increasing amount until stage-5. However, these 

findings were in contrast to the findings obtained by Rezania et al. (2012) where 

expression of these TFs was first detected at stage-3. Expression of NGN3 was observed 

only after stage-5 treatment in contrast to the study of Rezania et al. (2012) where 

expression of this marker was first detected at stage-3. Unlike the observations reported 

by Rezania et al. (2012) where expressions of the INS and SST genes were detected first 

at a low level at stage-3, here in this study, expression of these genes was evident only at 

stage-5 treatment.  
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In the 7-stage protocol (Rezania et al, 2014) that ended with insulin-producing beta-like 

cells, PDX1 expression was first detected at stage-3 (posterior foregut) similar to the 5-

stage protocol and the expression was continued over the following steps. A similar 

observation was reported by Rezania et al. (2014). NEUROD1 was expressed from stage-

4 (pancreatic endoderm) and the expression was increased gradually until stage-7 

(NKX6.1
+
/INS

+
 beta-like cells). However, there was a reduction in the expression of 

NEUROD1 at stage-6-day-15 (NKX6.1
+
/INS

+
 cells) compared to the expression level 

observed at stage-6-day-7 (precursors of NKX6.1
+
/INS

+
 cells). Similar expression pattern 

of NEUROD1 was reported by Rezania et al. (2014). NKX6.1 was expressed from stage-4 

and the expression was increased gradually until stage-7. A similar finding was reported 

by Rezania et al. (2014), except that there was a reduction in expression of the gene at 

stage-6-day-15 compared to the expression level observed at stage-6-day-7. NGN3 

expression was started in a comparatively higher amount in stage-5 (pancreatic endocrine 

precursors) and then the expression was gradually decreased in the following stages. A 

similar finding was also reported by Rezania et al. (2014). No expression was observed 

for SST in any stages of the differentiation, similar to the report of Rezania et al. (2014). 

Insulin was found to be expressed from stage-6-day-7 and the expression was increased at 

stage 7 similar to the expression pattern reported by Rezania et al. (2014).  

 

For both the 5-stage and 7-stage protocols, the observed differences in the pattern of gene 

expressions could be associated with the difference in the cell line used. H1 human ES 

cell line was used by Rezania et al. (2012) and Rezania et al. (2014) whereas in this study 

the CHI-iPS cell line was used. The cell lines might respond to the reagents used for the 

differentiation differently and that might promote the observed variations in expression.  

 

Both the optimized differentiation protocols were able to generate insulin-producing 

viable cells. However, because of the nature of the differentiation method, the generated 

insulin-producing cells were unable to propagate further in culture media. So, further 

extensive experimentations including gene editing were not possible using the CHI-iPS 

derived final differentiated cells. So experiments were designed to edit the CHI-iPS cells 

first, then differentiate them into insulin-producing cells and then to carry out 

downstream experiments. 
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As mentioned previously (section 4.2.1), CHI-iPS cell line was established from a Fo-

CHI pancreatic tissue with a heterozygous recessive mutation in the ABCC8 gene. The 

cells that were used to make the CHI-iPS cell line were from the healthy tissue at the edge 

of the focal lesion. This means the cells were healthy and carried the recessive allele but 

would not act as if it has CHI. It was hypothesised that the heterozygous recessive 

mutation might not have any deleterious effect on ABCC8 expression in vitro which, 

otherwise, induced CHI in some cells in vivo. It was assumed that homozygous mutation 

might be helpful to induce CHI in in vitro condition since homozygous mutations in the 

ABCC8 gene were reported earlier in CHI patients (Yan et al, 2007; Flanagan et al, 2009; 

Rahman et al, 2015a; Nessa et al, 2016). Hence, experimental approaches were 

considered to introduce a second mutation in at the mutated locus so that both copies of 

the gene became mutated and the gene became inactive. The establishment of insulin-

producing pancreatic beta-like cells from edited CHI-iPS cell might provide added benefit 

to generate CHI in vitro model cell line.  

 

4.3.3 Introducing homozygous mutation in the ABCC8 gene in CHI-iPS cell line  
 

Successful generations of ABCC8 deficient human ES cell lines mediated by CRISPR-

Cas9 method were reported (Guo et al, 2016; Guo et al, 2016a) after starting of these 

gene editing experiments on CHI-iPS cells. Insulin-producing CHI-like model cell line 

was also reported recently to be generated from these ABCC8 deficient ES cell lines (Guo 

et al, 2017). The idea of a generation of a CHI-like model cell line from ABCC8 knocked 

out CHI-iPS cell lines is well supported by these three recently published reports.  

 

A number of studies reported earlier for successful transfection of iPS cells, generated 

from different cell types, using electroporation-based methods (Chatterjee et al, 2011; 

Byrne et al, 2014; Yang et al, 2014a; Yang et al, 2014b; Byrne and Church, 2015; Li et 

al, 2016). In addition, some studies have reported using chemical-based approaches to 

transfect embryonic stem (ES) cells (Tabar et al, 2014; Luo et al, 2016). Experiments 

were designed to investigate the efficiencies of a couple of available chemical-based and 

one electroporation-based transfection systems on CHI-iPS cells. Amaxa nucleofector, an 

electroporation-based transfection method was found most efficient to transfect the cells 

with plasmid vectors and hence was selected for transfecting CHI-iPS cells.   
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To introduce a specific mutation at the target locus of a target gene, use of a repair 

template in the form of ssODN along with transfection vectors encoding gRNAs is 

recommended (Sander and Joung, 2014; Xue et al, 2014; Yoshimi et al, 2016; Song and 

Stieger, 2017). If the cells are introduced with a mutation in a target locus, the restriction 

enzyme profile will be different for a homozygous or a heterozygous mutant compared to 

a wild-type cell. So, experiments were designed to transfect the CHI-iPS cells with 

designed gRNAs along with a designed ssODN and then sort potentially edited cells as 

single cells for clonal propagation. Efficient transfection followed by gene excision and 

repair was observed in transfected CHI-iPS cells. Close to 50% of cells were predicted to 

be edited in the transfected cell population which indicates good efficiencies of designed 

gRNAs. The transfected cells carrying a potential target mutation in the target loci of the 

ABCC8 gene were sorted as single cells following the previously reported protocols 

(Byrne et al, 2014; Yang et al, 2014a). However, only ~1.5% of sorted single cells were 

survived and were established as clonal cell lines.  

 

Unlike the CHI-iPS cells, differences in the growth rate of cell colony formation and 

diverse morphologic features were observed from different established clonal cell lines. 

Moreover, the undifferentiated state of most of the survived single cell clones was 

appeared to be compromised after a couple of passages as this phenomenon was reported 

by Valamehr et al. (2011). None of the edited clones was observed to have the desired 

homozygous mutation at the target locus of ABCC8. Rather, incorporation of random 

mutations was identified through DNA sequencing of the target locus. A similar 

observation was reported earlier where single cell expansion of ES and iPS cells resulted 

with random genomic mutation as well as increased cell death (Amit et al, 2000; Eiges et 

al, 2001).  

 

Since the clones generated from above-mentioned transfection method were observed to 

be diversified, differentiated and not carrying the properties of the cell of origin, a number 

of alternative methods were explored to generate viable edited CHI-iPS cells. Single cell 

culture media composition was modified; single cell culture practice was changed, 

different growth surface coating reagents were used, even the transfection experiments 

were switched to the chemical-based method. However, none of the changes was able to 

propagate any viable single cell.  
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Since the experiments to introduce a homozygous mutation in the ABCC8 gene in CHI-

iPS cells were not successful, in another approach, the ABCC8 gene knock out was tried 

by deleting a critical exon (exon 2). Similar approaches were reported by Guo et al. 

(2016) and Guo et al. (2016a). However, after transfection, sorted knocked out single 

cells of CHI-iPS failed to propagate. When sorted transfected cells were grown as a 

mixed population only ~10% of cells were observed to have deletion mutation in the 

ABCC8 gene. The very low percentage of knocked out cells in the cell population made 

the CHI-iPS transfected cell population inappropriate for considering for differentiation 

into pancreatic beta-like cells.  

 

In summary, CHI-iPS cells generated from a Fo-CHI patient were able to maintain stem 

cell properties and also to be differentiated into insulin-producing cells. To generate a 

CHI-like model cell line from CHI-iPS, the cells were treated to introduce a homozygous 

mutation in the ABCC8 gene in one approach and to knock out the gene by deleting a 

crucial exon in another approach. Both approaches were observed to be efficient to 

transfect the cells. However, the very poor rate of survival in single cell clonal expansion 

as well as the uncontrolled differentiation of survived cells into different mature cell types 

made the edited CHI-iPS cells unusable for further studies. The reasons behind the poor 

rate of single cell survival and also the incorporation of random non-specific mutations 

could be attributed to multiple factors. CHI-iPS cells might be very sensitive to the 

culture conditions when they are in a single cell format, rather than being in cell cluster-

like format. So, transfection reagents as well as high pressure, applied by FACS during 

single cell sorting, might promote adverse effects on single cells which induce random 

mutation for survival. Most of the mutations might have some lethal effects which could 

explain the low survival of transfected single CHI-iPS cells.  

 

4.3.4 Knocking out the ABCC8 and KCNJ11 genes in EndoCβH1 cell line 
 

Since the generation of a stable homozygous mutated cell line from CHI-iPS cell line was 

not successful, as an alternative option, the EndoCβH1 cell line was considered again. 

ABCC8 is a multi-exonic gene (39 exons) whereas KCNJ11 contains one single coding 

exon (Babenko et al, 2006; Adi et al, 2015). Exon 2 of the ABCC8 was predicted as one 

of the critical exons required for the ABCC8 protein to be functional (Guo et al, 2016; 
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Guo et al, 2016a). Experiments were designed to delete exon 2 of the ABCC8 gene and 

the only exon in the KCNJ11 gene.   

 

As already explained, the successful generation of a knocked out cell line requires clonal 

propagation from single cells. But a requirement of high cell seeding density for proper 

growth and survival of EndoCβH1 cells is a major limiting factor of the cells used in gene 

editing experiments. No previous studies have reported the successful clonal propagation 

of single EndoCβH1 cells. Various attempts were explored in this study to enhance single 

cell growth of these cells. However, none of the methods was observed to be favourable 

for single cell growth. So, the experimental strategies were switched to find a suitable 

transfection method which would generate a higher percentage of transfected cells. This 

population would be useful for studying further to understand the pathophysiology of 

CHI. Since no study was reported earlier (at the time of these experiments) where 

EndoCβH1 cells had been transfected successfully with plasmid, a number of 

commercially available transfection kits were explored for EndoCβH1 cells. Although 

Lipofectamine 2000 reagent was reported by Velayos et al. (2017) recently to be used to 

transfect EndoCβH1 cells, however, in this current study, ViaFect lipid reagent was found 

to be most efficient for EndoCβH1 cells transfection with plasmids.  

 

Unpredictable random mutations like insertion, deletion, or frameshifting could result in 

the genome if the cells are transfected with single gRNA (Ran et al, 2013; Wang et al, 

2013; Wu et al, 2013; Maruyama et al, 2015). Transfection with two or more gRNAs 

could facilitate to mediate larger deletions in the genome (Chen et al, 2011; Cong et al, 

2013). It was hypothesised that transfecting EndoCβH1 cells with two gRNAs (against 

forward and reverse strand of the target gene) could introduce a large deletion in the gene 

and thus make the gene inactive. So, potential gRNAs were designed for both the ABCC8 

and KCNJ11 genes. All four gRNAs for ABCC8 were found to be more or less similarly 

effective. Among them, guide RNA 2 (forward strand) and guide RNA 4 (reverse strand) 

were considered for final knock out experiments. On the other hand, none of the gRNAs 

designed for the KCNJ11 gene showed sufficient efficiencies to introduce mutations in 

the gene. Attempts to design a new set of gRNAs and subsequent knock out experiments 

were not conducted due to time constraints.  
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In one approach, EndoCβH1 cells, transfected with both guide RNA 2 and 4 

simultaneously to delete exon 2 of the ABCC8 gene, were sorted and cultured as a mixed 

population. In another approach, in an attempt to increase the percentage of successfully 

knocked out cells in the population of transfected cells, cells were transfected with 

plasmids, encoding puromycin resistance gene along with the plasmids, encoding guide 

RNA 2 and 4 (Howden et al, 2011; Ovchinnikov et al, 2014; Cerbini et al, 2015). 

Puromycin-resistant cells were then selected and allowed to grow as a mixed population. 

However, only 26.5% and 17.5% cells of the mixed population were observed to be 

ABCC8 knocked out in puromycin and GFP selected cell population, respectively.  

 

Briefly, to generate a CHI-like model cell line from EndoCβH1 cells, experiments were 

designed to knock out the KATP channel genes by deleting a crucial exon of the genes. 

Guide RNAs were designed manually for both ABCC8 and KCNJ11 genes since no 

reference guide RNA for the genes was available in the literature. Since EndoCβH1 cells 

were unable to grow as a single cell, so, the transfected cells were cultured as a mixed 

population of cells Although the experiments were designed as best as possible, the 

percentage of target knocked out cells in mixed cell population was very poor (below 

30%). Because of this very low percentage, the cell populations of the knocked out 

EndoCβH1 cells was considered unfit for further studies.  

 

In summary, multiple experiments were performed to edit either the ABCC8 gene in CHI-

iPS cells or the ABCC8 and KCNJ11 genes in EndoCβH1 cells to inactivate the genes in 

an attempt to introduce CHI-like behaviour in the cells. However, none of the attempts 

was successful to generate viable CHI model cells. So it was concluded that the methods 

explored in this study were not the proper methods to transform either the CHI-iPS or 

EndoCβH1 cells into CHI-like cells. However, due to time constraints, no further 

approaches were performed to edit genes in these cell lines.   
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Chapter 5 

 
Genome-wide gene expression microarray analysis of 

CHI-affected pancreatic tissues 

 

 

5.1 Introduction 
 

5.1.1 General 
 

It is well noted that a single biological function is a combined effort of multiple biological 

factors. A variety of activation or inhibition factors are required to carry out a single 

function (Leung and Cavalieri, 2003). A disease could be a very complex biological 

phenomenon where multiple genetic and non-genetic factors could be involved and 

multiple metabolic and regulatory pathways could be altered (Gu et al, 2002a; Smith, 

2007; Panoutsopoulou and Zeggini, 2009; Jin et al, 2014; Kao et al, 2017). Yet until 

recently, very little has been known about the genetic basis of most known complex 

diseases (Wang et al, 2007; Jin et al, 2014). Previously, experiments were performed in a 

reductionist approach to understand the aetiology of a complex biological phenomenon 

by trying to identify associated central genes or proteins (Panoutsopoulou and Zeggini, 

2009). But it was not sufficient to understand the complex nature of the biological 

abnormality (Wang et al, 2007; Jin et al, 2014).  

 

Until recently, several genes have been identified to be associated with CHI. Yet, a major 

portion of patients with CHI does not have any recognisable aetiology (Stevens et al, 

2013). Like other complex diseases, CHI could be due to a combined effect of multiple 

factors and multiple pathways. In addition, as was reported for other complex diseases, 

the microenvironment surrounding the insulin-secreting pancreatic beta cells might also 

contribute to the development of this disease (Hussain et al, 2005a; Bagyánszki and Bodi, 

2012; Nyitray et al, 2014; Hui and Chen, 2015; Rothschild and Banerjee, 2015; Aamodt 

and Powers, 2017; Jeffery et al, 2017). Therefore, genome-wide gene expression studies 

could be a suitable approach to gain new information which might help for better 

understanding of the disease (Wang et al, 2007; Panoutsopoulou and Zeggini, 2009; Kao 

et al, 2017).   
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The principal focus of this research project was to generate an in vitro CHI model cell 

line and then analyse the genome-wide gene expression pattern of the model cells in 

comparison with the gene expression data from CHI affected tissue in efforts to provide 

some new information regarding CHI development. Although the attempts to generate 

suitable CHI model cell lines failed (as mentioned in Chapter 3 and Chapter 4), genome-

wide gene expression analysis on CHI tissues was thought to be helpful to identify novel 

candidate genes and the pathways that could be associated with the disease. No previous 

studies have been reported earlier where healthy tissues (as control) and lesion tissues, 

both from CHI affected pancreas, were used for differential gene expression assay in 

order to identify potential candidate genes as well as the disease associated relevant 

pathways. Hence, microarray-based differential gene expression assays were conducted in 

the present study to compare differential gene expressions from control and lesion tissues 

both from CHI patients in an attempt to identify potential candidate genes and related 

pathways associated with CHI. 

 

 

5.1.2 An overview of gene expression microarray 
 

Genome-wide gene expression experiment using microarray technique is a very state-of-

art analytic tool to measure the expression of thousands of genes in parallel in a biological 

sample under certain condition (Schena et al. 1995; Alon et al, 1999; Callow et al, 2000; 

Trevino et al, 2007; Sealfon and Chu, 2011). This technology offers a suitable way to 

identify relevant disease-associated gene regulatory network and pathways by analysing 

differentially expressed genes (Gu et al, 2002a; Kaul and Eichinger, 2006; Trevino et al, 

2007; Sealfon and Chu, 2011). Most prominently, microarray experiments are used to 

measure the level of RNA transcription from thousands of genes from a sample (Trevino 

et al, 2007). Microarray technology has also been used to identify single nucleotide 

polymorphisms (Gunderson et al, 2005; Homer et al, 2008; Di Candia et al, 2009; Harel 

et al, 2015), alteration of gene copy numbers (Pinkel et al,1998; Snijders et al, 2001; 

Tannour-Louet et al, 2014), RNA splicing (French et al, 2007; Arnold et al, 2013; 

Highley et al, 2014), pattern of methylation (Bell et al, 2010; Wippermann et al, 2014; 

Jaffe et al, 2016), and chromosomal insertion or deletion (Sahoo et al, 2006; Probst et al, 

2007; Day et al, 2007).  
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The basic principle behind microarray technology is the property of single-stranded 

nucleotide sequences to hybridize with complementary sequences (Lou et al, 2001; 

Trevino et al, 2007; Selvaraj and Natarajan, 2011). An expression array is basically an 

organized arrangement of DNA probes attached to a solid surface and these probes 

correspond to individual genes of an organism (Schulze and Downward, 2001; Kaul and 

Eichinger, 2006). Mostly, two types of microarray expression arrays are being used in 

research- one is complementary DNA (cDNA)-based and the other one is 

oligonucleotide-based.  

 

The cDNA-based array was the first widely used array platform (Schena et al. 1995; 

Sasik et al, 2004; Kaul and Eichinger, 2006). This platform uses PCR-amplified cDNA 

fragments as probes which represent individual target genes of an organism. RNA from 

target samples (control and test) are extracted and converted to cDNA in the presence of 

different fluorescently labelled dNTPs. Then the labelled cDNA are mixed and hybridized 

to the probes on the expression arrays. The hybridized probes are then scanned and the 

levels of expression of different genes are analysed based on the colour intensity ratio 

(Sasik et al, 2004; Kaul and Eichinger, 2006; Ness, 2007; Trevino et al, 2007). The 

probes used in this technology can be prepared in laboratories as a customised array. 

However, the limitations of using cDNA probes are the uneven melting temperatures of 

the probes because of the differences in probe size and GC content (the percentage of the 

combined number of guanine and cytosine residues in an oligonucleotide), as well as 

possible cross-hybridization of similar sequences and overlapped genes (Sasik et al, 2004; 

Chang et al, 2006; Ness, 2007; Trevino et al, 2007). However, these limitations can be 

normalised by using multiple different probes for a single gene (Sasik et al, 2004; 

Trevino et al, 2007). 

 

The oligonucleotide-based array is designed in a way that can overcome the limitations of 

the cDNA-based array. In this array, in situ synthesized small single-stranded 

oligonucleotides attached to the surface of glass slides are used as probes. Every single 

gene is represented by ~20 distinct oligonucleotides on this array. RNAs from different 

test samples are fluorescently labelled, hybridized with the probes and scanned separately 

in this array technology. Colour intensities are then analysed and compared to measure 

differential gene expression (Sasik et al, 2004; Ness, 2007; Trevino et al, 2007). These 

arrays are manufactured by commercial providers like Affymetrix (Thermo Fisher 
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Scientific) and are usually very expensive. In the present study, an oligonucleotide-based 

array was used to study comparative gene expression in CHI tissues. Figure 5.1 shows a 

schematic diagram of the overall process of the two above mentioned methods.   

 

 
 

 

 

 

Figure 5.1: Schematic representation of two major types of arrays used in gene 

expression microarray. In complementary DNA (cDNA)-based microarray, RNAs are 

extracted from both control and test samples and then reverse transcribed to cDNA in the 

presence of different fluorescently labelled deoxyribonucleoside triphosphates (dNTPs). 

cDNA from both the samples are then together allowed to hybridize with the PCR-

amplified cDNA probes prepared in laboratories as a customised array. The hybridized 

probes are then scanned and the levels of expression of different genes are analysed based 

on the colour intensity ratio. In an oligonucleotide-based microarray, RNAs from different 

samples (test and control) are extracted, reverse transcribed to cDNA and fluorescently 

labelled similarly to the cDNA array. However, the hybridization of the labelled cDNAs to 

the probes (manufactured by commercial providers) and the scanning are performed 

separately for different samples. Colour intensities are then analysed and compared to 

measure differential gene expression. The image is adapted from Trevino et al. (2007). 

 

 

cDNA-based     Oligonuclotide-based  

(& reverse transcription) 
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5.1.3 General approaches for analysing data obtained from gene expression 

microarray 

 

Expression changes of tens of thousands of genes are measured in a single microarray 

experiment and so a huge amount of data is normally generated. With the generation of 

large datasets from these kinds of experiments, it is a challenging task to address and 

analyse data properly. Elucidating new and accurate information from a gene expression 

microarray experiment mostly depends on how the data are analysed and how they are 

interpreted (Chang et al, 2006; Ness, 2007; Selvaraj and Natarajan, 2011). Typically, 

gene expression microarray experiments generate a large dataset containing a list of genes 

which are changed in their expression level and so are known as differentially expressed 

genes (Wei et al, 2004; Selvaraj and Natarajan, 2011). Since it is a quite strenuous effort 

to describe every single gene (and its effect) in a large dataset, a popular practice of 

scientific community is to utilize clustering approach to discuss the change in large 

datasets and describe the processes that could be altered significantly because of the gene 

expression changes (Swift et al, 2004; Juan and Huang, 2007; Ness, 2007; Hume et al, 

2010; Selvaraj and Natarajan, 2011). There are a few popular methods based on 

clustering approach to analyse and interpret microarray data. One of the methods is class 

comparison which is also known as gene discovery. This analytical approach primarily 

focuses on identifying groups of differentially expressed genes in samples corresponding 

to certain biological conditions (like after drug treatments or in disease conditions). These 

differentially expressed genes are theoretically associated with the biological conditions 

under study. This analysis does not require any prior knowledge of the behaviour of the 

samples. The list of differentially expressed genes then can be used to explore the 

pathways or biological processes which could be associated with those biological 

conditions (Ness, 2007; Selvaraj and Natarajan, 2011).  

 

Class prediction is another method that requires previous knowledge of a given set of 

samples of different biological conditions. The pattern of gene expression of the target 

samples can be analysed and compared with the pre-classified samples and hence, the 

samples are assigned to one of the known classes. This technique is mainly used for 

clinical purposes and can be used to design proper treatment systems for a certain patient. 

This is a comparatively complex process of analysis since it requires a large number of 

pre-classified samples (Schulze and Downward, 2001; Leung and Cavalieri, 2003; Chang 
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et al, 2006; Chen et al, 2007; Selvaraj and Natarajan, 2011). An emerging approach to 

analyse gene expression microarray data is pathway or network analysis based on 

interaction information already available in the literature. This method can help to 

identify new potential candidate genes associated with the biological conditions under 

study, and also can help decipher new information for higher level understanding of the 

condition (Chang et al, 2006; Selvaraj and Natarajan, 2011; Roy et al, 2014; Zhang and 

Yin, 2016; Chu et al, 2017)  

 

 

5.1.4 Web-based resources explored in this study to analyse gene expression 

microarray data 

 

As mentioned before, gene expression microarray data analysis is the most challenging 

and crucial part to elucidate new and proper information regarding a particular biological 

condition. Nowadays, a large number of software programs, both free and commercial, 

are available to assist researchers to manage and analyse microarray data (Koschmieder et 

al, 2011; Mehta and Rani, 2011). Raw expression data are processed and normalised 

using many of the available programs by dedicated technical experts in research institutes 

and are then, handed over to the researchers who actually analyse the normalised data and 

generate novel meaningful information. Typically, researchers filter the list of 

differentially expressed genes based on an arbitrary fold change in which all the changes 

are statistically significant (p-value ≤ 0.05). Addition of this filter to narrow down the size 

of the list of genes enhances the power of analysis (Ness, 2007; Dalman et al, 2012). This 

relatively short list of differentially expressed genes then can be analysed in groups or 

clusters to determine biological functions associated with those genes (Swift et al, 2004; 

Juan and Huang, 2007; Ness, 2007; Selvaraj and Natarajan, 2011).  

 

To analyse normalised and filtered experimental gene expression data, three web-based 

software programs were explored in this study and all of these programs utilise clustering 

method for analysing data. The programs are- DAVID, PANTHER and IPA. 

 

The software program DAVID (the Database for annotation, visualisation and integrated 

discovery) is a web-based analytical tool that can analyse large set of differentially 

expressed genes obtained from genomic data and can provide functional annotations to 
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understand biological meaning comprehensively (Dennis et al, 2003; Huang et al, 2009a; 

Huang et al, 2009b). A number of previous studies have used this tool to analyse their 

data and to predict relevant functional biological processes (Chamberlain et al, 2011; 

Depiereux et al, 2015; Kotani et al, 2015). This software is publicly free to use and can be 

accessed online at https:// david.ncifcrf.gov. 

 

The PANTHER (protein analysis through evolutionary relationships) classification 

system is a web-based software program that can help to analyse large biological dataset 

to predict functional classes by unifying all the available information regarding a 

particular gene (Thomas et al, 2003; Mi et al, 2013a; Mi et al, 2013b). This classification 

system performs Gene Ontology (GO) term enrichment analyses at three levels of 

functional annotations- molecular function, biological process and cellular location to 

define the biological activities (Ashburner et al, 2000; Gene ontology consortium, 2001; 

Mi et al, 2016). A number of previous studies have utilised this classification system to 

cluster the biological attributes of differentially expressed genes within datasets (Schaefer 

et al, 2008; Tagaya et al, 2009; Melville et al, 2011). This software is publicly free to use 

and can be accessed online at http://www.pantherdb.org.  

 

One of the high-throughput analytical tools that can analyse large datasets like whole 

genome gene expression array to decipher new biological information based on published 

literature is Ingenuity Pathway Analysis (IPA) (QIAGEN Inc., Redwood City, CA, USA). 

IPA maintains a high-quality up-to-date knowledge base of biological interactions and 

functional annotations that are manually curated (Shapira et al, 2009; Wittkop et al, 2013; 

Ben-Ari Fuchs et al, 2016; IPA website, 2017). The software provides a number of 

analytical tools by which one can predict upstream or downstream effects caused by 

differential gene expression and can generate predictive pathway or network models for 

better understanding of a biological condition (Adriaens et al, 2008). A number of studies 

have used IPA to analyse gene expression microarray datasets (Jiménez-Marín et al, 

2009; Shapira et al, 2009; Haddad et al, 2016; Yu et al, 2016). This is commercial 

software and can be accessed at https://www.qiagenbioinformatics.com/products/ 

ingenuity-pathway-analysis/. 
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5.1.5 Analysing gene expression microarray data using network biology 

 

The way a biological component, like a cell, carries out its overall activities is complex 

(Kitano, 2002). At the cellular level, interactions among genes, proteins, regulators, 

metabolites etc. are conducted to carry out a single function. To understand the functional 

interactions at the cellular level, systems biology is one of the popular approaches 

(Stevens et al, 2014). Network biology is one of the tools to study systems biology. The 

function of network biology is to analyse the patterns of interactions between cellular 

components to understand their roles in complex biological functions linked with various 

metabolic and regulatory pathways (Barabási and Oltvai, 2004; Pujol et al, 2010; Stevens 

et al, 2014). Many studies have utilised a network biology approach to decipher new 

information regarding biological processes (Ergün et al, 2007; Schmid and McMahon, 

2007; Chen et al, 2008; Jesmin et al, 2010; Cahan et al, 2014). 

 

The network biology analyses are carried out based on already published protein-protein 

interactions (PPI) information of the differentially expressed genes of the datasets being 

examined. Protein-protein interaction partners (PIPs) (either experimentally proven or 

predicted) of the genes are available in various widely used PPI databases like human 

protein reference database (HPRD) (Peri et al, 2004), biological general repository for 

interaction datasets (BioGRID) (Stark et al, 2006), REACTOME (Croft et al, 2011), 

database of interacting proteins (DIP) (Xenarios et al, 2000), biomolecular interaction 

network database (BIND) (Bader et al, 2001), IntAct (Hermjakob et al, 2004), 

HomoMINT (Persico et al, 2005), OrthoDB (O‟Brien et al, 2004), online predicted 

human interaction database (OPHID) (Brown et al, 2005), search tool for  recurring  

instances of neighbouring  genes (STRING) (Snel et al, 2000) etc. PPI information can be 

extracted from these databases individually. More recently, a PIPs search tool, unified 

human interactome (UniHi) was developed which facilitates extracting PPI information 

automatically from the above-mentioned databases (Chaurasia et al, 2007; Kalathur et al, 

2014). Based on the PPI information, biological networks can be generated and analysed 

using a number of available software programs. Cytoscape is an open source software 

program that can be used for visualising molecular interaction networks and analysing 

them (Shannon et al, 2003; Cline et al, 2007; Smoot et al, 2011). This is one of the most 

widely used software programs that can integrate networks with gene expression data and 

functional annotations (Killcoyne et al, 2009; Jesmin et al, 2010; Kohl et al, 2010; Su et 
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al, 2014). A number of publicly free plugins are available for analysing networks with 

this program (Lotia et al, 2013).  

 

5.1.6 Aim and objectives of this study 
 

The aims of this series of studies were – 

 

1. To generate an informatics resource of mRNA expression profiles derived from 

CHI tissues. 

2. To use network modelling to analyse mRNA expression profiles to understand the 

mechanisms of disease.     

 

In order to support this aim, the objectives of this chapter were - 

 

a) To perform genome-wide gene expression microarray analysis on healthy and CHI 

pancreatic tissues to generate an mRNA expression profile. 

b) To use informatics resources to analyse the mRNA expression profiles for the 

identification of novel gene/protein associations with CHI.   

c) To use informatics resources to analyse the mRNA expression profiles for 

predicting biological processes and pathways potentially associated with CHI. 

d) To explore protein-protein interaction and network modelling to analyse the 

mRNA expression profiles for predicting novel genes/proteins and pathways of 

CHI. 
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5.2 Results 
 

5.2.1 Tissues used for genome-wide analysis of gene expression 
 

A number of fresh pancreatic tissues from different CHI patients were received from 

surgeons from the Royal Manchester Children‟s Hospital, Manchester, UK. Tissues 

which were used for analysing the CHI conditions were extracted from lesion regions of 

the CHI-affected pancreas (section 2.11 for details). Tissues used for control conditions 

were taken from the healthy regions of the pancreas of the CHI patients. For a few cases, 

both lesion and healthy region tissues from the same pancreas samples were collected for 

analysis. In other cases, only lesion or healthy tissues were obtainable for gene expression 

analysis. So the number of tissue samples for both CHI and control conditions were not 

the same (Table 5.1). Since the sizes of the received tissues were very small and hence, 

the amount of total RNA was limited, only one microarray experiment from each sample 

was performed. All the patients were diagnosed with Focal-CHI with either ABCC8 or 

KCNJ11 mutations. Because of the limited number of patient samples and the 

impossibility in repeat experiments with a single sample, all the available tissue samples 

were considered for microarray experiments and further downstream analysis. 

 

Table 5.1: Tissues used for genome-wide gene expression analysis 
 

 Patient ID Type of mutation 

Control condition 

Nes163 ABCC8 

Nes167 ABCC8 

Nes168 KCNJ11 

Nes169 ABCC8 

Nes176 ABCC8 

CHI condition 

Nes162 ABCC8 

Nes163 ABCC8 

Nes167 ABCC8 

Nes168 KCNJ11 

Nes170 ABCC8 

Nes175 ABCC8 
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5.2.2 Validation of normalised expression data obtained from microarray analysis 
 

Total RNAs extracted from these tissues were used for analysing genome-wide gene 

expression changes, by Genomic Technologies Core Facility (GTCF) of the University of 

Manchester, Manchester, UK. The quality, quantity and sizes of the extracted RNAs were 

assessed using Agilent RNA ScreenTape assays in the facility (Figure 5.2). RNA integrity 

number (RIN), a tool developed by Agilent technologies, is used to assess and indicate 

RNA quality and integrity. RIN is represented by a number ranging from 1 to 10 where 1 

represents very low-quality RNA (highly degraded) and 10 represents very high quality 

(intact) RNA. Samples with a high RIN (>7.0) were considered as good quality RNA for 

gene expression studies (Fleige and Pfaffl, 2006; Raman et al, 2009). Microarray 

experiments on those tissue samples were then performed by the GTCF. After the 

experiments, normalised data were received for downstream analysis. 

 

 

Figure 5.2: Quality control analysis of total RNA 

isolated from CHI tissues. The gel image is a 

representative data of RNA quality control analyses. Lanes 

A1, B1, C1 and D1 represent RNAs from Nes163, Nes167, 

Nes168 and Nes169, respectively, from control samples. 

Lane EL1(L) corresponds to the RNA ladder. These 

quality control analyses were conducted by the GTCF at 

The University of Manchester, UK. 

 

 

Since the sample number in control and CHI condition were not equal, before conducting 

further analysis, the array data were checked for their normalisation state. It is always 

recommended to check the normalisation state before downstream analysis with data; 

otherwise false positive or negative findings might be ended if there is any error in data 

normalisation (Quackenbush, 2002; Pichler et al, 2004). M-A plot is one of the tools to 

analyse the state of normalisation of the data by visualising the distribution of the data. 

An M-A plot is a graphical method for visualising intensity-dependent ratio of raw 

microarray data where “M” represents the binary log of intensity ratio and “A” stands for 

the average log intensity of the gene expression (Dudoit et al, 2002; Yang et al, 2002; 

Quackenbush, 2002) (details in section 2.11). Properly normalised data should generate 
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an MA plot with most of the intensity data showing values close to zero (0) as most of the 

genes are unchanged in their expression (Tseng et al, 2001). An M-A plot was drawn 

using the normalised data generated from these CHI microarray experiments (Figure 5.3). 

Since most of the intensity data were found to be close to zero values (since Log2(1) is 0), 

it was considered that the data were normalised properly and needed no further 

normalisation (Quackenbush, 2002; Bolstad et al, 2004; Pichler et al, 2004). 

 
 

 

Figure 5.3: M-A plot representing the normalisation state of microarray data. Log value 

of intensity ratio (M) (lesion/control) of each gene is plotted on the Y-axis. The X-axis 

represents the average log intensity (A) of the gene. The red straight line running on the zero 

value of M indicates data purity and need no further data normalisation. This analysis was 

conducted using R version 3.4.0 and Bioconductor packages. 

 

 

5.2.3 Basic analysis of gene expression data obtained from microarray experiments 

 

Normalised raw data obtained from the microarray experiments were used for some basic 

analysis- like distribution of data, the range of fold change in differentially expressed 

genes etc. Data were analysed to understand the distribution of expression intensities of 

the genes and to find out any abnormally high or low expression of any gene. To visualise 

the distribution of gene expression intensities, an intensity scatter plot was drawn using 

the normalised mean (average expression intensity value) data (Figure 5.4) 

(Quackenbush, 2001; Yue et al, 2001). This plot is one of the simple most analytical tools 
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for microarray data visualisation. In this plot, expression values of genes in two 

conditions (control and CHI) are represented by each data point. Most of the genes were 

observed to express close to equal in both conditions and hence, were located close to the 

identity line (diagonal). Genes with higher expression values in either condition were 

found to be spotted further away from the line. No abnormal higher expression of any 

gene was found in the distribution plot of mean values.  

 

 

Figure 5.4: Intensity scatter plot showing the relative distribution of gene expression 

intensities of individual genes in control and disease conditions. The plot was drawn 

using the average gene expression intensity values of control tissues on X-axis and that of 

lesion tissues on Y-axis. The unit of intensities is arbitrary. The red diagonal line 

corresponds to identity or reference line where the values of both axes are equal. This plot 

was constructed using R version 3.4.0 and Bioconductor packages. 

 

 

It is mentioned in section 2.11 that the microarray experiments were conducted using 

GeneChip Human Transcriptome Array 2.0. A total of 33720 genes that includes coding 

as well as non-coding genes such as small nucleolar RNAs (snoRNA), long non-coding 

RNAs (lncRNA) and microRNAs (miRNA) were analysed successfully for their 

expression. Among these 33720 genes, only 391 genes (1.16 %) were observed to be 

Scatter plot of mean expression intensity values (control vs lesion) 
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expressed differentially at a significant level in tissues with lesions when the data were 

analysed with statistical program, R. For this analysis, only genes with at least 2 fold 

expression changes and false discovery rate (FDR) adjusted p-value (or q-value) with at 

most 0.05 were considered significant. 247 genes were observed to be over-expressed in 

the range of 2-3 folds followed by 54 and 45 genes in the range of 3-4 folds (over-

expression) and 2-3 folds (down-expression), respectively (Figure 5.5). Very few genes 

were found to be expressed in the range of 4-8 folds (over-expression) and 3-5 folds 

(down-expression).  

 

 
 

 

 

 

Figure 5.5: Histogram plots showing the frequency of genes showing differential gene 

expression in microarray analysis. A) A general histogram showing frequency distribution 

of genes covering all range of fold changes including non-significant ones. B) Histogram 

showing frequency distribution of genes with at least 2-fold changes of gene expression.  The 

number on the top of each bar of the histogram denotes the number of genes showing 

expression changes in that particular fold range.  
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As it was mentioned previously in section 5.2.1, for control and disease condition, five 

and six tissue samples, respectively, were used in this microarray analysis. However, both 

healthy and lesion region tissues were possible to collect from only three patient samples- 

Nes163, Nes167 and Nes168, and hence, were used in the analysis for both conditions. 

All the downstream analyses were designed primarily based on the mean values of all 

five controls and six disease conditions data. However, some separate analyses were also 

performed for the data generated from the above mentioned three samples (from here on 

termed as „complete samples‟) along with the mean data (of all experimental samples). It 

was expected that the data analyses from the complete samples could illustrate the 

variability of gene expression pattern in the individual patient since tissues of both 

conditions were provided by these patient samples. With this aim in mind, the pattern of 

gene expression was analysed for these three complete samples and compared with the 

mean data of all experimental samples (Figure 5.6).  

 

It was observed that the pattern of gene expressions across these three patient data and 

mean data were quite similar while considering all the data values (both significant and 

non-significant expression changes) (Figure 5.6). Inter-quartile range (IQR) (mid 50% 

quartile) and median values were similar for all the samples, although variable numbers 

of outliers were observed in each sample (Figure 5.6 A). However, with the expression 

data with significant changes (at least 2-fold, q-value ≤ 0.05), variability in IQR and 

median values was observed among the samples (Figure 5.6 B). From both the IQR and 

median values in all of these three complete samples data and mean data, it could be 

inferred that the number of over-expressed genes was quite greater than the number of 

down-expressed genes in CHI tissues. This finding was also confirmed by the manual 

counting of over-expressed and down-expressed genes from the raw normalised dataset 

(Figure 5.6 C). High variability of the number of over-expressed and down-expressed 

genes in individual patient data and mean data were also observed. Variability of a 

number of genes was also observed when analysing a number of common genes that were 

differentially expressed in each different samples (Figure 5.6 D). 

 

So, the basic analysis of these data indicates that the disease in the patients under study 

was not because of any significant changes in any particular genes; rather it could be the 

result of the combined effect of the differential changes in multiple genes. The variability 
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of the differential genes in the complete samples also pointed to the involvement of 

multiple genes in the progression of the disease. 
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Figure 5.6: Pattern of gene expressions in three individual complete CHI samples data in 

comparison with mean CHI data. Panel A shows the distribution of gene expression 

changes (fold changes) (both significant and non-significant) in all the experimental genes 

while panel B represents the distribution of significant changes only. At least 2-fold change in 

gene expression with q-value ≤ 0.05 was considered significant. The box-and-whisker plots 

show the overall range of fold changes with upper (75
th
) and lower quartiles (25

th
). The 

central box represents the IQR and the line inside the box represents the median value. 

Individual plotted points denote the outliers. Panel C illustrates the percentage of significantly 

over-expressed and down-expressed genes analysed from each complete sample and the mean 

data. Panel D shows the number of same common genes that were differentially expressed in 

different set of samples. The numbers on the bars denote the number of genes in each 

particular data either over-expressed or down-expressed. 

 

 

5.2.4 Analysing expression of genes potentially associated with CHI pathobiology  
 

As it was mentioned previously in section 1.3, a number of genes linked with insulin 

secretion regulation have already been identified as being associated with CHI such as - 

ABCC8, KCNJ11, GCK, HADH, GLUD1, SLC16A1, HNF1A, HNF4A and UCP2. Data 

from this microarray experiment was analysed to investigate the changes in the 

expression of these genes in order to find out the possible association of these genes with 

the disease in the patients under study. The expression of genes in three “complete 

samples” (Nes163, Nes167 and Nes168) were found similar as was observed in mean 

data of all samples (Figure 5.7 A). Significant gene over-expression in disease tissues 

were observed only for ABCC8 and HADH (hydroxyacyl-CoA dehydrogenase) while the 
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expression of other genes was found to be unchanged. In addition to the above mentioned 

CHI genes, expression of some genes for hormones and receptors associated with blood 

glucose regulation were also analysed (Figure 5.7 B). The overall expression of 

pancreatic hormones like insulin (INS), somatostatin (SST) and glucagon (GCG) was 

found unchanged in disease conditions. In addition, higher expression was observed for 

genes of two hormone receptors- SSTR2 (somatostatin receptor 2) and GLP1R (glucagon-

like-protein 1 receptor) while expression of other somatostatin receptors (SSTR1, SSTR3 

to 5) was unchanged.  

 

A number of transcription factors (TFs) were reported in previous studies (Pan and 

Wright, 2011; Shih et al, 2013) to play role in different stages of pancreas organogenesis 

and mature beta-cell generation. With a hypothesis that some of these TFs might be 

potentially associated with CHI pathobiology, gene expression of TFs was analysed from 

the experimental microarray data. The expression patterns of TFs in the three “complete 

samples” were similar to the mean data (Figure 5.8). Significantly (at least 2-fold, q-value 

≤ 0.05) higher expression was observed in all disease conditions for the TFs – NKX6.1 

(NK6 homeobox 1), NEUROD1 (neuronal differentiation 1), RFX6 (regulatory factor 

X6), PAX6 (paired box 6), ISL1 (ISL LIM homeobox 1) and INSM1 (insulinoma-

associated 1). All of these TFs are expressed in Endocrine precursors in developmental 

stages and play a role in the generation of mature pancreatic beta cells (Pan and Wright, 

2011).  

 

A number of genes were identified recently using whole-genome SNP genotyping and 

exome sequencing and were believed to play roles in CHI development (Proverbio et al, 

2013). Expression of these reported genes was investigated here from the experimental 

data (Figure 5.9 A). Although variability in expression of genes was observed in 

individual samples, expression of only CACNA1A (calcium voltage-gated channel subunit 

alpha1 A) gene was found significantly higher in all disease conditions. CACNA1A gene 

has already been reported for its potential roles in the regulation of insulin secretion 

(Chandra et al, 2014).  

 

Irregular and uncontrolled insulin secretion is the major feature of CHI, so expression 

changes of genes associated with insulin secretion regulation were examined from the 

experimental microarray data. Genes that play roles in insulin secretion were listed from 

KEGG (Kyoto Encyclopedia of Genes and Genomes), (Kanehisa and Goto, 2000; 
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Kanehisa et al, 2016). KEGG is a widely used collection of databases that present 

information of genomes, biological pathways, diseases, drugs, and chemical substances. 

This database is a kind of reference knowledge base for understanding genomic 

information towards their higher order functional information (Kanehisa and Goto, 2000). 

The list of genes associated with insulin secretion is accessible at http://www.genome.jp 

/dbget-bin/www_bget?pathway:map04911. Amongst the 67 reported genes, the 

expressions of 10 were significantly higher in the diseased tissue. Figure 5.9 B shows the 

expression of only those 10 over-expressing genes. 

 

In summary, apart from known CHI genes, a number of genes were identified in the 

present study from the basic analysis of experimental microarray data which were 

differentially expressed in CHI tissues and hence, could be potentially associated with 

CHI pathobiology. The genes were found to be associated with various biological 

processes involving glucose homeostasis, pancreatic cell differentiation, regulation of 

exocytosis etc. The genes are listed in Table 5.2, their differential expression is illustrated 

in Figure 5.10 and their roles in various biological functions are illustrated in Table 5.3. 
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Figure 5.7: Differential expression in CHI tissues of known CHI genes and genes for 

hormones and receptors associated with blood glucose regulation. Panel A shows the 

expression pattern of previously reported known CHI genes. Panel B denotes the expression of 

genes encoding hormones and the receptors participating in blood glucose regulation. Nes163, 

Nes167 and Nes168 represent three complete patient samples from which healthy and lesion 

tissues were obtained, analysed and compared for differential gene expression. Mean represent 

average values of all five controls and six disease conditions differential gene expression data. 

 

 

 

 

Figure 5.8: Differential expression in CHI tissues of genes associated with pancreas 

organogenesis and mature beta-cell generation. Nes163, Nes167 and Nes168 represent 

three complete patient samples from which healthy and lesion tissues were obtained, analysed 

and compared for differential gene expression. Mean represent average values of all five 

controls and six disease conditions differential gene expression data. 
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                 Potential CHI genes previously identified by exome sequencing 

 
 

 

 

 

 

Figure 5.9: Differential expression in CHI tissues of genes previously predicted 

potentially associated with CHI and genes regulating insulin secretion.  Panel A shows 

the differential expression of potential CHI associated genes identified by exome sequencing 

(Proverbio et al, 2013). Panel B shows the expression of genes regulating insulin secretion in 

beta cells (KEGG database). Nes163, Nes167 and Nes168 represent three complete patient 

samples from which healthy and lesion tissues were obtained, analysed and compared for 

differential gene expression. Mean represent average values of all five controls and six 

disease conditions differential gene expression data.  
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Table 5.2: List of potential CHI associated genes identified from the basic analysis of 

experimental microarray data 

 

Gene ID Gene name 

SSTR2 Somatostatin receptor 2 

GLP1R Glucagon-like-protein 1 receptor 

NKX6.1 NK6 homeobox 1 

NEUROD1 Neuronal differentiation 1 

RFX6 Regulatory factor X6 

PAX6 Paired box 6 

ISL1 ISL LIM homeobox 1 

INSM1 Insulinoma-associated 1 

CACNA1A Calcium voltage-gated channel subunit alpha1 A 

ATP1B2 ATPase Na
+
/K

+
 transporting subunit beta 2 

FFAR1 Free fatty acid receptor 1 

CACNA1D Calcium voltage-gated channel subunit alpha1 D 

KCNMA1 Potassium calcium-activated channel subfamily M alpha 1 

KCNMB2 Potassium calcium-activated channel subfamily M regulatory beta subunit 2 

ADCYAP1 Adenylate cyclase activating polypeptide 1 

PLCB4 Phospholipase C beta 4 

RIMS2 Regulating synaptic membrane exocytosis 2 

PCLO Piccolo presynaptic cytomatrix protein 

SNAP25 Synaptosome associated protein 25 

 

 
 

Figure 5.10: Differential gene expression 

pattern of identified potential CHI 

associated genes. Here differential gene 

expression values are represented as a 

colour-coded heat map. Lanes labelled as 

“Nes163”, “Nes167” and “Nes168” 

represent three complete patient samples. 

Lane labelled as “Mean” represent average 

values of all controls and disease 

conditions gene expression data. Range of 

colours (from red to violet) in the scale bar 

indicates range of fold change in gene 

expression in the disease condition.   
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Table 5.3: List of biological processes in which identified potential CHI associated 

genes participate 

 

Biological process 
Gene 

count 

% of 

total 

genes 

p-Value 

Insulin secretion 11 61.11 3.45E-16 

Regulation of insulin secretion 6 33.33 5.18E-09 

cAMP-mediated signaling 4 22.22 7.11E-06 

Type B pancreatic cell differentiation 3 16.67 3.46E-05 

Glucose homeostasis 4 22.22 1.35E-04 

Cellular response to glucocorticoid stimulus 3 16.67 1.81E-04 

Endocrine pancreas development 3 16.67 3.09E-04 

Pituitary gland development 3 16.67 3.59E-04 

Potassium ion transport 3 16.67 0.003055 

Pancreatic A cell differentiation 2 11.11 0.004044 

Positive regulation of cytosolic calcium ion 

concentration 
3 16.67 0.007948 

Cellular potassium ion homeostasis 2 11.11 0.012085 

Transcription from RNA polymerase II promoter 4 22.22 0.014008 

Positive regulation of transcription from RNA 

polymerase II promoter 
5 27.78 0.014948 

Spinal cord motor neuron differentiation 2 11.11 0.01708 

Signal transduction involved in regulation of gene 

expression 
2 11.11 0.019071 

Synaptic vesicle exocytosis 2 11.11 0.022051 

Chemical synaptic transmission 3 16.67 0.024023 

Positive regulation of calcium ion transport 2 11.11 0.026011 

Regulation of exocytosis 2 11.11 0.026011 

Response to starvation 2 11.11 0.034865 

Positive regulation of cell differentiation 2 11.11 0.036822 

Cerebellum development 2 11.11 0.036822 

Calcium ion-regulated exocytosis of neurotransmitter 2 11.11 0.038776 

Activation of adenylate cyclase activity 2 11.11 0.039751 

Positive regulation of insulin secretion 2 11.11 0.040726 
    

 

~This list of the biological process was generated using DAVID v6.8 (Dennis et al, 

2003; Huang et al, 2009a; Huang et al, 2009b). This is a knowledge base that provides 

functional annotation of lists of genes derived from genomic studies to understand 

biological meaning comprehensively. Here in this Table the term “Gene count” 

represents the number of genes from the query genes that were predicted to be 

associated with the individual biological process. The titles of the biological processes 

listed here were provided by the software program.   
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5.2.5 Exploring biological processes related to differentially expressed genes 
 

It was mentioned in section 5.1.3 that class comparison is one of the tools to analyse gene 

expression data to identify prospective candidate genes and biological processes or 

pathways potentially associated with a biological condition. To identify CHI associated 

potential candidate genes and pathways, this class comparison approach was used to 

analyse the data from the present study (details in section 5.1.3). This section and all the 

next sections in this chapter present the analyses based on this class comparison approach 

to identify potential CHI genes and related pathways. As there is no software program 

available which can analyse a set of data accurately to identify potential disease-related 

genes and related pathways, multiple software programs like DAVID, PANTHER and 

IPA (described in section 5.1.4) were used for analysis using this class comparison 

approach. 

 

Raw mean data obtained from the microarray experiments were used to analyse genome-

wide gene expression in terms of significant fold changes (at least two-fold, q-value ≤ 

0.05) on comparing the results between the control and disease conditions studied. 

Among 33720 genes that were studied, only a small proportion of genes (391 genes) were 

observed to meet the cutoff criteria and be expressed significantly in disease conditions. 

Figure 5.11 shows a volcano plot which combines the statistical significance (q-value) 

with the magnitude of the gene expression change (fold change). This combination of 

measurement provides a visual illustration of genes that met the cutoff criteria and 

displayed genes with large degree changes (Cui and Churchill, 2003; Li, 2012). This 

illustration shows that very few genes were differentially expressed in CHI tissues and no 

abnormally high or low expression was observed for any genes. 
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Figure 5.11: Volcano plot to visualise statistically significant changes in gene expression.  

The plot illustrates significance versus fold-change on y- and x- axes, respectively. The 

parameters of visualisation are- not significant (fold change < |2|, q-value > 0.05), significant 

FDR (fold change < |2|, q-value ≤ 0.05), significant Fold change (fold change ≥ |2|, q-value > 

0.05), significant FDR and Fold (fold change ≥ |2|, q-value ≤ 0.05). Top five (in terms of fold 

change) over-expressed and down-expressed genes are indicated by the pointed arrows. This 

plot was constructed using statistical program R, version 3.4.0 and Bioconductor packages. 

 

 
Total 132 biological functions were identified by the DAVID knowledgebase where the 

genes, which show significant expression changes in CHI condition, participate in the 

human body. Among them, the top 40 statistically significant biological processes are 

mentioned in Table 5.4. The Table shows diverse categories of biological processes 

including insulin secretion regulation, glucose homeostasis, beta cell differentiation 

regulation, ion transport, exocytosis, etc. and all of these processes are linked to the 

phenotypes typically displayed by CHI patients (Dunne et al, 2004; James et al, 2009; 

Arya et al, 2014; Yorifuji, 2014). The DAVID knowledgebase also predicts some other 

biological pathways like inflammation, nervous system development and signal 

transduction which can be associated with CHI.  
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Table 5.4:  List of statistically significant biological processes identified by DAVID 

knowledgebase altered in CHI conditions 

 

Biological process 
Gene 

count 

% of 

total 

genes 

p-Value 

Regulation of insulin secretion 12 3.23 1.54E-08 

Calcium ion-regulated exocytosis of neurotransmitter 8 2.16 3.64E-06 

Regulation of calcium ion-dependent exocytosis 7 1.89 2.43E-05 

Inflammatory response 20 5.39 2.70E-05 

Insulin secretion 6 1.62 1.61E-04 

Glucose homeostasis 9 2.42 3.22E-04 

Type B pancreatic cell differentiation 4 1.08 3.77E-04 

Potassium ion transport 8 2.16 4.84E-04 

Regulation of exocytosis 5 1.35 9.05E-04 

Chemical synaptic transmission 12 3.23 0.002731 

Calcium ion import 4 1.08 0.002758 

Ion transmembrane transport 11 2.96 0.003205 

Vesicle fusion 6 1.62 0.003222 

Positive regulation of insulin secretion 5 1.35 0.005022 

Cellular calcium ion homeostasis 7 1.89 0.005038 

Pancreas development 4 1.07 0.005131 

Positive regulation of endothelial cell proliferation 6 1.62 0.006309 

Chemokine-mediated signaling pathway 6 1.62 0.007113 

Nervous system development 12 3.23 0.010137 

Neurotransmitter secretion 5 1.35 0.010864 

Cell-cell signaling 11 2.96 0.011719 

Exocytosis 6 1.62 0.013473 

Anion transmembrane transport 4 1.08 0.014002 

Central nervous system development 7 1.89 0.016579 

Positive regulation of cAMP-mediated signaling 3 0.81 0.016934 

Adenylate cyclase-modulating G-protein coupled 

receptor signalling pathway 
4 1.08 0.024577 

cAMP-mediated signaling 4 1.08 0.026357 

Response to insulin 5 1.35 0.027037 

Regulation of G-protein coupled receptor protein 

signalling pathway 
4 1.08 0.028204 

Response to glucose 5 1.35 0.028356 

Positive regulation of calcium ion-dependent 

exocytosis 
3 0.81 0.02945 
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Biological process 
Gene 

count 

% of 

total 

genes 

p-Value 

Positive regulation of GTPase activity 17 4.58 0.032371 

Positive regulation of inflammatory response 5 1.35 0.03552 

Signal transduction 29 7.82 0.038891 

Signal transduction involved in regulation of gene 

expression 
3 0.81 0.040596 

Regulation of ion transmembrane transport 6 1.62 0.040794 

Positive regulation of tumour necrosis factor 

production 
4 1.08 0.045371 

Sodium ion transport 5 1.35 0.048967 

Positive regulation of high voltage-gated calcium 

channel activity 
2 0.54 0.050061 

Insulin processing 2 0.54 0.050061 
    

 

~This list of the biological processes was generated using DAVID v6.8. Here in this 

Table the term “Gene count” represents the number of genes from the query genes that 

were predicted to be associated with the individual biological process. The titles of the 

biological processes listed here were provided by the software program. 

 

 

5.2.6 Gene functional classification by Gene Ontology (GO)  
 

Table 5.4 lists broadly-classified biological processes identified in this study to be 

associated with CHI potentially. To narrow down the broad processes and to investigate 

the biological activities potentially affected due to the gene mutations in CHI patients, 

gene functional analyses were conducted using The PANTHER Classification System 

version 10.0. This classification system performs Gene Ontology (GO) term enrichment 

analyses at three levels of functional annotations- molecular functions, cellular 

components and biological process to define the biological activities. These three 

hierarchical levels of annotations provide some information to understand where in the 

cells and what types of biological functions are altered in a given condition.  

 

5.2.6.1 Molecular functions altered in CHI conditions 
 

The PANTHER classification system was utilised to cluster the differentially expressed 

genes obtained from the experimental microarray datasets according to the molecular 
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functions (in broad range) they perform. The broad molecular functions that resulted from 

the analyses and were predicted to be associated with the differentially expressed genes 

were- binding, catalytic activity, channel regulator activity, receptor activity, signal 

transducer activity, structural molecule activity, translation regulatory activity, and 

transporter activity (Figure 5.12). In CHI conditions, the top four molecular functions 

where larger number of differentially expressed genes were predicted to be associated 

were - catalytic activity, with 84 over-expressed and 15 down-expressed genes, binding, 

with 79 over-expressed and 18 down-expressed genes, transporter activity, with 33 over-

expressed and only 1 down-expressed gene, and receptor activity, with 16 over-expressed 

and only 2 down-expressed genes. Signal transducer activity was predicted to show 100% 

up-regulation with 9 over-expressed genes and no down-expressed gene in the category. 

 

 
 
 

Figure 5.12: Classification of the differentially expressed genes based on the molecular 

functions. Eight broad molecular functions were predicted by the PANTHER system to be 

associated with the differentially expressed genes in CHI conditions. In each category of 

function, the percentage of over-expressed genes is represented by the blue area whereas the 

percentage of down-expressed genes is represented by the red area. The numbers mentioned 

in the blue and red area in each bar represent the number of over-expressed and down-

expressed genes, respectively, in each category.  
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5.2.6.2 Biological processes altered in CHI conditions 
 

As part of the gene ontology term enrichment analyses, the PANTHER classification 

system was used to identify biological processes potentially altered in CHI condition. The 

differentially expressed genes were clustered according to the biological processes they 

are associated with. Both the over-expressed and down-expressed genes were found to 

participate in the same twelve broad categories of biological processes (Figure 5.13). The 

number of over-expressed genes in each process was observed to be much higher than 

down-expressed genes, except two processes- immune system process and locomotion, 

where the number of down-expressed genes was found higher. In CHI conditions, the top 

four biological processes identified by PANTHER where a larger number of differentially 

expressed genes were observed to be associated were – cellular process, with 141 over-

expressed and 25 down-expressed genes, metabolic process, with 91 over-expressed and 

12 down-expressed genes, biological regulation, with 57 over-expressed and 12 down-

expressed genes, and “response to stimulus”, with 44 over-expressed and 16 down-

expressed genes.  

  

Among the twelve categories of biological processes, the highest numbers of both over-

expressed (141) and down-expressed (25) genes were observed to be associated with one 

category, cellular process. The PANTHER system was used to further explore this 

biological process to identify the sub-biological processes within this category. It was 

found that the category, cellular process was sub-divided into six sub-processes (Figure 

5.14). Among them, three sub-processes were found to have a higher number of over-

expressed genes and they are - cell communication, with 53 over-expressed and 13 down-

expressed genes, cell cycle, with 14 over-expressed and 2 down-expressed genes, and 

cellular component movement, with 6 over-expressed and 5 down-expressed genes. One 

sub-process, cell proliferation was found to be associated with 1 over-expressed and 3 

down-expressed genes. Two sub-processes were found to be associated with only over-

expressed genes and they are- cell recognition, with 1 over-expressed gene and 

cytokinesis with 4 over-expressed genes. 
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Figure 5.13: Classification of the differentially expressed genes based on the biological 

process. Twelve broad biological processes predicted by the PANTHER system to be 

associated with the differentially expressed genes in CHI conditions. Panel A shows the pie 

charts illustrating the predicted biological processes where over-expressed and down-

expressed genes participate. The number adjacent to each pie section denotes the number of 

genes (over-expressed or down-expressed) associated with each biological process. Panel B 

represents a simplistic visualisation of the percentage of over-expressed or down-expressed 
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genes in each category of biological process. Percentage of over-expressed genes is 

represented by the blue area whereas the percentage of down-expressed genes is 

represented by the red area in each bar. The numbers mentioned in the blue and red area in 

each bar represent the number of over-expressed and down-expressed genes, respectively, 

in each category. 
 

 

 

 

 

 

Figure 5.14: Breakdown of the major biological process category, cellular process, into 

sub-biological processes. Six broad sub-biological processes were predicted by the 

PANTHER system to be clustered under the category, cellular process. The number 

adjacent to each pie section denotes the number of genes (over-expressed or down-

expressed) associated with each sub-biological process.  

 

 

5.2.6.3 Cellular components altered in CHI conditions 
 

Cellular component is the third domain of gene ontology annotation system which 

describes the location of the cells or its extracellular environment where a gene product 

functions. Cellular components of differentially expressed genes in CHI conditions were 

identified using the PANTHER classification system and were illustrated as clusters 

according to the sub-cellular locations where they perform their roles. A total of eight 

sub-cellular locations were identified to be associated with the differentially expressed 

genes (Figure 5.15). Among them, four sub-cellular locations were found to be associated 

with a higher number of over-expressed genes and they are - cell part, with 89 over-

expressed and 7 down-expressed genes, extracellular region, with 10 over-expressed and 
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7 down-expressed genes, membrane, with 30 over-expressed genes and 1 down-expressed 

gene, and organelle, with 41 over-expressed genes and 1 down-expressed gene. One sub-

cellular location, extracellular matrix, was found to be associated with an equal number 

(1) of the over-expressed and down-expressed gene. Three sub-cellular locations were 

found to be associated with only over-expressed genes and they are- cell junction, with 2 

over-expressed genes, macromolecular complex, with 15 over-expressed genes, and 

synapse with 4 over-expressed genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: Classification of the differentially expressed genes based on the cellular 

components associated with them. Eight broad sub-cellular locations were predicted by 

the PANTHER system to be associated with the differentially expressed genes in CHI 

conditions. Panel A shows the pie charts illustrating the predicted sub-cellular locations 

where over-expressed and down-expressed genes carry out their functions. The number 
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adjacent to each pie section denotes the number of genes (over-expressed or down-

expressed) associated with each location. Panel B represents a simplistic visualisation of 

the percentage of over-expressed or down-expressed genes associated with each category 

of cellular location. Percentage of over-expressed genes is represented by the blue area 

whereas the percentage of down-expressed genes is represented by the red area in each bar. 

The numbers mentioned in the blue and red area in each bar represent the number of over-

expressed and down-expressed genes, respectively, in each category. 

 

 

So, based on the gene expression data, the PANTHER classification system through its 

own computational algorithm predicted some biological processes (in broad category) 

like cellular process (including cell communication, cell cycle regulation), metabolic 

processes and biological regulation to be altered in CHI which could affect some 

molecular functions like catalytic activities of proteins, protein-protein interactions and 

activities of some receptors. However, the software program is not efficiently designed 

yet to predict biological outcomes accurately based on the analysis of data (Mi et al, 

2013a; Mi et al, 2013b). Hence, the software program could not identify which specific 

biological processes and associated genes or proteins could be altered in CHI. 

Nonetheless, some broad biological processes were predicted by the software program 

which could be associated with CHI. Alteration of one or more of these processes might 

induce the cells to acquire CHI condition. Future studies might consider investigating 

these processes to have a better understanding of CHI mechanism. 

 

 

5.2.7 High-throughput expression analysis of experimental microarray data 
 

Since there is no software program available which can predict biological outcomes 

precisely based on the analysis of data, it is recommended to use more than one software 

program to analyse the data to have better ideas of possible biological outcomes (Selvaraj 

and Natarajan, 2011; Cahan et al, 2014; Stevens et al, 2014). Since the PANTHER 

classification system was only able to predict the broad category of biological processes 

and the software was not perfectly efficient to predict the outcomes, another software 

program was explored to cross-validate the findings of this PANTHER program. Hence, 

genome-wide gene expression raw data obtained from microarray experiments were also 

analysed using IPA as part of the class comparison approach. IPA is one of the most 
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powerful analytical software programs available to explore datasets acquired from high-

throughput expression analysis like microarray and it provides annotations based on a 

manually curated knowledge base of biological functions (Eisenstein, 2006; Shapira et al, 

2009; Thomas and Bonchev, 2010; Jin et al, 2014; Ben-Ari Fuchs et al, 2016). In addition 

to predicting biological processes, the software can also predict potential upstream 

regulators and downstream genes/proteins which can be altered because of the genes that 

are found differentially expressed in the experimental datasets (Ben-Ari Fuchs et al, 

2016; Haddad et al, 2016; Yu et al, 2016). To analyse the datasets, the cutoff criteria were 

selected as fold change ≥ 2 for both, up-regulated and down-regulated genes with q-value 

≤ 0.05. A list of 391 differentially expressed genes was generated by IPA analysis that 

met the cutoff criteria. SLC17A6 (solute carrier family 17 member 6) which shows 

transmembrane transporter activity was found to be the most up-regulated gene (7.99 

fold). Whereas MGST1 (microsomal glutathione S-transferase 1) was observed to be the 

most down-regulated gene (-4.03 fold). Details for all the up- and down-regulated genes 

for the CHI conditions analysed are provided in Appendices II and III. A brief summary 

of the IPA analysis of the microarray data is provided in Table 5.5.   
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Table 5.5: Summary of the IPA analysis of experimental microarray data 
 

Molecular and Cellular Functions 

Name p-value Number of molecules 

Molecular transport  6.64E-04 - 2.93E-16 127 

Cellular development 6.14E-04 - 2.62E-11 55 

Cellular function and 

maintenance 

7.62E-04 - 9.28E-11 106 

Cell-to-cell signalling and 

interaction 

6.64E-04 - 9.51E-11 97 

Small molecule biochemistry 7.62E-04 - 5.86E-10 96 
 

Physiological System Development and Function 

Name p-value Number of molecules 

Behaviour 6.98E-04 - 1.53E-16 79 

Nervous system development 

and function 

7.62E-04 - 1.71E-13 118 

Endocrine system 

development and function 

7.27E-04 - 6.05E-12 49 

Organ development 6.97E-04 - 6.05E-12 44 

Tissue morphology 6.64E-04 - 1.56E-11 85 
 

Experimental Fold Change up-regulated (top five) 

Gene ID Gene name fold change 

SLC17A6 Solute carrier family 17 member 6 ↑ 7.987 

SCG3 Secretogranin III ↑ 5.732 

SNORD115-32 Small nucleolar RNA, C/D box 115-32 ↑ 5.694 

PPY Pancreatic polypeptide ↑ 5.669 

G6PC2 Glucose-6-phosphatase, catalytic subunit 2 ↑ 5.576 
 

Experimental Fold Change down-regulated (top five) 

Gene ID Gene name fold change 

MGST1 Microsomal glutathione S-transferase 1 ↓-4.03489 

H19 
H19, imprinted maternally expressed 

transcript (non-protein coding)  

↓-3.89967 

GUCA1C Guanylate cyclase activator 1C ↓-3.33672 

CXCL10 C-X-C motif chemokine ligand 10 ↓-3.26505 

LMO3 LIM domain only 3  ↓-3.21735 
 

~This summary of the analyses was generated by the IPA software program. Here in this 

Table the term “Number of Molecules” represent the number of genes from the query 

differentially expressed genes that were predicted by the program to be associated with the 

individual biological process. The titles of the biological processes listed here were provided 

by the software program. Fold change ≥ 2 for both, up-regulated and down-regulated genes 

with q-value ≤ 0.05 was considered significant in the analysis with this software. 
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5.2.7.1 Analysing canonical pathways and processes associated with differentially 

expressed genes in CHI conditions  

 

In addition to DAVID and PANTHER programs, IPA software was explored to predict 

potential pathways and processes which are associated with the differentially expressed 

genes in CHI conditions. As previously, for this analysis, the cutoff criteria were set as 

fold change ≥ 2 for both, up-regulated and down-regulated genes with q-value ≤ 0.05. 

 

Fifty-three canonical pathways were predicted by the IPA software to be associated with 

the genes differentially expressed in CHI. Figure 5.16 shows the canonical pathways 

predicted to be associated with the differentially expressed genes in CHI observed in the 

experimental datasets. The top ten statistically significant canonical pathways (in order of 

significance, from higher to lower) were-  LXR/RXR (Liver X receptor/ Retinoid X 

receptor) activation, pathogenesis of multiple sclerosis, maturity-onset diabetes of young 

(MODY) signalling, axonal guidance signalling, dopamine-DARPP32 feedback in cAMP 

signalling, cardiac β-adrenergic signalling, IL-17 signalling, amyotrophic lateral sclerosis 

signalling, CREB signalling in neurons, GPCR-mediated nutrient sensing in 

enteroendocrine cells (pathway titles as provided by the software program). 

 

Among the statistically significant 53 canonical pathways predicted from this gene 

expression datasets, 7 pathways were calculated to be activated significantly in CHI 

conditions and they were (in order of z-score, from higher to lower) - cardiac hypertrophy 

signalling, CREB signalling in neurons, neuropathic pain signalling in dorsal horn 

neurons, P2Y purigenic receptor signalling pathway, thrombin signalling, calcium 

signalling, and melatonin signalling (pathway titles as provided by the software program). 

No pathways were found to be inhibited according to the expression datasets. The z-score 

is a statistical measurement of the state of activation or inhibition of the pathways and 

was calculated by the IPA software by comparing the information in the datasets being 

examined and the information available in the IPA knowledge base. Positive z-score 

indicates activation while a negative score indicates inhibition. An absolute z-score of ≥ 2 

was considered statistically significant. 



Chapter five 

Page | 233  Towards an in vitro model of congenital hyperinsulinism of infancy 

 

 

Positive z-score 

 

 

z-score = 0 

 

 

Negative z-score 

 

 

No activity pattern available 

 

 

Ratio 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: Significant canonical Pathways identified to be associated with 

differentially expressed genes in CHI conditions. The pathways were predicted by using 

IPA software. A graph was generated having the pathways on the x-axis and the significance 

(–log of p-value) on the y-axis. The pathways are presented in descending order of 

significance. Pathways with predicted activation (with a positive z-score) are shown in 

orange. The intensity of the orange colour in the pathway bars corresponds to the level of 

activation. Pathways that were unchanged (with z-score = 0) are shown in white colour. 

Pathway for which no activity pattern was observed is marked in grey colour. No pathways 

were predicted to be inhibited (with a negative z-score). A threshold line was drawn to 

indicate the data point where the p-value is 0.05. The orange points on each bar indicate the 

ratio value of the number of genes associated with each pathway that met the cutoff criteria 

and the total number of reference genes associated with that particular pathway.   
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Significantly activated canonical pathways were further explored using IPA tools to 

understand the possible role of the molecules in the data sets being analysed in each 

pathway. Top two significant canonical pathways are illustrated below (Figure 5.17 and 

Figure 5.18) which were generated by the IPA program. The molecules from the 

experimental datasets which were predicted to be part of the pathway being explored 

were highlighted in pink colour in the pathway diagram. Over-expressed (or up-regulated) 

and down-expressed (down-regulated) molecules in the diagram were highlighted with 

red and green colour, respectively. Furthermore, a prediction tool in IPA, “Molecule 

Activity Predictor” (MAP), was used to predict the activation or inhibition status of the 

molecules in the pathway being analysed.  

 

Cardiac hypertrophy signalling (p-value = 2.11E-03, and z-score = 2.646) was predicted 

to be the most activated canonical pathway associated with the differentially expressed 

genes in the present datasets. Cardiac hypertrophy is a heart‟s response (like abnormal 

enlargement, thickening of the muscle etc.) to different forms of cardiac anomalies (e.g. 

hypertension, valvular disease, congenital heart disease) (Molkentin et al, 1998; Heineke 

and Molkentin, 2006; Sala et al, 2012). Figure 5.17 shows the cardiac hypertrophy 

signalling pathway. One of the IPA tools, MAP, was used to predict the relationship 

(activation or inhibition) of the molecules in the pathway. 10 genes from the datasets 

being examined were found to be part of this canonical pathway and all of them were 

observed to be over-expressed in CHI conditions (Table 5.6).  

 

The second most significant canonical pathway predicted to be activated by the 

differentially expressed genes being analysed was CREB signalling in neurons. This 

pathway was predicted to have a p-value of 1.40E-03 and a z-score of 2.449. This 

signalling pathway plays an important role to integrate new memory and also information 

processing within neuronal networks (Impey et al, 1998; Benito and Barco, 2010; 

Pugazhenthi et al, 2011). Figure 5.18 shows the illustrated diagram of the CREB 

signalling pathway in neurons. IPA tool, MAP, was again used to predict the relationship 

(activation or inhibition) of the molecules in the pathway. 9 genes from the datasets being 

examined were found to be part of this canonical pathway and all of them were observed 

to be over-expressed in CHI conditions (Table 5.7). Six of these nine genes are also part 

of the above-mentioned cardiac hypertrophy signalling pathway (Table 5.6). 
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Although the predicted canonical pathways seem, at first sight, not to be relevant with 

CHI pathobiology directly, however, the software program predicted activation to these 

pathways based on the differential gene expression in CHI tissues. Cardiac hypertrophy 

can develop because of endocrine disorders (Molkentin et al, 1998; Kim et al, 2008) and 

CREB signalling is known to be associated with glucose homeostasis (Herzig et al, 2001; 

Altarejos and Montminy, 2011; Oh et al, 2013). So, either these pathways play roles 

directly or indirectly to the progression of CHI, or activation of these pathways could be 

the outcome of CHI. In total, 13 genes from the present datasets were predicted to be 

associated with these two canonical pathways, 3 of these genes were identified in the 

basic analysis of the datasets (described in section 5.2.4). So future analysis can explore 

these 10 more genes for studying their possible role in CHI development. 
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Figure 5.17: Cardiac hypertrophy signalling pathway. The pathway was generated using 

the IPA software. Molecules from the datasets which were found to be part of the pathway 

are highlighted in pink. Predicted activations or inhibitions of molecules by other 

molecules in the pathway are also illustrated here. Molecules in the pathway which were 

found in the datasets being examined but did not meet the cutoff criteria are highlighted in 

grey. Molecules which are in the pathway reference knowledge base but not in the datasets 

are indicated by white.  
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Table 5.6: Differentially expressed genes in the experimental microarray datasets 

found to be associated with the cardiac hypertrophy signalling pathway 

 

Gene ID Gene name 
Experimental 

fold change 

Experimental  

p-value 

Cellular 

location 

CACNA1A 
Calcium voltage-gated 

channel subunit alpha1 A 
2.519 3.35E-06 

Plasma 

Membrane 

CACNA1D 
Calcium voltage-gated 

channel subunit alpha1 D 
3.078 2.05E-06 

Plasma 

Membrane 

GNA12 G protein subunit alpha 12 2.073 9.37 E-04 
Plasma 

Membrane 

GNAO1 G protein subunit alpha O1 2.754 8.97 E-06 
Plasma 

Membrane 

GNG4 G protein subunit gamma 4 4.425 2.66 E-07 
Plasma 

Membrane 

KL Klotho 2.078 1.69 E-04 
Extracellular 

Space 

MAP3K15 
Mitogen-activated protein 

kinase kinase kinase 15 
2.781 1.12 E-05 Other 

PLCB4 Phospholipase C beta 4 2.765 1.14 E-04 Cytoplasm 

PLCH2 Phospholipase C eta 2 2.061 3.15 E-05 Cytoplasm 

PRKACB 
Protein kinase cAMP-

activated catalytic subunit beta 
3.489 2.23 E-05 Cytoplasm 
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Figure 5.18: CREB signalling in neurons. The pathway was generated 

using IPA software. Molecules from the datasets which were found to be 

part of the pathway are highlighted in pink. Predicted activations or 

inhibitions of molecules by other molecules in the pathway are also 

illustrated here. Molecules in the pathway which were found in the datasets 

being examined but did not meet the cutoff criteria are highlighted in grey. 

Molecules which are in the pathway reference knowledge base but not in 

the datasets are indicated by white. Both direct (solid line) and indirect 

(dotted line) interactions are illustrated in the network diagrams. 
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Table 5.7: Differentially expressed genes in the experimental microarray datasets 

found to be associated with the CREB signalling pathway in neurons 

 

Gene ID Gene name 
Experimental 

fold change 

Experimental  

p-value 

Cellular 

location 

GNA12 G protein subunit alpha 12 2.073 9.37E-04 
Plasma 

membrane 

GNAO1 G protein subunit alpha O1 2.754 8.97E-06 
Plasma 

membrane 

GNG4 G protein subunit gamma 4 4.425 2.66E-07 
Plasma 

membrane 

GRIA2 
Glutamate ionotropic receptor 

AMPA type subunit 2 
2.329 4.76E-05 

Plasma 

membrane 

GRIA3 
Glutamate ionotropic receptor 

AMPA type subunit 3 
2.512 1.70E-05 

Plasma 

membrane 

KL Klotho 2.078 1.69E-04 
Extracellular 

space 

PLCB4 Phospholipase C beta 4 2.765 1.14E-04 Cytoplasm 

PLCH2 Phospholipase C eta 2 2.061 3.15E-05 Cytoplasm 

PRKACB 
Protein kinase cAMP-

activated catalytic subunit beta 
3.489 2.23E-05 Cytoplasm 

 

 

5.2.7.2 Predicting upstream regulators that can regulate genes to express 

differentially in CHI condition  

 

In order to conduct a biological function, a gene/protein might need to be regulated by the 

upstream regulators, the molecules which can induce or inhibit the expression of other 

molecules. These upstream regulators might need to be activated or inhibited before 

regulating downstream target genes/proteins. The IPA software was used to predict 

upstream regulators that could be activated or inhibited and thus could be accountable for 

the differential expression of genes in the datasets being studied. Knowledge of these 

predicted upstream regulators was then used to generate hypotheses to understand how a 

downstream biological function could be regulated by the activation or inhibition of the 

regulators. Table 5.8 shows the list of predicted of upstream regulators activated or 
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inhibited and Table 5.9 presents the list of target molecules and functions predicted to be 

regulated by the upstream regulators. This list of target molecules was sorted based on the 

consistency score. This consistency score is a measurement of causal consistency and 

level of connectivity of a network (Barabási and Oltvai, 2004; Ben-Ari Fuchs et al, 2016). 

The IPA software can generate regulator effect network based on the interaction patterns 

of the upstream regulators and their target molecules. The regulator effect network with 

the highest consistency score (Table 5.9) is presented as a network diagram in Figure 

5.19. Here in this network, the regulators mainly influence immune responses of cells. 

Another network that shows the modulation of the expression of ABCC8 (a CHI gene) 

and regulates glucose sensitivity, as well as neuron development, is also presented here as 

an example in Figure 5.20. So, this analysis provides a list of potential upstream 

regulators (mentioned in Table 5.8) which can be activated or inhibited in CHI condition 

to alter some biological functions (listed in Table 5.9) by means of inducing differential 

expression of genes. Future studies to understand the mechanisms of how these regulators 

are being activated or inhibited in CHI conditions might be helpful to explain the CHI 

mechanism properly.  

 

 

 

 

Table 5.8: List of predicted of upstream regulators activated or inhibited 

 

Upstream 

Regulator 
Molecule Type 

Predicted 

Activation State 

Activation z-score 

HNF1A Transcription regulator Activated 3.322 

NEUROG3 Transcription regulator Activated 3.261 

BDNF Growth factor Activated 3.090 

NEUROD1 Transcription regulator Activated 2.789 

TGF beta Group Activated 2.75 

PAX6 Transcription regulator Activated 2.649 

P2RY14 G-protein coupled receptor Activated 2.646 

TGFB1 Growth factor Activated 2.636 

DICER1 Enzyme Activated 2.433 

MKNK1 Kinase Activated 2.236 

BCL2 Transporter Activated 2.204 

ADIPOQ Hormone Activated 2.177 
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Upstream 

Regulator 
Molecule Type 

Predicted 

Activation State 

Activation z-score 

ADCYAP1 Receptor-ligand Activated 2.08 

EGFR Kinase Activated 2.006 

ASCL1 Transcription regulator Activated 2.000 

NEUROG2 Transcription regulator Activated 2.000 

IFNA1/IFNA13 Cytokine Inhibited -2.172 

IFNL1 Cytokine Inhibited -2.205 

Hedgehog Group Inhibited -2.219 

IL27 Cytokine Inhibited -2.320 

IFNA2 Cytokine Inhibited -2.377 

IFNB1 Cytokine Inhibited -2.411 

IFN gamma Complex Inhibited -2.418 

IFNG Cytokine Inhibited -2.640 

PRL Cytokine Inhibited -2.762 

IL1B Cytokine Inhibited -2.884 

REST Transcription regulator Inhibited -3.126 

 

 

 

 

 

Table 5.9: List of target molecules and functions predicted to be regulated by the 

upstream regulators 

 

Consistency 

Score 

Regulators Target Molecules in 

Dataset 
Functions 

25.981 

EGFR, IFNG, 

Ifn gamma, 

IFNA2, 

IFNB1, IL1B, 

IL27, PRL 

C3, C4A/C4B, CCL11, 

CCL2, CXCL10, 

CXCL11, CXCL12, 

CXCL9, CYBB, TLR3, 

TNFSF14, VEGFA 

Binding of mononuclear 

leukocytes, cell movement of 

microglia, chemoattraction, 

migration of dendritic cells, 

recruitment of inflammatory 

leukocytes 

23.035 

BCL2, BDNF, 

MKNK1, 

NEUROG2, 

P2RY14, 

REST 

ADCYAP1, CASR, 

CBFA2T2, CCND2, 

CHGA, CHGB, CRMP1, 

DDX25, ENO2, GAD2, 

GJD2, GLP1R, GLRA1, 

GNAO1, GRIA2, INA, 

KCNJ6, KIF5A, MAP1B, 

NEUROD1, NKX6-1, 

PAX6, PCLO, PCSK1, 

Cellular degradation, 

coordination, degeneration of 

cells, degeneration of nervous 

system, exocytosis, glucose 

metabolism disorder, movement 

Disorders, neurodegeneration, 

organisation of cytoskeleton, 

perinatal death, quantity of 

neurons, quantity of vesicles, 
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Consistency 

Score 

Regulators Target Molecules in 

Dataset 
Functions 

PTPRN, RGS7, SCG2, 

SLC17A6, SLC2A2, 

SNAP25, SORL1, SSTR2, 

STXBP5L, SYN1, SYT4, 

SYT7, UCHL1, VEGFA 

 

reflex, release of 

neurotransmitter, seizures, size of 

body, transport of molecule 

11.225 

EGFR, Ifn 

gamma, 

IFNB1, PRL 

CCL2, CDH2, CXCL10, 

CXCL11, CXCL12, 

CXCL9, CYBB, MX1, 

PTGS2, SERPINA3, 

SLC4A7, TLR3, UCHL1, 

VEGFA 

Binding of mononuclear 

leukocytes, cell movement of 

microglia, migration of dendritic 

cells, neuromuscular disease, 

organ degeneration, perinatal 

death 

7.839 

NEUROD1, 

NEUROG2, 

NEUROG3 

ABCC8, CBFA2T2, 

CDH2, CHGA, IAPP, 

INSM1, ISL1, NKX6-1, 

PAX6, PCSK1, PCSK2 

Development of neurons, glucose 

tolerance, morbidity or mortality, 

quantity of neurons 

7.333 

ADIPOQ, 

IFNA1/ 

IFNA13, 

IFNL1 

CCL2, CXCL10, 

CXCL11, CXCL9, CYBB, 

IFI44L, MX1, PTGS2, 

TLR3 

Binding of mononuclear 

leukocytes, cell death, neoplasia 

of cells 

5.814 

ASCL1, 

EUROD1, 

NEUROG2, 

NEUROG3 

CDH2, INSM1, NFASC, 

NKX6-1, PAX6 

Development of neurons, 

quantity of neurons 

3.411 

BDNF, 

DICER1, 

REST 

ADCYAP1, CCND2, 

CHGB, CRMP1, GAD2, 

GLRA1, GNAO1, GRIA2, 

KCNJ6, KIF5A, MAP1B, 

NEUROD1, PCSK1, 

PTPRN, PTPRN2, SCG2, 

SERPINF1, SNAP25, 

SORL1, SYN1, SYT4, 

UCHL1 

Cognition, seizures 

3.051 

Hedgehog, 

HNF1A, 

NEUROD1, 

PAX6 

ABCC8, CCND2, FFAR1, 

G0S2, GLP1R, IAPP, 

NPTX2, PCSK1, PCSK2, 

SLC2A2, TMOD2, 

TRPM3, VEGFA 

Behaviour, glucose tolerance 

1.333 
Tgf beta, 

TGFB1 

CCL2, CXCL10, CYBB, 

GCNT1, MMP7, OLR1, 

P2RY1, PTGS2, VEGFA 

Hypertension 
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Figure 5.19: Schematic regulator effect network showing upstream 

regulators potentially associated with CHI to regulate the immune 

response of cells. The network was generated based on the effect of 

predicted activation or inhibition of upstream regulators that modulate 

the expression of the differentially expressed genes in the datasets 

being studied. The image shows the network that was generated based 

on the activation status of upstream regulators- EGFR, IFNG, Ifn 

gamma, IFNA2, IFNB1, IL1B, IL27, and PRL. Except for EGFR, all 

the other 7 regulators were predicted to be inhibited. As a result of this 

inhibition, 10 out of 12 target molecules might be down-expressed in 

the disease condition and hence, all the downstream biological 

functions affiliated with these upstream regulators were predicted to be 

inhibited. Both direct (solid line) and indirect (dotted line) interactions 

are illustrated in the network diagrams. The image is presented as it is 

generated by the software program.  
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Figure 5.20: Schematic regulator effect network showing upstream 

regulators potentially associated with CHI to regulate glucose 

sensitivity as well as neuron development. The network was 

generated based on the effect of predicted activation or inhibition of 

upstream regulators that modulate the expression of the differentially 

expressed genes in the datasets being studied. The image illustrates 

the network that was generated based on the activation status of 

upstream regulators- NEUROD1, NEUROG2, and NEUROG3. All 

the 7 regulators were predicted to be activated. All of the 11 target 

molecules might result in over-expression in the disease condition. 

And the over-expression of these target molecules was then predicted 

to activate 3 downstream functions and inhibit one function. Both 

direct (solid line) and indirect (dotted line) interactions are illustrated 

in the network diagrams. The image is presented as it is generated by 

the software program. 
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5.2.7.3 IPA analysis of biological functions predicted to be altered because of 

differentially expressed genes  

 

As part of class comparison approach (as mentioned in section 5.2.5), biological functions 

potentially altered in CHI conditions were also predicted by IPA. One of the advantages 

of using IPA software was not only it provided the list of biological functions potentially 

altered in CHI but also it provided the list of genes related to those functions. 23 

biological functional networks (in broad categories) were predicted to be altered from the 

experimental datasets by the IPA software. This prediction was based on the interaction 

information of molecules available in the IPA knowledge base. Among the 23 networks, 

top 10 networks are listed in Table 5.10. The lists of genes from the datasets which were 

calculated to participate in each predicted functional network are also mentioned in the 

Table. Top two networks are illustrated here as graphical representations for a better 

understanding of the role of the genes in the respective networks (Figure 5.21 and Figure 

5.22). So this analysis provides a list of potentially important genes for CHI which can 

modulate a number of important functional networks like nervous system development, 

endocrine system development, cell signalling, cell cycle, transport of small molecules 

etc. Alteration of any these genes and functional networks might be the result of CHI or 

could be the reason behind the CHI development. 

 

 

Table 5.10: List of top functions networks predicted by IPA from experimental gene 

expression datasets   

 

Molecules in network 

(over-expressed in blue and down-expressed in green) 

Focus 

Molecules 
Top Functions 

AP3B2, ATP1B2, BMP5, CADPS, CNIH2, G6PC2, 

GRIA2, GRIA3, INPP5F, KCNA5, KCNB2, KIF5A, 

KIF5C, MTMR7, NFASC, PARM1, PFKFB2, PLAC8, 

PPP1R1A, PTPRN, RAB11A, RCAN2, REG3A, SCD5, 

SGPP2, SLC22A17 ,SLC4A7, SV2A 

28 

Nervous system 

development and function, 

molecular transport, 

neurological disease 

ABCC8, ASB9, C4A/C4B, CHGA, CHGB, CPE, IAPP, 

INSM1, KLKB1, NEUROD1, NKX6-1, PAM, PAX6, 

PCSK1, PCSK2, PTPRN2, RASD1, SCG2, SCG3, 

SCGN, SEMA5A, SERPING1, SLC2A2, ST18, TRPM3 

25 

Cellular development, 

endocrine system 

development and function, 

digestive system 

development and function 

ANXA13, BEX1, CCL11, CFB, CXCL9, CXCL10, 

CXCL11, DEUP1, EDARADD, G0S2, GAD2, GCH1, 

HACD3, IFI44L, IL13RA2, PCLO, RAB3C, REG3G, 

RIMS2, SERPINA3, TFPI2, TLR3, TMOD2, 

TNFSF14, UNC13A 

25 

Cell-to-cell signalling and 

interaction, cellular 

movement, haematological 

system development and 

function 
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Molecules in network 

(over-expressed in blue and down-expressed in green) 

Focus 

Molecules 
Top Functions 

CMIP, ELAVL4, INA, KIAA2022, LRRC39, 

MSANTD4, MYO3A, PAM, PITPNC1, PRPS1, 

RASGEF1B, RGS7, SEPT3, SEZ6L2, SGTB, 

SLC17A6, SLC8A1, SYT13, TMOD2, UNC79 

20 

Behaviour, cellular 

function and maintenance, 

small molecule 

biochemistry 

ARG2, CD200, CHN1, GNAO1, HDAC9, KCNJ5, 

KCNJ6, PLCB4, PLCH2, PPM1E, RGS7, RGS9, 

RGS17, SCIN, SERPINE2, SH3GL2, STMN1, TCN1, 

TNFRSF11A,  

19 

Cell cycle, nervous system 

development and function, 

visual system development 

and function 

CACNA1A, CACNA1D, CACNA2D1, CACNB2, 

GNG4, H19, HHATL, JAKMIP2, PCP4, PPP1R14C, 

PPY, RAB3B, RIMBP2, SLC4A10, SLC8A1, SNAP25, 

SYN1, SYT4, SYT7 

19 

Cardiovascular disease, 

cellular function and 

maintenance, molecular 

transport 

ATP2A3, CASR, CXCL12, ERO1B, HEPACAM2, INA, 

LMO3, MAP1B, mir-368, PNMA1, RFX6, RIMS2, 

SCGN, SLC30A8, ST8SIA3, STXBP5L, TMEM27, 

TSPYL4 

18 

Cell signalling, molecular 

transport, vitamin and 

mineral metabolism 

ACE2, CAMK2N1, CYBB, EDIL3, EDN3, EEF1A2, 

ENO2, EPM2AIP1, FRZB, MMP7, OLR1, QPCT, 

RUNDC3A, SERPINF1, SORL1, SYT17, WNT4 

17 

Cellular movement, 

haematological system 

development and function, 

immune cell trafficking 

ANKH, ATP6AP1, ATP6V0A1, CCND2, EML5, ETV1, 

FGF10, HOPX, ISL1, MEIS2, PDZK1, PLXNC1, 

ROBO2, SLC36A4, SLC7A2, SLC7A8, TMOD1 

17 

Cell morphology, nervous 

system development and 

function, respiratory 

system development and 

function 

ABI3BP, CBFA2T2, CERKL, CHGA, H19, KCNMB2, 

KIAA0319, KIF5A, LONRF2, LRRTM3, MOB1B, 

PAPSS2, PDK3, PLEKHS1, STMN1, TNFSF14, 

ZNF483 

17 

Cellular assembly and 

organization, cell 

morphology, nervous 

system development  

 

 

In summary, the analyses performed by the IPA software program predicted a list of 

potential CHI-associated genes which can play roles in some important biological 

pathways including transport of molecules, nervous system development, endocrine 

system development, cellular development, digestive system development, cell signalling 

etc. All of these functional pathways are related to the phenotypes linked with CHI 

(James et al, 2009; Stevens et al, 2013; Arya et al, 2014). In addition, a number of 

upstream regulators were predicted through these analyses. These regulators can play 

roles in alteration of expression of genes and thus can mediate the development of CHI. 

All of these predicted genes could be the subject of future studies for a better 

understanding of CHI development.  
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Figure 5.21: Visualisation of functional network related to nervous system development as well as molecular transport 

predicted by IPA analytical tool to be altered in CHI. The network with the highest number of focus molecules (28) (mentioned 

in Table 5.10) is presented here. Both direct (straight line) and indirect (dotted line) interactions are illustrated in the network 

diagrams. In this functional network, all the 28 significantly expressed genes were predicted to exert their effects by activating AKT 

(a serine/threonine kinase) which is a critical mediator of growth factor-induced neuronal survival. Molecules in the pathways 

which were found in the datasets being examined but did not meet the cutoff criteria are highlighted in grey. The image is presented 

as it is generated by the software program. 
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Figure 5.22: Visualisation of functional network related to endocrine system development as well as cellular development predicted by IPA 

analytical tool to be altered in CHI. The network with the second highest number of focus molecules (25) (mentioned in Table 5.10) is presented here. 

Both direct (straight line) and indirect (dotted line) interactions are illustrated in the network diagrams. In this functional network, all the focus genes were 

predicted to act by inter-acting multiple genes. Among them, transcription factors, NEUROD1 and PAX6 were found the most crucial components of the 

network. Molecules in the pathways which were found in the datasets being examined but did not meet the cutoff criteria are highlighted in grey. The 

image is presented as it is generated by the software program. 
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5.2.8 Expression analysis of experimental microarray data using protein-protein 

interaction and network biology 
 

In addition to the class comparison approaches (described in section 5.2.5 to section 

5.2.7), network biology approach was explored here to predict key potential CHI 

candidate genes. It is mentioned in the section 5.1.5 that network biology utilises the 

patterns of interactions between cellular components (gene, RNA or protein) to identify 

key regulatory component for a given condition (Barabási and Oltvai, 2004; Pujol et al, 

2010; Stevens et al, 2014). Hence, network biology approach was utilized to analyse 

differentially expressed genes in the datasets to filter out the genes potentially important 

in CHI pathobiology. This network analysis was carried out based on protein-protein 

interaction (PPI) information already cited in previous studies and available in different 

PPI databases. From the experimental dataset, top 50 in total over-expression and down-

expression genes (based on fold change) were selected and their protein-protein 

interaction partners (PIPs) (experimentally proven or predicted) were listed using a web-

tool, UniHi (Chaurasia et al, 2007; Kalathur et al, 2014). Table 5.11 lists the top 50 

differentially expressed genes whose PIPs information was available in the PPI databases. 

Table 5.12 shows the list of differentially expressed genes (mainly encoding different 

types of non-coding RNAs) which were not included in this network biology analysis 

because of lack of information regarding their PIPs. 

 

Table 5.11: List of top differentially expressed genes included for network biology 

analysis 
 

Gene ID 
Experimental 

fold change 

No of 

PIPs 
Gene ID 

Experimental 

fold change 

No of 

PIPs 

Over-expression 

SLC17A6 7.98662 3 CXorf57 3.96371 10 

SCG3 5.73173 3 INA 3.93723 33 

PPY 5.66877 207 SLC38A4 3.91409 1 

G6PC2 5.57633 1 NOL4 3.85513 11 

BMP5 5.42886 19 FAM105A 3.77095 2 

PCSK1 5.34898 18 GAD2 3.75709 23 

SYT13 5.00993 1 HEPACAM2 3.68313 34 

RIMS2 4.76136 20 EDARADD 3.6518 19 

RFX6 4.66785 27 VAT1L 3.62934 3 

ABCC8 4.45723 26 RASD1 3.62796 13 

GNG4 4.42531 58 SYT14 3.59173 3 
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Gene ID 
Experimental 

fold change 

No of 

PIPs 
Gene ID 

Experimental 

fold change 

No of 

PIPs 

SCGB2A1 4.37755 15 IL13RA2 3.58845 15 

NEFM 4.12996 44 SORL1 3.53053 33 

RAB3B 4.09549 28 SLC2A2 3.5281 61 

IAPP 4.02412 109 CHGA 3.4891 14 

SCGN 4.02137 23 PRKACB 3.48855 241 

Down-expression 

MGST1 -4.03489 16 COLEC12 -2.78824 17 

H19 -3.89967 1 FABP4 -2.72098 80 

GUCA1C -3.33672 17 C4B -2.68705 17 

CXCL10 -3.26505 224 SERPING1 -2.66952 148 

LMO3 -3.21735 37 REG1B -2.51265 4 

THRSP -3.09056 26 MMP7 -2.51005 91 

CXCL9 -3.02664 220 CXCL11 -2.48133 216 

C3 -2.96514 272 CYBB -2.45412 33 

UCP1 -2.8019 76 C4A -2.42248 54 

 

 

Table 5.12: List of top differentially expressed genes not included for network biology 

analysis 

 

Gene ID Gene name 
Experimental 

fold change 

SNORD115-32 Small nucleolar RNA, C/D box 115-32 5.69395 

PARM1 Prostate androgen-regulated mucin-like protein 1 5.55203 

LOC101927457 Uncharacterized LOC101927457 5.09246 

SNORD115-22 Small nucleolar RNA, C/D box 115-22 4.99572 

SNORD115-5 Small nucleolar RNA, C/D box 115-5 4.74847 

SNORD115-6 Small nucleolar RNA, C/D box 115-6 4.69781 

SNORD115-44 Small nucleolar RNA, C/D box 115-44 4.68766 

SNORD115-27 Small nucleolar RNA, C/D box 115-27 4.66783 

SNORD115-10 Small nucleolar RNA, C/D box 115-10 4.65885 

SNORD115-11 Small nucleolar RNA, C/D box 115-11 4.61906 

SNORD115-25 Small nucleolar RNA, C/D box 115-25 4.54399 

SNORD115-1 Small nucleolar RNA, C/D box 115-1 4.44017 

MIR7-3HG MIR7-3 host gene (non-protein coding) 4.39157 

SNORD115-16 Small nucleolar RNA, C/D box 115-16 4.35774 
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Gene ID Gene name 
Experimental 

fold change 

FAM159B Family with sequence similarity 159, member B 4.2898 

SNORD115-40 Small nucleolar RNA, C/D box 115-40 4.25136 

SNORD115-31 Small nucleolar RNA, C/D box 115-31 4.23499 

LOC101929550 Uncharacterized LOC101929550 4.22272 

SNORD115-38 Small nucleolar RNA, C/D box 115-38 4.20774 

SNORD115-33 Small nucleolar RNA, C/D box 115-33 4.18358 

SNORD115-24 Small nucleolar RNA, C/D box 115-24 4.13269 

SNORD115-21 Small nucleolar RNA, C/D box 115-21 4.11915 

RP11-531A24.3 Novel transcript 3.889 

RP11-38P22.2 Novel transcript 3.78973 

CFC1B Cripto, FRL-1, cryptic family 1B 3.75938 

LINC01112 Long intergenic non-protein coding RNA 1112 3.62479 

SNORD115-28 Small nucleolar RNA, C/D box 115-28 3.53716 

RP11-77M5.1 Putative novel transcript -2.66178 

 

 

Combining all the PIPs of top 50 differentially expressed genes in the dataset being 

studied, an integrated PPI network was generated using Cytoscape (Shannon et al, 2003; 

Cline et al, 2007; Smoot et al, 2011; Sun, 2016; Wang et al, 2016a; Zhang et al, 2016b). 

This network helps to visualise the important molecules that might act as central 

molecules (interaction hubs) and modulate activation state of pathways by influencing the 

pathway molecules. Figure 5.23 shows the complex integrated PPI network that was 

generated using Cytoscape based on the PIPs of top 50 genes being analysed. A number 

of central molecules (genes) with a high number of interaction partners were observed in 

the network. The network was then filtered to identify important genes having at least 10 

PIPs and again a new diagram was generated (Figure 5.24). Network analyser plugin of 

Cytoscape software was then explored to identify key components of the network by 

analysing network properties including average shortest path length, betweenness 

centrality, closeness centrality, clustering coefficient, and degree as a measure of 

confidence of prediction (section 2.12.3 for details). A degree value of ≥ 10 was set as a 

cutoff value to predict the most important component of the network. Table 5.13 presents the 

analysed properties of the generated network and nodes with a degree value of ≥ 10.  
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Figure 5.23: Integrated protein-protein interaction network generated based on 

interaction partners of the top 50 differentially expressed genes being studied. All the 

PIPs of the genes were fetched from PPI databases using web tool UniHi and the network 

was generated using Cytoscape software. In the diagram, all the nodes represent biological 

entities like genes or proteins and the connecting edges represent pairwise protein-protein 

interaction (experimentally verified or computationally predicted). Nodes in the centre of a 

cluster with a larger number of connections are considered important for the overall function 

of the network. The image is presented as it is generated by the software program. 
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Figure 5.24: Visualisation of filtered integrated protein-protein interaction network 

with central nodes having at least 10 interaction partners in the original network. The 

network was generated using Cytoscape software. Only the central nodes in a cluster with at 

least 10 interaction partners illustrated in Figure 5.23 are presented here. In the diagram, all 

the nodes represent biological entities like genes or proteins and the connecting edges 

represent pairwise protein-protein interaction. The image is presented as it is generated by 

the software program. 
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Table 5.13: Analysed properties of the integrated PPI network generated from the top 50 differentially expressed genes in the dataset being used 

 
 

Average 

Shortest 

Path Length 

(A) 

Betweenness 

Centrality 

(B) 

Closeness 

Centrality 

(C) 

Clustering 

Coefficient 

(D) 

Degree 

(E) 

Pearson 

correlation 

between  E 

and A 

Pearson 

correlation 

between  E 

and B 

Pearson 

correlation 

between  E 

and C 

Pearson 

correlation 

between  E 

and D 

Gene ID 

2.811948 0.251419 0.355625 0.0229 272  

 

-0.22234 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.749278 
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0.03754 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C3 

2.775967 0.444109 0.360235 0.000444 233 PRKACB 

3.039375 0.063965 0.329015 0.016376 224 CXCL10 

3.044128 0.05522 0.328501 0.016936 220 CXCL9 

3.129667 0.042322 0.319523 0.017452 217 CXCL11 

3.137135 0.029121 0.318762 0.038225 207 PPY 

3.315003 0.19264 0.301659 0 147 SERPING1 

3.811948 0.118898 0.262333 0.00051 109 IAPP 

3.812627 0.113724 0.262286 0 92 MMP7 

3.851324 0.089337 0.259651 0 79 FABP4 

3.844535 0.083011 0.260109 0 61 SLC2A2 

3.802444 0.052531 0.262989 0 58 GNG4 

3.404616 0.041742 0.293719 0.024458 54 C4A 

3.633401 0.05365 0.275224 0 43 NEFM 

4.5241 0.063833 0.221038 0 37 LMO3 

4.607604 0.043818 0.217033 0 34 HEPACAM2 

3.704005 0.032617 0.269978 0 33 INA 

3.81738 0.037415 0.26196 0 32 SORL1 

3.837746 0.037299 0.26057 0 32 CYBB 
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Average 

Shortest 

Path Length 

(A) 

Betweenness 

Centrality 

(B) 

Closeness 

Centrality 

(C) 

Clustering 

Coefficient 

(D) 

Degree 

(E) 

Pearson 

correlation 

between  E 

and A 

Pearson 

correlation 

between  E 

and B 

Pearson 

correlation 

between  E 

and C 

Pearson 

correlation 

between  E 

and D 

Gene ID 

3.916497 0.033514 0.25533 0.007937 28  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RAB3B 

4.321792 0.023961 0.231385 0 26 THRSP 

5.066531 0.032818 0.197374 0 26 RFX6 

3.613035 0.017355 0.276776 0.036923 26 ABCC8 

4.466395 0.023436 0.223894 0 23 GAD2 

4.942295 0.026332 0.202335 0 22 SCGN 

4.181942 0.017305 0.239123 0.015789 20 RIMS2 

4.373388 0.025965 0.228656 0 19 BMP5 

4.226748 0.016425 0.236589 0.022059 17 PCSK1 

4.150713 0.006098 0.240922 0.080882 17 C4B 

3.786151 0.016385 0.26412 0 17 COLEC12 

4.693143 0.02027 0.213077 0 16 EDARADD 

4.001358 0.018231 0.249915 0 15 SCGB2A1 

3.72573 0.031235 0.268404 0 15 IL13RA2 

3.753564 0.019391 0.266413 0 15 MGST1 

3.021045 0.135421 0.331011 0 14 UBC 

3.520027 0.015629 0.284089 0 14 CHGA 

4.002716 0.015681 0.24983 0 14 SERPINF1 

4.564155 0.012188 0.219099 0 12 RASD1 

3.983707 0.01144 0.251022 0 10 CXorf57 

4.851324 0.009897 0.206129 0 10 NOL4 
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To be considered as a viable molecule in an integrated PPI network, confidence 

parameters such as betweenness centrality, closeness centrality and clustering coefficient 

of each node (gene) should be in between a value of 0 and 1 (Barabási and Oltvai, 2004). 

A node with a value 0 in either parameter indicates that the node is an isolated molecule 

in the integrated network and might be comparatively less important for regulating 

downstream functions. Considering the facts in mind, from the above-mentioned network 

analysis (presented in the Table 5.13), 13 out of 40 molecules (genes) were found to meet 

the selection criteria and could be considered important molecules in CHI pathobiology. 

The list of these important 13 genes predicted from the network biology analysis is 

presented in Table 5.14 and their associated biological functions predicted by DAVID are 

listed in Table 5.15. Among these 13 genes, ABCC8 is already a known CHI gene,  

RIMS2 was also predicted by basic analyses of the present datasets (described in section 

5.2.4), and PRKACB was also identified by the IPA software program after analysing the 

present datasets (described in section 5.2.7.1). 

 

 

Table 5.14: List of predicted genes by network biology potentially associated with 

CHI 

 

Gene ID Gene name 
Experimental 

fold change 

C3 Complement component 3 -2.96514 

PRKACB Protein kinase, cAMP-dependent, catalytic, beta 3.48855 

CXCL10 Chemokine (C-X-C motif) ligand 10 -3.26505 

CXCL9 Chemokine (C-X-C motif) ligand 9 -3.02664 

CXCL11 Chemokine (C-X-C motif) ligand 11 -2.48133 

PPY Pancreatic polypeptide 5.66877 

IAPP Islet amyloid polypeptide 4.02412 

C4A Complement component 4A -2.42248 

RAB3B RAB3B, member RAS oncogene family 4.09549 

ABCC8 ATP-binding cassette, sub-family C  member 8 4.45723 

RIMS2 Regulating synaptic membrane exocytosis 2 4.76136 

PCSK1 Proprotein convertase subtilisin/kexin type 1 5.34898 

C4B Complement component 4B -2.68705 
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Table 5.15:  List of biological functions linked with genes predicted by network 

biology (generated by DAVID pathway database) 
 

Biological process 
Gene 

count 

% of 

total 

genes 

p-Value 

Cell-cell signalling 6 46.15 5.53E-07 

Inflammatory response 6 46.15 3.97E-06 

Positive regulation of cAMP metabolic process 3 23.08 7.01E-06 

Positive regulation of apoptotic cell clearance 3 23.08 9.81E-06 

Positive regulation of cAMP-mediated signaling 3 23.08 3.08E-05 

Signal transduction 7 53.85 6.93E-05 

Positive regulation of leukocyte chemotaxis 3 23.08 7.12E-05 

Positive regulation of release of sequestered calcium 

ion into cytosol 3 23.08 1.63E-04 

Response to lipopolysaccharide 4 30.77 1.89E-04 

Regulation of complement activation 3 23.08 2.01E-04 

Chemokine-mediated signalling pathway 3 23.08 0.001132 

Complement activation 3 23.08 0.001693 

Complement activation, classical pathway 3 23.08 0.002185 

Immune response 4 30.77 0.002908 

Negative regulation of endopeptidase activity 3 23.08 0.003242 

Chemotaxis 3 23.08 0.003295 

Proteolysis 4 30.77 0.004723 

T cell chemotaxis 2 15.38 0.005704 

Regulation of cell proliferation 3 23.08 0.00741 

Regulation of exocytosis 2 15.38 0.018429 

G-protein coupled receptor signalling pathway 4 30.77 0.023398 

Cell chemotaxis 2 15.38 0.045489 
    

 

 

In summary, in addition to the class comparison approach performed by software 

programs like DAVID, PANTHER and IPA, the network biology approach conducted by 

software programs like UniHi and Cytoscape also provided a list of genes which can be 

potentially associated with CHI. These genes play roles in functions related to cell 

signalling, the immune response of the cell etc. Similar functions were predicted by the 

class comparison approach to be linked with CHI. So, along with the genes identified by 

class comparison approach, genes identified by this network biology approach could also 

be considered as the potential candidate genes of CHI. However, both the class 
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comparison and network biology approaches were unable to identify or predict key CHI 

associated genes among the potential candidate genes because of the limitations of the 

algorithms of the software programs. The software programs can only identify a list of 

genes/proteins potentially associated with a biological function. It will require 

experimental validations to identify key genes among the potential candidate genes.  

 

 

 

 

 

 

5.3 Discussion  
 

5.3.1 General 
 

The principal objective of the experiments described in this chapter was to identify or 

predict novel candidate genes and pathways that could be associated with CHI. Hence, 

genome-wide gene expression microarray analyses were performed to compare the 

transcriptional expression profiles of diseased and control pancreas tissues. Here both the 

healthy tissues (as control) and lesion tissues were collected from CHI affected pancreas 

for the differential gene expression assays.  

 

A total of 391 genes were observed to be expressed differentially in tissues with lesions 

among the 33720 genes that were analysed for their transcriptional expression. A total of 

29 differentially expressed genes were predicted through the basic and class comparison 

analyses of the experimental array datasets and a total of 10 more genes were predicted 

through network biology analyses to be associated with CHI. These genes were predicted 

to be involved in various biological functions including insulin secretion, regulation of 

insulin secretion, cAMP-mediated signalling, type B pancreatic cell differentiation, 

glucose homeostasis, cell cycle regulation, and cell proliferation. All of the processes are 

highly linked to insulin secretion pathway. In addition, 27 upstream regulators were 

predicted through class comparison approach to be activated or inhibited which could 

affect downstream regulatory or metabolic pathways directly or indirectly and could take 

part in the development of CHI. However, the analyses of the gene expression datasets 
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using the software programs only predicted a list of candidate CHI-associated 

genes/proteins. Further experimental validations are required to identify key genes among 

these potential candidate genes.  

 

5.3.2 Experimental design and microarray experiments 
 

Genome-wide gene expression experiment using microarray technique is a very 

prominent and widely used analytic tool where expressions of tens of thousands of genes 

in a biological sample in certain condition can be monitored simultaneously (Alon et al, 

1999; Callow et al, 2000; Trevino et al, 2007; Sealfon and Chu, 2011). A number of 

previous studies were reported to use microarray technologies to monitor the differential 

expression of subsets of genes in various altered conditions like colon cancer (Alon et al, 

1999; Bertucci et al, 2004; Resnick et al, 2005), lung cancer (Wang et al, 2000b; Gordon 

et al, 2002; Kim et al, 2006b), breast cancer (Van‟t Veer et al, 2002; Sotiriou et al, 2003; 

Chang et al, 2005), tumorigenesis (Bonner et al, 2003; Chakraborty et al, 2007; Zhao et 

al, 2009), drug response (Staunton et al, 2001; Brachat et al, 2002; Dan et al, 2002), 

psychiatric disorders (Bezchlibnyk et al, 2001; Novak et al, 2002a; Mimmack et al, 

2002), diabetes (Mootha et al, 2003; Wolter et al, 2009; Reynier et al, 2010; Bugliani et 

al, 2013) etc. for better understanding the reasons behind the particular physiological 

abnormalities. Novel candidate genes for certain disease/abnormal conditions were 

reported to be predicted using microarray-based genome-wide gene expression analysis 

(Zhao et al, 2009; Györffy et al, 2010; Gelernter et al, 2014; Ramos et al, 2014; 

Sanayama et al, 2014; Michailidou et al, 2015).  

 

Similarly, very few microarray experiments were conducted earlier on CHI tissues to 

understand the disease pathobiology. Change of expression of two genes – DPP-4 

(dipeptidyl peptidase-4) and PYY (peptide YY), associated with glucose homeostasis, 

were observed using cDNA microarray in CHI patient tissues (Rahman et al, 2015b). 

IGF-1/mTOR/Akt pathway was reported to be observed to be associated with CHI 

through gene expression analysis (Senniappan et al, 2016). Another study was reported to 

conduct whole genome gene expression microarray experiments on archived formalin-

fixed, paraffin-embedded (FFPE) pancreatic tissue affected with CHI in comparison with 

age-matched control pancreatic tissues (Michelsen et al, 2011). It was shown by this 

study that archived FFPE sample could be a good biological source of valuable CHI-
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specific information and could be feasible for genome-wide gene expression studies. 

Further, in addition to differential gene expressions of some glycolysis and calcium-

homeostasis related genes, change of expressions of few cancer-related genes were also 

observed in this study and these cancer-related genes might be accountable for the 

hypertrophy observed in some CHI cases (Kloppel et al, 1999; Reinecke-Lüthge et al, 

2000; Fournet et al, 2001; Kloppel et al, 2008). In addition to gene expression 

microarray, a couple of studies were reported to use whole genome single nucleotide 

polymorphisms (SNP) microarray to identify novel mutations in CHI genes (Di Candia et 

al, 2009; Harel et al, 2015).  

 

To our knowledge, so far, no previous studies were reported where healthy tissues (as 

control) and lesion tissues, both from CHI affected pancreas, were used for differential 

gene expression assay in order to identify potential candidate genes as well as the disease 

associated relevant pathways. In this study, five CHI-affected tissues and six healthy 

region tissues were used which were collected from the pancreas of six different CHI-

affected individuals. For three instances, both healthy and lesion tissues were received 

from the same individual and hence, a few downstream analyses were carried out 

separately using the data generated from these tissues to understand the variability in gene 

expression in different individuals.  

 

As was mentioned previously, microarray experiments are a very efficient high-

throughput system to analyse and compare the pattern of expression of thousands of 

genes simultaneously in different biological conditions. However, this multi-step 

experiment is vulnerable to variability because of the process to carry out each step 

(Schuchhardt et al, 2000; Novak et al, 2002b; Thomas et al, 2010; Bryant et al, 2011; 

Jaksik et al, 2015). Unless these variabilities are normalised properly, there may be an 

increase of falsely discovered data (Draghici et al, 2006; Chen et al, 2007).  

 

The microarray quality control (MAQC) consortium has been established to provide 

reference guidelines for conducting microarray experiments to minimize the outcome 

variability and false discovery as well as to enhance reproducibility of the findings (Ji and 

Davis, 2006; Patterson et al, 2006; Chen et al, 2007; Shi et al. 2008). One of the key steps 

for successful and reproducible microarray experiments is the sample preparation i.e. 

extraction of total RNA. The outcome of the gene expression studies and further 
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downstream analysis primarily depends on the quality of RNA with high integrity 

(Copois et al, 2007; Raman et al, 2009; Diaz and Barisone, 2011; Viljoen and Blackburn, 

2013). Quality of RNA with high integrity is usually measured before setting up the array 

experiment. This quality assessment of RNA can be performed using traditional optical 

density (OD) measurement or modern high-throughput chip-based capillary 

electrophoresis system provided by technologies like Bioanalyzer 2100 (Agilent 

Technologies, USA) and Experion (Bio-Rad Laboratories, USA) (Fleige and Pfaffl, 2006; 

Copois et al, 2007; Raman et al, 2009; Podolska et al, 2011). Furthermore, RNA integrity 

number (RIN), a tool developed by Agilent technologies, is used to assess and indicate 

RNA quality and integrity (Fleige and Pfaffl, 2006; Schroeder et al, 2006). RIN is 

presented by a number ranging from 1 to 10 where 1 represents very low-quality RNA 

(highly degraded) and 10 represents very high quality (intact) RNA. For gene expression 

analysis, it is recommended to use RNA with RIN value not less than 5 (Fleige and Pfaffl, 

2006; Raman et al, 2009). For this study, it was made sure that all the gene expression 

experiments were carried out with the RNA samples that met the quality criteria.   

 

5.3.3  Basic comparative analysis of genome-wide gene expression data generated 

from microarray experiments 

 

As it is mentioned earlier, microarray data is prone to variability and bias, and thus 

resulting in false findings unless the gene expression raw data generated from microarray 

experiments are normalised properly. There are a number of sources of variability and 

bias in raw microarray data which need to be addressed prior to data analysis. These 

sources are- amounts of RNA samples, differences in labelling, efficiencies in fluorescent 

dye detection, systematic variations in the level of gene expression measured in the 

experiments etc. (Quackenbush, 2002; Johnson et al, 2006b). These systematic variations 

that resulted from nonbiological sources can be minimized and corrected by adjusting raw 

gene expression data using various normalisation methods (Yang et al, 2002; Smyth and 

Speed, 2003; Fujita et al, 2006; Johnson et al, 2006b). Normalised data then can be used 

for downstream analysis and for comparison to understand actual and meaningful 

biological changes (Yang et al, 2002; Fujita et al, 2006). For this study, raw data 

normalisations were performed properly by Bioinformatics Core Facilities, University of 

Manchester, Manchester, UK and the generated data were suitable for downstream 

analysis.  
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To analyse gene expression data generated in this study, at least 2 fold gene expression 

changes (over-expression or down-expression) with an FDR-adjusted p-value (or q-value) 

≤ 0.05 were considered significant. FDR in a microarray experiment is a measurement 

that corresponds the proportion of false positives among the stated differentially 

expressed genes (Reiner et al, 2002; Aubert et al, 2004; Pawitan et al, 2005). In 

accordance with this cutoff value, only 339 genes were observed to be significantly over-

expressed with the fold change ranging 2 to 7.98 and 52 genes to be significantly down-

expressed with fold change ranging -2 to -4.03. Variability in the number of the 

differentially expressed gene was observed in datasets generated from the samples of 

three CHI-affected individuals (Nes163, Nes167 and Nes168) in comparison with the 

mean value of all datasets. It was mentioned earlier that all the tissue samples carry 

different mutations in the ABCC8 gene (except one individual that carries a mutation in 

the KCNJ11 gene). From this observed gene expression variability, it can be inferred that 

apart from the effect of the mutation in the ABCC8 (or KCNJ11), there might be some 

other important genes (regulatory or functional) whose expression could be altered 

differently. Hence, effect of these alterations, separately or in combination, might be 

involved in development of the disease condition in individual patients using different 

regulatory or metabolic pathways (Grimberg et al, 2001; James et al, 2009; Banerjee et 

al, 2013; Stevens et al, 2013; Yorifuji, 2014; Szymanowski et al, 2016; Senniappan et al, 

2016). These genes could be either other known CHI associated genes or could be novel 

genes that were not reported earlier to be linked with CHI.  

 

There are no previous studies that report CHI as a combination of the effect of the known 

CHI genes (ABCC8, KCNJ11, GCK, HADH, GLUD1, SLC16A1, HNF1A, HNF4A and 

UCP2). Experimental datasets were analysed to investigate whether co-regulation of 

these known CHI genes was one of the factors behind the development of CHI in the 

patients under study. Only ABCC8 and HADH were observed to be expressed 

differentially in CHI affected tissue samples (including the three individual samples 

separately). So, the disease in the studied patients was not because of the simultaneous 

regulation of known CHI genes. Since most of the affected tissues (except one sample) 

were mutated in the ABCC8 gene, so it was believed that the mutation might cause an 

altered SUR1 protein (KATP channel accessory subunit). Because of this altered SUR1 

protein, the KATP channels on beta cell membrane might be malfunctional and remain 
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closed constitutively which promoted membrane depolarisation and insulin secretion. 

However, these affected tissues were observed to over-express the transcription of the 

ABCC8 gene and this could be explained as a surviving attempt of the cells to compensate 

for the loss of expression of functional channel subunit. On the other hand, Nes168 

patient sample was mutated in the KCNJ11 gene, not in the ABCC8 gene. But the 

expression of ABCC8 was observed much higher in lesion tissue and interestingly, the 

expression of KCNJ11 was not compensated for the loss of function. The mutation in the 

KCNJ11 gene in this sample might be not detrimental and there might be some other 

factors involved which regulated the expression of the ABCC8 gene.  

 

Since CHI is a glucose metabolism disorder, it was thought that glucose metabolism-

related hormones and their receptors might be involved with the development of this 

disease. So, data were analysed for the expression of genes encoding the hormones and 

their receptors. Only SSTR2 (somatostatin type 2 receptor) and GLP1R (glucagon-like-

protein 1 receptor) were found to have differential expression in all datasets (mean and 

three individual datasets). Among the five different receptor subtypes of somatostatin, 

type 2 receptor is the most expressed and functionally dominant receptor in human 

pancreatic alpha and beta cells (Portela-Gomes et al, 2000; Kailey et al, 2012). It was 

reported earlier that the activation of SSTR2 results with inhibition of insulin secretion 

(Atiya et al, 1997; Brunicardi et al, 2003). One study was reported to observe lower 

expression of SSTR2 in a few CHI-affected tissues (Shi, 2014). However, in contrast, the 

experimental CHI tissues in this study were found to show higher expression of this 

receptor in comparison to control tissues. Because of this over-expression of SSTR2, the 

patients might be responsive to octreotide treatment as octreotide binds to somatostatin 

receptors and inhibit insulin secretion (Hussain, 2008; Arnoux et al, 2011). However, 

there could be a possibility that although SSTR2 were transcriptionally over-expressed, 

the receptor protein could be down-expressed in its translational level which needs further 

validation. On the other hand, the activation of SSTR2 could be involved in some other 

pathways yet to be reported to be linked with CHI development. GLP-1 (glucagon-like-

protein 1), an incretin hormone that enhances insulin secretion from pancreatic beta cells 

in a glucose-dependent manner, exerts its effects through GLP1 receptors (Light et al, 

2002; MacDonald et al, 2002; Doyle and Egan, 2007; Meloni et al, 2013). Activation of 

this receptor in cells could result with increased insulin production, insulin secretion, beta 

cell proliferation and neogenesis (Kwon et al, 2004; Doyle and Egan, 2007; Portha et al, 
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2011; Meloni et al, 2013). So, over-expression of the GLP1 receptor in CHI tissues might 

be involved in enhanced insulin secretion and beta cell proliferation (Kassem et al, 2000; 

Lovisolo et al, 2010; Shi et al, 2015) observed in CHI patients.  

 

Previous studies reported a number of transcription factors (TFs) which are involved in 

various stages of pancreas development (Pan and Wright, 2011; Shih et al, 2013). It was 

hypothesised that any of these TFs might be regulated differently and this altered TF can 

activate or inhibit number to downstream proteins to promote CHI development. From 

this point of view, these experimental microarray data were analysed to assess the 

expression of the TFs related to pancreas development. TFs- NKX6.1, NEUROD1, RFX6, 

PAX6, ISL1 and INSM1 were found to be over-expressed in all CHI datasets (mean and 

three individual datasets). NKX6.1 was reported to be important in the regulation of 

insulin secretion as well as beta cell proliferation (Sander et al, 2000; Schisler et al, 2005; 

Tessem et al, 2014; Ray et al, 2016). All the other 5 TFs were reported to be involved in 

the regulation of insulin secretion directly or indirectly in beta cells (Chu and Tsai, 2005; 

Gosmain et al, 2012; Chen et al, 2013; Chandra et al, 2014; Jia et al, 2015). As all of 

these six differentially expressed TFs are related to insulin secretion regulation, these 

genes could be considered as candidate genes for CHI.  

 

As CHI is characterised by irregular and uncontrolled insulin secretion from pancreatic 

beta cells (Dunne et al, 2004; James et al, 2009; Arya et al, 2014) and since TFs related 

to insulin secretion regulation were observed to be differentially expressed, so, all the 

known genes associated with insulin secretion were examined for their expression pattern 

in the array datasets. Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and 

Goto, 2000; Kanehisa et al, 2016) is a well-known and widely used curated and annotated 

database of information on genes and associated functional pathways (Kitano, 2002; 

Proverbio et al, 2013; Stevens et al, 2014). This database was explored to list the genes 

reported earlier to be associated with insulin secretion pathways. Among the listed 67 

reference genes in the KEGG database linked with insulin secretion pathway, 10 genes 

were found to be differentially expressed in mean and all three individual datasets. These 

genes were also concluded as potential CHI genes based on this experimental gene 

expression data. 

 



Chapter five 

Page | 265  Towards an in vitro model of congenital hyperinsulinism of infancy 

As mentioned earlier, CHI affected tissues were reported to show altered cell proliferation 

(Kassem et al, 2000; Lovisolo et al, 2010). To find out which genes associated with cell 

proliferation could be altered in CHI condition, the genes listed in KEGG pathway 

database as reference genes to be associated with cell cycle pathway (accessed at 

http://www. genome.jp/dbget-bin/www_bget?pathway:map04110) were checked for gene 

expression. 20 genes were identified to have altered expression and they were - 

RASGEF1B, RXRG, MYO3A, MIA2, MYO1D, VEGFA, CCDC67, SEPT3, TSPYL4, 

MOB1B, HDAC9, PRKACB, TSPYL5, DNAH5, CCND2, FGF10, TNFRSF11A, CXCL9, 

CXCL10, CXCL11. These 20 genes might be involved in CHI development and so their 

particular roles are required to be verified.  

 

From these basic analyses of the experimental array datasets, total 19 differentially 

expressed genes were predicted as novel candidate genes which could affect downstream 

regulatory or metabolic pathways directly or indirectly and could take part in the 

development of CHI. Some biological processes known to be associated with these 

proteins encoded by these genes are- insulin secretion, regulation of insulin secretion, 

cAMP-mediated signalling, type B pancreatic cell differentiation, glucose homeostasis, 

cell cycle regulation, cell proliferation etc. All of the processes are highly linked to 

insulin secretion pathway.  

 

CACNA1A which encodes alpha 1A subunit of voltage-dependent calcium channel has 

been predicted earlier as a potential candidate gene of CHI by whole genome exome 

sequencing, however, no study has confirmed it yet (Proverbio et al, 2013). To our 

knowledge, all the other 18 genes (predicted so far through above-mentioned basic 

analyses) were not reported earlier to be considered as potential candidate genes for CHI. 

However, this finding is required to be validated further.  

 

5.3.4 Functional analysis of the differentially expressed genes in the experimental 

microarray datasets 

 

In general, a disease could be a combination of the effects of multiple genetic and non-

genetic factors which could alter a number of metabolic and regulatory processes and 

pathways (Gu et al, 2002a; Smith, 2007; Panoutsopoulou and Zeggini, 2009; Jin et al, 

2014; Kao et al, 2017). As it is mentioned earlier that it is quite a difficult task to describe 
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every single gene (and its effect) in a large dataset. So, a popular practice is to utilize 

clustering methods to discuss the change in large datasets and describe the processes that 

could be altered significantly because of the gene expression changes (Swift et al, 2004; 

Juan and Huang, 2007; Ness, 2007; Hume et al, 2010; Selvaraj and Natarajan, 2011). 

Hence in this study data were analysed following the clustering method and potential CHI 

related genes, biological processes or pathways were predicted following class 

comparison approach, one of the approaches to analyse microarray data (Ness, 2007; 

Selvaraj and Natarajan, 2011). Three software programs- DAVID, PANTHER and IPA 

were used for this purpose. These programs use clustering methods to describe biological 

functions related to large datasets. Since every software programs used different 

algorithms for analysing data and as none of these programs was 100% efficient for 

prediction, hence it was decided to use multiple programs.  

 

As CHI is a metabolic disorder with uncontrolled insulin secretion, it is obvious that this 

disorder is associated with insulin secretion and regulation related pathway as well as 

glucose metabolism and homeostasis related pathway (James et al, 2009; Steven et al, 

2013; Yorifuji, 2014; Rahman et al, 2015b; Nessa et al, 2016). In addition, IGF-

1/mTOR/Akt pathway was also reported to be associated with CHI (Senniappan et al, 

2016). It was believed that CHI might be related to some other processes as a major 

portion of the patients with CHI didn‟t have any recognisable aetiology and mechanisms 

of the disease (Stevens et al, 2013). So, approach was considered to analyse the gene 

expression data to find out pathways and biological processes potentially altered in CHI.    

 

Based on the differentially expressed 391 genes in the datasets, all of the three software 

programs predicted a number of pathways and biological processes which are somehow 

involved with glucose metabolism, insulin secretion, calcium or potassium ion transport, 

exocytosis, beta cell differentiation regulation etc. – all of them are crucial for CHI 

development. In addition, some other pathways like- inflammation, nervous system 

development, cell signalling and signal transduction were also predicted by all of these 

programs to be related to CHI potentially. Further, cell cycle, cell proliferation, cellular 

assembly & organisation, endocrine system development related pathways were also 

predicted to be altered in CHI by more than one programs. Functions like catalytic 

activity, protein-protein interaction, receptor activity, ion transport activity, protein 
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translation regulation etc. might be altered in CHI as predicted by the program 

PANTHER and thus above-mentioned pathways might be altered in CHI.  

 

In addition, seven canonical pathways were predicted to be activated in CHI condition by 

the program IPA. Top two pathways were studies here and they are- cardiac hypertrophy 

signalling and CREB signalling in neurons. As it was mentioned earlier, Cardiac 

hypertrophy is a heart‟s response (like abnormal enlargement, thickening of the muscle 

etc.) to different forms of cardiac anomalies (Molkentin et al, 1998; Heineke and 

Molkentin, 2006; Kim et al, 2008; Sala et al, 2012). These malfunctions could be 

developed because of cardiac problems like myocardial infarction, hypertension, cardiac 

arrhythmias, and also genetic mutations in cardiac protein genes (Molkentin et al, 1998). 

In addition, hypertrophy can be developed because of endocrine disorders (Molkentin et 

al, 1998; Kim et al, 2008). Prolonged and sustained hypertrophy can cause heart failure, 

arrhythmia and unexpected death (Molkentin et al, 1998; Heineke and Molkentin, 2006; 

Sala et al, 2012). Ten genes in the datasets were reported to be associated with this 

pathway. Among the genes, CACNA1A and CACNA1D encode high voltage-activated 

Ca
2+

 channel proteins found in pancreatic beta cells and involved in the regulation of 

insulin secretion (Braun et al, 2008; Rorsman et al, 2012; Fridlyand et al, 2013). The 

function of GNA12 in the beta cell is not well documented but this G protein subunit 

might be involved in exocytosis process in beta cells (Kowluru et al, 1997; Wang and 

Thurmond, 2009; Doussau et al, 2000; Kimple et al, 2014). KL (Klotho) was reported to 

be involved in insulin secretion regulation, beta cell proliferation, and also beta cell 

apoptosis in certain cases (Lin and Sun, 2012; Lin and Sun, 2015a; Lin and Sun, 2015b). 

To our knowledge so far, the other genes were not reported earlier to be linked with any 

pancreas function. The other activated canonical pathway studied here was CREB 

signalling in neurons. This signalling pathway is involved in integrating new memory and 

information processing within neuronal networks (Impey et al, 1998; Benito and Barco, 

2010; Pugazhenthi et al, 2011). Crucial factors in this pathway are cAMP responsive 

element binding protein (CREB), activating transcription factor (ATF) and cAMP 

response element modulator (CREM). CREB signalling pathway was reported earlier to 

be associated with cell proliferation and survival of different types of cells including 

pancreatic beta cells (Della Fazia et al, 1997; Arnould et al, 2002; Hussain et al, 2006; 

Kovach et al, 2006;). This pathway was observed to be involved in glucose homeostasis 

(Herzig et al, 2001; Altarejos and Montminy, 2011; Oh et al, 2013). As reported earlier 
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CHI is associated with altered glucose homeostasis (Hussain et al, 2007). Thus, CREB 

signalling could be of importance in CHI development. Also, PI3K-Akt was predicted by 

the IPA program as a part of this pathway and since PI3K-Akt is part of the insulin signal 

pathway, this pathway could be affected by the increased secreted insulin observed in 

CHI (Boucher et al, 2014; Mackenzie and Elliott, 2014) Nine differentially expressed 

genes from the experimental datasets were found to be part of this canonical pathway. 

Seven of these genes were identified to be associated with cardiac hypertrophy signalling 

canonical pathway mentioned above. It was reported that GRIA2 and GRIA3 (both, 

glutamate ionotropic receptor AMPA type) might be involved in the regulation of insulin 

secretion (Bertrand et al, 1992; Molnar et al, 1995; Wu et al, 2012). So, based on these 

findings, it was inferred that these pathways could play roles in CHI development since 

some of the genes in these pathways are related to insulin secretion regulation. Also, these 

pathways might not be the reason to develop CHI, rather they could be activated because 

of the malfunction of other CHI related pathways and thus enhance the complexities 

related to CHI.  

 

In some cases, a group of proteins known as the upstream regulators might need to be 

activated or inhibited before regulating downstream target genes/proteins. The observed 

differential expression of genes in CHI samples might be the result of activation or 

inhibition of these upstream regulators. It was hypothesised that identification of the 

cascade of upstream regulators which could play roles in the observed gene expression in 

the present datasets might help us to understand the disease mechanism. IPA software 

was used to predict upstream regulators. 27 transcriptional regulators were predicted to 

have altered activation status. As a consequence a number of biological functions like 

glucose homeostasis, exocytosis, neurological functions, regulation of cell signalling, 

inflammatory responses, transport of molecules etc. were predicted to be changed and all 

of these functions were predicted earlier from the other data analyses approaches 

mentioned above.  

 

In summary, the basic analyses and class comparison based analyses of present datasets 

performed by three software programs generated a list of potential CHI candidate genes. 

These genes were never reported to be associated with CHI earlier. These genes play role 

in different biological functional pathways like glucose homeostasis, insulin secretion, 

calcium or potassium ion transport, exocytosis, nervous system development, endocrine 
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system development, cell communication etc. All of these functional pathways are 

somewhat related to the phenotypes linked with CHI (James et al, 2009; Stevens et al, 

2013; Arya et al, 2014). The possible role of these candidate genes and identified 

functional pathways need to be checked to provide a new understanding of the disease 

mechanism.   

 

5.3.5 Using network biology approach to identify key genes associated with CHI  
 

Network biology-based approach is another way to analyse gene expression dataset. It 

utilises the already published protein-protein interaction (PPI) information. The algorithm 

of this approach is such that it analyses the patterns of interactions between cellular 

components (gene, RNA or protein) to identify key regulatory component for a given 

condition (Barabási and Oltvai, 2004; Pujol et al, 2010; Stevens et al, 2014). This sort of 

analytical approach has never been used in CHI research. However, it was believed that 

this sort of analysis might facilitate the discovery of new insights for CHI management in 

near future (Banerjee et al, 2013, Stevens et al, 2013, Stevens et al, 2014). So, it was 

assumed that network biology analysis of the present gene expression datasets might 

generate a different list of candidate CHI genes as it used a different algorithm. Some of 

the genes might be in the list generated by class comparison approach earlier in the 

current study and these common genes could be considered as the most important key 

genes possibly associated with CHI. Hence, the network biology analysis was carried out 

based on already published PPI information of the differentially expressed genes of the 

present datasets. Protein-protein interaction partners (PIPs) (experimentally proven or 

predicted) of the genes were listed using the PPI search tool, UniHi. This search tool was 

reported in recent studies to extract authentic PPI information of genes or proteins 

(Jesmin et al, 2010; Wallach et al, 2013; Liu et al, 2015; Bhargava et al, 2015). 

 

Total 50 differentially expressed genes (in order of fold change) whose PPI information 

was available in PPI databases, were selected for this analysis. The reason to limit the 

number of differentially expressed genes was to identify crucial and more important 

genes which could be essential for CHI development. In the process of selecting these 

analysable genes, 28 genes were not considered since no PPI information was available 

for them. These genes mainly encode different types of non-coding RNAs (ncRNAs) like 

small nucleolar RNA. ncRNAs are very important to regulate gene expression through 
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post-transcriptional modification of ribosomal RNAs (Stepanov et al, 2015). Activation or 

inhibition of these ncRNAs could result in various complex biological diseases like 

cancer, neurodegenerative disorders etc. (Sahoo et al, 2008; Chu et al, 2012; Mei et al, 

2012; Stepanov et al, 2015). So the identified ncRNAs could be involved in CHI 

development which needs to be validated further. 

 

The Cytoscape software program was used to analyse biological networks which were 

generated based on the PPI information listed using UniHi. A good number of genes and 

proteins were observed in the network to act as central molecules in interaction clusters. 

Central or highly connected molecules in a biological network are considered essential in 

a biological process and also believed to be evolved slowly (Yu et al, 2004; Kim et al, 

2006a). In addition, genes or proteins which are essential or very important in biological 

pathways usually appear to be a central molecule or hub in biological networks (He and 

Zhang, 2006). However, not all the central molecules are necessary to be important for a 

particular condition as the central molecules might be essential for a particular function or 

pathway but they might not be involved in communicating with other functions or 

pathways and so can be considered comparatively not important in integrated systems of 

biology (Barabási and Oltvai, 2004; Ye et al, 2010; Mao and Zhang, 2013). The network 

was filtered and analysed to identify truly important genes/proteins. The network was 

analysed in terms of 5 confidence parameters - average shortest path length (ASP), 

betweenness centrality (BC), closeness centrality (CC), clustering coefficient (CCo), and 

degree. ASP is a measurement that indicates an average number of steps that is required 

by a node in a network to communicate with another node. It is a measure of efficiency to 

transfer information between nodes in a network (Ye et al, 2010; Mao and Zhang, 2013). 

A node with smaller ASP is considered as important in the network. BC of a node in a 

network is a measurement that indicates the level of control or influence of the node over 

transferring information to the other nodes in the network (Newman, 2005; Yoon et al, 

2006). CC is a measure describing how fast information can transfer from a given node to 

other nodes in a network, i.e. how close a node in a network to all of the other nodes 

(Newman, 2005). CCo is a measure that describes how well a node in a cluster is 

connected with neighbour clusters (Barabási and Oltvai, 2004). Degree is the most basic 

measurement of a node that indicates the number of other nodes it is connected to a 

network (Barabási and Oltvai, 2004). A node with a high degree number is considered as 

an important molecule in the network (Barabási and Oltvai, 2004). A node with a high 
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degree should have a smaller ASP value i.e. degree and ASP have a negative correlation 

(Barabási and Oltvai, 2004; Mao and Zhang, 2013). Pearson correlation between degree 

and ASP in the network in the present study was calculated to be less than zero that 

confirmed the negative correlation between them. A node with a high degree should have 

a higher value of BC, CC and CCo i.e. a positive correlation exists between degree and 

BC, CC and CCo individually (Barabási and Oltvai, 2004; Newman, 2005). However, 

CCo is independent of the degree of a node (Barabási and Oltvai, 2004). Positive Pearson 

correlation value was observed between degree and the other three parameters in this 

analysis. From this network biology approach, 13 genes were predicted as potential 

candidate genes for CHI. These genes were found to be associated with functions related 

to cell signalling, immune response, response to chemical stimuli, cell proliferation, 

exocytosis etc. To our knowledge, except ABCC8, none of them was previously predicted 

to be associated with CHI. Interestingly, except ABCC8, none of the genes predicted by 

this network biology approach was predicted by class comparison approach. So based on 

this network biology analysis, these genes could be important regulatory molecules for 

CHI development. So, these genes (except ABCC8) also could be considered as potential 

CHI candidate genes.  

 

5.3.6 Validation of the outcomes of the gene expression microarray experiments 
 

In this study, a few potential candidate genes and a number of biological processes were 

predicted to be linked with CHI through analysing gene expression microarray data. 

However, these results should be validated before drawing any conclusion. The validation 

experiments can be carried out at the mRNA level through performing RT-PCR or 

quantitative qRT-PCR or at the protein level through conducting immunofluorescent 

studies and western blot experiments.  

 

One of the most recommended and widely used methods to validate the outcomes of 

microarray data is performing real-time qRT-PCR to compare the expression of target 

genes in target biological conditions (Rajeevan et al, 2001; Sinicropi et al, 2006; Qin et 

al, 2006; Thallinger et al, 2012). The reason to choose qRT-PCR could be because of the 

advancement of the method like technical sensitivity, high precision, dynamicity of 

quantification, reproducibility, low requirement of sample, no post-PCR operations etc. 

(Klein, 2002; Valasek and Repa, 2005; Sinicropi et al, 2006; Francino et al, 2006). 
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However, several studies were reported earlier to observe different levels of agreement 

between the findings of microarray and qRT-PCR experiments (Beckman et al, 2004; 

Etienne et al, 2004; Dallas et al, 2005; Wang et al, 2006; Thallinger et al, 2012). This 

observed discrepancy of correlation between the findings of microarray and qRT-PCR 

could be the result of various influencing factors. Both of the methods consist of multiple 

steps and they differ in various aspects like the method of reverse transcription, reaction 

chemistries etc. (Thallinger et al, 2012). A small change in sample preparation could have 

a higher impact on the outcomes of the analyses (Freeman et al. 1999). The normalisation 

of the raw data also differs considerably between these methods. In qRT-PCR, data 

normalisation is carried out by comparing with reference genes which are used to show a 

constant level of expression irrespective of samples and experimental conditions 

(Vandesompele et al, 2002; Schmittgen and Livak, 2008; Thallinger et al, 2012). 

However, in microarray experiments, data is normalised considering all or a large set of 

expressed genes to correct the systematic errors (Quackenbush, 2002; Fujita et al, 2006; 

Morey et al, 2006). In addition, oligonucleotides in microarray probes and PCR primers 

might not be the same which could influence the correlation (Thallinger et al, 2012). So, 

the variation of correlation between the outcomes of microarray and qRT-PCR 

experiments could be resulted because of their own limitation which could influence the 

data generated from them (Freeman et al. 1999; Klein, 2002; Couzin, 2006). Also, 

different available platforms to conduct microarray and qRT-PCR experiments could be 

another reason to add variability in the final results (Bustin, 2000; Brazeau, 2004; Mah et 

al, 2004). But it is possible to achieve considerably good correlated results between 

microarray and qRT-PCR experiments if the cutoff filters (like p-value, fold change etc.) 

and appropriate normalisation procedures are engaged properly while analysing the raw 

microarray data (Morey et al, 2006). And also, use of more than one platform for both 

experimentation methods as a cross-validation approach might be helpful to obtain true 

positive and correlated results (Warnat et al, 2005; Bosotti et al, 2007; Zhang et al, 

2016a).  

 

One of the limitations of the gene expression microarray experiments is not to consider 

the genes that do not pass all the cutoff criteria. Some of the genes might have shown a 

considerable level of change of expression but the changes might not be statistically 

significant. Some of the genes might have shown differential gene expression very close 

but below to the cutoff criteria. These genes might be observed as significant in cross-
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platform experiments. It might be helpful to include them in the analysis since these 

genes could have some important roles in the progression of the disease or the functional 

anomaly under study. So, the cutoff filters should be selected carefully to obtain proper 

information from the gene expression study (Morey et al, 2006). With these conditions in 

mind, the cutoff filters for analysing the data of this present gene expression experiments 

was set to produce reliable and viable information regarding CHI with a high degree of 

confidence.  

 

5.3.7 Conclusion 
 

The experiments described in this chapter attempted to predict a set of novel candidate 

genes and pathways that could play roles in the development of CHI. From genome-wide 

gene expression analyses, a total of 39 genes were predicted by software programs to be 

important in CHI development. In addition, 27 upstream regulators were predicted to play 

roles in CHI. All of these predicted genes and regulators are reported to be involved in 

various biological functions related to insulin secretion regulation. To validate the 

findings of these microarray data being examined, qRT-PCR could be conducted using 

RNA extracted from the same tissue samples used for array experiments. However, it was 

mentioned earlier that the amount of received tissues was very limited; hence no RNA 

samples were retained to conduct the confirmatory qRT-PCR. Also as it was discussed in 

Chapter 3 and Chapter 4 that multiple attempts to generate a stable CHI model cell line 

also failed, so suitable stable CHI model cells were not available to confirm the findings 

of microarray experiments. Hence, limitation in the availability of CHI tissue samples as 

well as limited amount of extracted RNA from the tissue samples used in the present 

study made it impossible to validate the involvement of these genes in CHI. So, further 

experiments will be required to validate the findings described in this chapter as well as to 

identify key genes among these predicted potential candidate genes.  
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Chapter 6 

 
KATP channel knock-down and generation of 

transient in vitro CHI model 

 

 

6.1 Introduction 
 

6.1.1 General 
 

It is described in the previous chapter (Chapter 5) that through the genome-wide gene 

expression experiments of CHI tissues a number of genes and associated biological 

functions/pathways were predicted to be associated with CHI. However, limitation in the 

availability of CHI tissue samples as well as a limited amount of extracted RNA from the 

tissue samples used in the present study made it difficult to validate the involvement of 

these genes in CHI. Multiple attempts to generate a stable CHI model cell line also failed 

(discussed in Chapter 3 and Chapter 4). Therefore, suitable stable CHI model cells were 

not available to confirm the findings of microarray experiments. With a view to validate 

the findings from the genome-wide gene expression experiments (described in Chapter 5), 

as an alternative approach, the generation of a transient CHI model cell line was 

hypothesised to be helpful.  

 

An siRNA-mediated gene silencing approach was explored in the present study to knock-

down the expression of KATP channels in EndoCβH1 cells to generate a population of 

cells with non-functional channels. It was hypothesised that the cells would acquire CHI 

characteristics because of these non-functional channel proteins. These defective cells, 

therefore, would have the potential to validate the findings of gene expression microarray 

analyses from CHI-affected tissues (described in Chapter 5). Although most of the tissues 

used in the microarray experiments were affected by ABCC8 mutations, because of the 

lack of a suitable antibody against SUR1 (subunit of KATP channel, product of ABCC8) to 

confirm the gene silencing, the other subunit of the channel, Kir6.2 was targeted to be 

knocked down by KCNJ11 gene-specific siRNA to make the channel non-functional. A 
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suitable antibody against Kir6.2 (product of KCNJ11) was available to confirm the gene 

silencing. 

 

 

6.1.2 Overview of siRNA-based gene silencing 
 

Knocking out or knocking down a gene is one of the most powerful tools for 

understanding the function of the target gene product in a cellular system (Santiago et al, 

2008; Boettcher and McManus, 2015; Shalem et al, 2015). One of the pioneering 

approaches that brought revolution in the ways to knock-out genes utilizes tools that 

explore RNA interference (RNAi) pathway for repressing the expression of genes 

(Shalem et al, 2015). The RNAi-based knock-out approach was first reported by Fire et 

al. (1998). This pathway is conserved across all eukaryotic organisms (Agrawal et al, 

2003; Shabalina and Koonin, 2008; Chang et al, 2012; Shalem et al, 2015). Here in this 

pathway, target mRNA molecules are degraded, facilitated by a short RNA 

oligonucleotide with a sequence complementary to the target mRNA (Fire et al, 1998; 

Rana, 2007; Shabalina and Koonin, 2008; Naito and Ui-Tei, 2012). This gene silencing 

tool was shown earlier to be one of the potent approaches to generate disease model cells 

(Hommel et al, 2003; Rodríguez-Pascau et al, 2012; Szlachcic et al, 2017). RNAi-based 

gene knock-out approach has been reported to generate information regarding the overall 

function of target genes (Root et al, 2006; Rana, 2007; Boutros and Ahringer, 2008; Naito 

and Ui-Tei, 2012).  

 

Several small non-coding RNA molecules are central to the RNAi pathway based gene 

knock-down strategy. Prominent small RNA molecules are long double-stranded RNA 

(dsRNA) (Fire et al, 1998; Yu et al, 2013; Zhou et al, 2014), short hairpin RNA (shRNA) 

(Hommel et al, 2003; Root et al, 2006; Rodríguez-Pascau et al, 2012; Szlachcic et al, 

2017), microRNA (miRNA) (He and Hannon, 2004; Chendrimada et al, 2005; McBride 

et al, 2008) and small interfering RNA (siRNA) (Harborth et al, 2001; Elbashir et al, 

2001; Martinez et al, 2002; Morris et al, 2004; Han et al, 2012). Although all of the 

above-mentioned RNA molecules can silence target genes, they differ in their mechanism 

of action, specificity, delivery and hence clinical applications (Rao et al, 2009; Lam et al, 

2015; Xin et al, 2017).  
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6.1.3 siRNA: mechanism of action 
 

Gene-specific synthetic siRNAs are usually manufactured commercially. siRNAs are 

typically 21-22 nucleotide-long double-stranded RNA molecules with 2 nucleotide 

overhangs at the 3′ ends (Rana, 2007; Wittrup et al, 2015). The two strands of the siRNA 

have the sequences that are sense and anti-sense to the target region of target mRNA. 

siRNA molecules are administered into the cells exogenously with the help of different 

delivery systems depending on cell types. To be functionally active, siRNA needs to be 

phosphorylated at 5′ ends. Upon entering the cells, siRNA molecules become 

phosphorylated by an endogenous kinase, Clp1 (Weitzer and Martinez, 2007; Zlatev et al, 

2016). siRNA processing mediated by Dicer, an RNase III-type enzyme, is conducted in a 

multiprotein complex known as RNA-induced silencing complex (RISC). This 

multiprotein complex includes Dicer, Argonaute protein (Ago2, in human RISC), TRBP 

(HIV-1 transactivation responsive element RNA-binding protein) and other cellular 

factors (Chendrimada et al, 2005; Rana, 2007). TRBP interacts with Dicer complex and 

then brings Ago2 into the complex (Haase et al, 2005; Chendrimada et al, 2005; Gregory 

et al, 2005). Once in the RISC complex, the sense strand of the siRNA duplex is 

discarded, and the antisense strand remains to guide the complex to the target area of the 

target mRNA. Ago2, an endonuclease, then cleaves the mRNA between nucleotides 10 

and 11 upstream of the 5′ end (Elbashir et al, 2001; Rana, 2007). Activated RISC can be 

recycled and can perform silencing of additional mRNAs and thus can amplify the gene 

silencing effect (Hutvágner and Zamore, 2002; Rana, 2007; Whitehead et al, 2009). A 

schematic representation of the siRNA-mediated gene silencing pathways is illustrated in 

Figure 6.1. 
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Figure 6.1: A schematic 

illustration of the mode of 

action of siRNA-based gene 

silencing. Exogenous synthetic 

siRNA duplexes get phosphor-

rylated after entering the cell (by 

Clp1, an endogenous kinase). 

Then these small RNAs get 

assembled into the protein 

complex, known as RNA-

induced silencing complex 

(RISC), along with Dicer, Ago2, 

TRBP and other factors. Based 

on the sequence complementarity 

of guide strands of siRNA 

duplexes, activated RISC then 

cleaves target mRNA and thus 

carries out gene silencing. The 

image is adapted from http:// 

www.sabiosciences.com/pathwa

y.php?sn=RNAi_Pathway. 

 

 

6.1.4 Aim and objectives of this study 

 

The aim of this series of studies was to generate genetically manipulated transient 

models of CHI -cells to support additional studies of the mechanisms of disease. 

 

In order to support this aim, the objectives of this Chapter were:-   

 

a) To use molecular techniques to generate transient models of CHI -cells 

following the silencing of KATP channel genes expression in EndoCH1 cells 

by siRNA.  
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b) To characterise the basic insulin secretion properties of transient models of 

CHI -cells.   

c) To examine the actions of insulin-secretagogues on insulin secretion in the 

transient models of CHI -cells to correlate the gene silencing with insulin 

secretion. 
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6.2 Results 
 

6.2.1 siRNA-mediated knocking down of the expression of KCNJ11 in EndoCβH1 

cells  

 

Experiments were designed to knock-down the expression of the KCNJ11 gene (encoding 

Kir6.2, the pore-forming subunits of KATP channel in beta cells) in EndoCβH1 cells with a 

view to generating transient CHI-like model cells. Here, KCNJ11 gene-specific siRNA 

(Pre-designed Silencer Select) was transfected using RNAiMAX reagent (Thermo Fisher 

Scientific). The efficiency of knock-down of the gene and expression of the protein 

product, Kir6.2, was measured through Western blot experiments (Figure 6.2). It was 

found that cells treated with siRNA for 6 days (with the replacement of fresh reagent at 

day 3) showed better gene knock-down effect compared to the shorter treatments. 

Treatment with more than 6 days resulted in cell death (data not shown). With the 6-day 

treatment, ~55% of the expression the Kir6.2 protein was knocked down in the siRNA-

transfected cell population in comparison to that of control cell population (Figure 6.3).  

 

 

 

 

 
 

Figure 6.2: Western blot experiment showing the time course of siRNA-mediated knock-

down of KCNJ11 gene in EndoCβH1 cells. The image represents the blot showing the 

relative level of Kir6.2 protein expression in siRNA-treated cell population in different time 

points (day 3, day 5 and day 6). β-Actin is a housekeeping gene and was used as loading 

control in the experiment.  
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Figure 6.3: Western blot experiment showing the level of siRNA-mediated knock-down of 

KCNJ11 gene in EndoCβH1 cells. Image A represents the blot images showing the relative 

level of Kir6.2 protein expression in siRNA-treated cell population. β-Actin is a housekeeping 

gene and was used as loading control in the experiment. Image B is showing the relative 

numerical comparison of protein band intensity of Kir6.2 observed in western blot 

experiments. Data are presented as mean ± SEM (n = 3; 3 independent experiments; ** - p 

<0.01; unpaired t-test). KCNJ11KD = cells with KCNJ11 knock-down via siRNA. 

 

 

 

 

To assess changes in the KCNJ11 gene expression at the transcriptional level, qRT-PCR 

was performed. Expressions of the ABCC8 and INS genes were investigated as controls. 

Close to 70% gene knock-down was observed for the KCNJ11 siRNA-treated cell 

population (Figure 6.4 A). No effect on gene transcription was observed for ABCC8, 

encoding the other subunit of KATP channel, in treated cells as expected (Figure 6.4 B). 

Change of mRNA level of INS in siRNA-treated cells was also examined and no 

significant changes were observed in the expression of that gene (Figure 6.4 C).  

 

The experimental approaches used in the present study could not knock-down all the cells 

in the siRNA-treated cell population for the expression of the Kir6.2 protein. However, 

~55% of cells in the siRNA-treated cell population were knocked down which was 

viewed as satisfactory. Hence, this cell population was considered for downstream 

analyses.  
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A.  Expression of KCNJ11 B.  Expression of ABCC8 

  

C.  Expression of INS 

 
 

Figure 6.4: Relative gene expression changes of KCNJ11, ABCC8 and INS in siRNA- 

mediated knocked down EndoCβH1 cell population. Values were normalised with the 

expression of GAPDH in each condition. n = 3; 3 independent experiments; *** - p <0.001; ns 

= not significant; unpaired t-test. Data are presented as mean ± SEM. KCNJ11KD = cells with 

KCNJ11 knock-down via siRNA. 

 

 

 

6.2.2 Glucose-stimulated insulin secretion assay of KCNJ11 knocked down 

EndoCβH1 cells  

 

It was mentioned earlier in chapter 3 that one of the predominant phenotypes of CHI is 

uncontrolled increased insulin secretion from pancreatic beta cells. To investigate how the 

KCNJ11 knocked down (KCNJ11KD) cells behaved in terms of insulin secretion, 

ELISA-based insulin secretion assays were carried out in the presence of low and high 

glucose concentrations.  
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6.2.2.1 KCNJ11KD cells have increased basal insulin secretion 
 

The experiments described here focused on investigating the basal insulin secretion level 

in KCNJ11KD cells. Significantly increased levels of insulin were observed to be 

secreted by KCNJ11KD cells in comparison with control EndoCβH1cells (Figure 6.5). In 

both low (0.5 mM) and high (15 mM) glucose conditions, secretion was significantly 

higher than the control cells. The secretion was more than five times that in low glucose, 

and more than 3 times that in high glucose conditions in control cells. Significantly higher 

insulin secretion was also observed in the presence of high glucose in KCNJ11KD cells 

compared to the low glucose conditions in KCNJ11KD cells. So, these data indicated that 

the KCNJ11KD cells acquired increased basal insulin secretion capacity and non-

functional KATP channels in the cells could be the reason for this altered secretion 

capacity. 
 

 

 

 

 

Figure 6.5: Quantitative assays for glucose-stimulated insulin secretion in KCNJ11KD 

cells. Values were normalised and expressed as the percentage of the amount of insulin 

secreted by the cells from the total insulin content of the cells in individual conditions. n = 3; 3 

independent experiments; **** - p <0.0001; unpaired t-test). Data are presented as mean ± 

SEM 
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functional KATP channels (knock-down of KCNJ11). Both the control and KCNJ11KD 

cells were treated with tolbutamide, a known insulin secretagogue which induces 

secretion by blocking KATP channels (Mariot et al, 1998; Proks et al, 2002; Ishiyama et al, 

2006). Insulin secretions from the treated cells were then investigated.  

 

Insulin secretion was induced significantly in both low and high glucose condition from 

tolbutamide-treated EndoCβH1 cells compared to untreated control cells. In contrast, no 

significant changes in insulin secretion were observed in tolbutamide-treated KCNJ11KD
 

cells compared to untreated KCNJ11KD cells in both low and high glucose conditions 

(Figure 6.6). However, a significantly higher amount of insulin was secreted from 

tolbutamide-treated KCNJ11KD cells in high glucose conditions than to low glucose 

condition. Further, in both low and high glucose conditions, insulin secretion from 

tolbutamide-treated KCNJ11KD cells was observed to be slightly higher (p-value < 0.01 

in low glucose; p-value < 0.05 in high glucose) compared to the secretions observed in 

tolbutamide-treated EndoCβH1 cells. All of these facts indicate the knock-down effect of 

a proportion of channel proteins in cells. 
 

 

 

 

 

 
 

Figure 6.6: Quantitative assay for glucose-stimulated insulin secretion in KCNJ11KD 

cells treated with tolbutamide. Values were normalised and expressed as the percentage of 

the amount of insulin secreted by the cells from the total insulin content of the cells in 

individual conditions. n = 3; 3 independent experiments; **** - p <0.0001; ** - p <0.01; * - p 

<0.05; ns = not significant; unpaired t-test. Data are presented as mean ± SEM. 
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6.2.2.3  Insulin secretion assay of KCNJ11KD
 
cells in the presence of insulin 

secretion inhibitor, diazoxide 

 

As described above, tolbutamide could not increase insulin secretion in the KCNJ11KD 

cells thus suggesting a CHI-like phenotype. Further the effects of channel activation on 

insulin secretion in KCNJ11KD cells were measured. Diazoxide, a commonly used 

medication for CHI, is a known KATP channel activator and thus indirectly insulin 

secretion inhibitor (mentioned in Chapter 3). Insulin secretion from control EndoCβH1 

cells was inhibited significantly after treatment with diazoxide and the secretion could not 

increase from the basal level even in high glucose concentration (Figure 6.7). In 

KCNJ11KD cells, the insulin secretion was also inhibited in diazoxide-treated cells in 

comparison with untreated cells. However, unlike the control cells, insulin secretion was 

not inhibited to basal level in the diazoxide-treated KCNJ11KD cells. Rather a significant 

level of insulin secretion was observed in diazoxide-treated KCNJ11KD cells compared 

to diazoxide-treated control cells. Overall, these data suggest that loss of functional KATP 

channel was the reason behind the lower inhibitory effect of diazoxide observed in 

KCNJ11KD cells. A significant proportion of KATP channels might be malfunctional 

because of KCNJ11-specific siRNA treatment and these channels turned out to be 

insensitive to diazoxide treatment. Thus because of the loss of functional KATP channels 

increased insulin secretion was observed in KCNJ11KD cells. 
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Figure 6.7: Quantitative assay for glucose-stimulated insulin secretion in KCNJ11KD 

cells treated with diazoxide. Values were normalised and expressed as the percentage of the 

amount of insulin secreted by the cells from the total insulin content of the cells in individual 

conditions. n = 3; 3 independent experiments; **** - p <0.0001; *** - p <0.001; ns = not 

significant; unpaired t-test. Data are presented as mean ± SEM. 

 

 

 

6.2.2.4  Insulin secretion assay of KCNJ11KD
 
cells in the presence of calcium 

channel inhibitor, nifedipine 

 

The increased insulin secretion from KCNJ11KD cells could be the result of the altered 

activity of voltage-activated L-type calcium channels in the cell membrane. These 

calcium channels in cells could get altered or constitutively activated due to the treatment 

with siRNA and associated transfection reagents and increased insulin secretion could 

result. To examine this hypothesis, experiments were designed to investigate the effect of 

calcium channel inhibition on KCNJ11KD cells insulin secretion property. The cells were 

treated with nifedipine, a known L-type calcium channel blocker. Insulin secretion from 

control EndoCβH1 cells was inhibited to the basal secretion level after treatment with 

nifedipine in both low and high glucose conditions (Figure 6.8). Similar to the nifedipine-

treated control cells, insulin secretion from KCNJ11KD cells was also inhibited 

significantly after treatment with nifedipine. These data suggest that L-type calcium 
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channels in the cell membrane were not responsible for the increased insulin secretion 

observed in KCNJ11KD cells. It was observed that insulin secretion was inhibited to 

basal level in low glucose condition in both nifedipine-treated control and KCNJ11KD 

cells. However, in high glucose condition, although nifedipine-treated control cells 

showed the inhibition of insulin secretion, a significantly higher level of insulin secretion 

was observed in nifedipine-treated KCNJ11KD cells. It was not possible to investigate 

the reasons behind this increased insulin secretion phenomenon due to time constraints. 

However, it was hypothesised that a calcium-independent pathway might be activated by 

a high concentration of glucose that could increase the rate of exocytosis and thus insulin 

secretion in a ca
2+

-independent manner (Ämmälä et al, 1993; Komatsu et al, 1995; Sato et 

al, 1998; Heart et al, 2006). So, although nifedipine did not completely abolish insulin 

secretion in KCNJ11KD cells, the overall inhibition was substantial. From these 

observations, it can be inferred that L-type calcium channels in the cell membrane were 

not altered in KCNJ11KD cells. Hence, the observed increased insulin secretion in 

KCNJ11KD cells was because of the malfunctional KATP channels. 

 

 

  
 

 

 

 

Figure 6.8: Quantitative assay for glucose-stimulated insulin secretion in KCNJ11KD 

cells treated with nifedipine. Values were normalised and expressed as the percentage of the 

amount of insulin secreted by the cells from the total insulin content of the cells in individual 

conditions. n = 3; 3 independent experiments; **** - p <0.0001; ns = not significant; unpaired 

t-test. Data are presented as mean ± SEM. 
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6.3 Discussion  
 

The principal objective of the experiments described in this chapter was to generate a 

transient CHI model cell line which would provide a way to validate the findings from the 

genome-wide gene expression experiments in CHI tissues (described in Chapter 5). Here, 

siRNA-mediated gene silencing approach was utilised to knock-down the expression of 

KATP channels in EndoCβH1 cells with a view to generating a population of cells with 

non-functional KATP channels. It was hypothesised that these non-functional KATP 

channels could induce the cells to acquire CHI characteristic.  

 

Kir6.2 (pore-forming subunit, the product of KCNJ11) expression in EndoCβH1 cells was 

targeted to be knocked down as a suitable antibody against this protein was available to 

confirm the gene silencing. ~55% of cells in the KCNJ11 specific siRNA-treated cell 

population were knocked down which was viewed as satisfactory for downstream 

analyses. The KCNJ11KD cells showed increased basal insulin secretion as like CHI. 

Experimental data from the treatment of KCNJ11KD cells with KATP channel inhibitor 

and activator as well as L-type calcium channel inhibitor confirmed that this increased 

insulin secretion was because of the malfunctional KATP channels as it is observed in CHI 

(Inagaki et al, 1995; Dunne et al, 1997; Shyng et al, 1998; Eichmann et al, 1999). 

However, due to time constraints, this transient CHI model cell line could not be used in 

the validation of the findings from the genome-wide gene expression experiments in CHI 

tissues (described in Chapter 5). 

 

siRNA is one of the widely used powerful tools to be used to repress genes of interest 

selectively (Wilson and Doudna, 2013; Jin et al, 2016). This tool was used previously to 

successfully suppress the expression of target genes in different mammalian cells in vitro 

(Elbashir et al, 2001; Kosciolek et al, 2003; Jin et al, 2016; Pileczki et al, 2016) as well 

as in vivo (Sørensen et al, 2003; Soutschek et al, 2004; Zimmermann et al, 2006; 

Alvarez-Erviti et al, 2011). 

 

This gene silencing tool was also shown to be effective in suppressing gene expression in 

different mammalian model pancreatic beta cells in vitro and in vivo (Goldsworthy et al, 

2008; Okamoto et al, 2012; Wong et al, 2013; Scoville et al, 2015). The human model 

pancreatic beta cell line, EndoCβH1, was also shown to be amenable to gene silencing via 
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siRNA to validate the function of target genes (Scoville et al, 2015; Pal et al, 2016; 

Thomsen et al, 2016; Grieco et al, 2017).  

 

Kir6.2 was targeted in this approach to be knocked down by gene-specific siRNA to 

make the channel non-functional since suitable antibody against SUR1 (accessory subunit 

of KATP channel, the product of ABCC8) was not available to confirm the gene silencing. 

No previous studies have reported using siRNA for suppressing the gene expression of 

KCNJ11 in pancreatic cell lines. It was hypothesised that knock-down of the expression 

of this gene product would make the KATP channels non-functional and hence, the cells 

would acquire the CHI characteristics in terms of insulin secretion. So, experiments were 

designed to knock-down the Kir6.2 protein (pore-forming subunit of KATP channels). 

~55% of the level of expression of Kir6.2 was observed to be suppressed in this gene 

silencing experiments that resulted in significant up-regulation of insulin secretion in 

KCNJ11KD cells. This phenomenon resembles the phenotypes associated with CHI 

(Aynsley-Green et al, 1981; González-Barroso et al, 2008; Henquin et al, 2011; Rahman 

et al, 2015; Guo et al, 2017). So the experiment of KCNJ11 gene silencing was 

considered satisfactory. 

 

Experiments were conducted to investigate whether this excess insulin secretion could be 

the result of other factors like hyper-activation of voltage-gated L-type calcium channels 

or different modification of the KATP channel itself, not because of suppression of the 

expression of the KATP channel. To confirm the association of Kir6.2 knock-down with 

the observed increased insulin secretion in KCNJ11KD
 
cells, experiments were designed 

to treat the cells with a KATP channel inhibitor (tolbutamide), a KATP channel activator 

(diazoxide) and/or a calcium channel inhibitor (nifedipine) in separate experiments.  

 

Tolbutamide binds to KATP channel subunit, SUR1 and induces the channel closure (de 

Wet and proks, 2015). As a consequence, the membrane becomes depolarized that 

activates voltage-dependent L-type Ca
2+

 channels. The influx of Ca
2+

 then promotes 

insulin secretion (Mariot et al, 1998; Ashcroft and Rorsman, 1989; Proks et al, 2002; 

Dunne et al, 2004; Johnson et al, 2007a; Henquin and Nenquin, 2016). It was reported in 

earlier studies that tolbutamide was unable to enhance insulin secretion further in CHI 

tissues (Grimberg et al, 2001; Straub et al, 2001; Huopio et al, 2002; Henquin et al, 

2011). It was hypothesised that tolbutamide might not be able to inhibit all those KATP 
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channels which were already malfunctional due to siRNA-mediated KCNJ11 gene 

silencing. Hence, if the increased basal insulin secretion, observed in the KCNJ11KD
 

cells, were because of these malfunctional KATP channels, then there should not be much 

difference in insulin secretion in tolbutamide-treated and untreated KCNJ11KD
 
cells. 

Experiments were designed to treat the KCNJ11KD cells with tolbutamide to investigate 

this abovementioned hypothesis. Experimental data suggested that tolbutamide could not 

enhance insulin secretion any more in KCNJ11KD
 
cells. This finding was similar to what 

was reported in earlier studies where tolbutamide was unable to enhance insulin secretion 

further in KATP channel knock-out mouse models (Miki et al, 1998; Seghers et al, 2000). 

This observation indicated that the KCNJ11KD
 
cells truly exhibited CHI-like behaviour. 

Most of the secreted insulin might be contributed by the uncontrolled secretion of cells 

because of the knock-down effect of the KATP channels on the membrane. Henceforth, 

tolbutamide might not be able to show its overall secretion augmentation activity on the 

cell population and the contribution of tolbutamide was not reflected in the amount of 

total secreted insulin. 

 

Diazoxide is a KATP channel agonist that binds to the channel subunit, SUR1 and induces 

the channel to be open. Thus it prevents membrane depolarization and consequently 

inhibits glucose-stimulated insulin secretion from the cells (Mariot et al, 1998; Schöfl et 

al, 2000; Dunne et al, 2004; Henquin et al, 2011). It was hypothesised that diazoxide 

might not be able to activate all those KATP channels which were already malfunctional 

due to siRNA-mediated KCNJ11 gene silencing. Hence, insulin secretion might not be 

inhibited completely in the diazoxide-treated KCNJ11KD cells as it would be in the 

diazoxide-treated control cells. Experiments were designed to treat the KCNJ11KD cells 

with diazoxide to investigate this abovementioned hypothesis. Experimental data 

suggested that KCNJ11KD
 
cells showed some inhibitions in insulin secretion activity in 

both low and high glucose conditions when challenged with diazoxide. Despite diazoxide 

having an inhibitory effect on KCNJ11KD cells, the level of insulin secretion was still 

higher than that seen in diazoxide-treated control cells. This inhibition could be the result 

of the sensitivity to diazoxide of the remaining functional channel proteins which were 

not knocked down. These channels might be kept open after binding with diazoxide and 

hence prevented a proportion of insulin secretion. For this inhibitory property, diazoxide 

is used in the treatment of CHI patients to reduce the secretion of insulin. However, 

depending on the causative mutations (particularly mutations in KATP channel genes) 
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some patients are resistant to diazoxide (Dunne et al, 2004; Bakker and Oostdijk, 2006; 

MacMullen et al, 2011; Arnoux et al, 2011; Hu et al, 2012; Petraitienė et al, 2014; 

Welters et al, 2015; Saint-Martin et al, 2015; Rahman et al, 2015). The experimental 

KCNJ11KD
 
cell population was showing a similar behaviour towards diazoxide as those 

CHI patients. KCNJ11KD
 
cells were observed to show some resistance to diazoxide in 

high glucose. Altogether, these data suggested that increased basal level insulin secretion 

in KCNJ11KD cells could be due to the malfunctional KATP channels. 

 

Further, to investigate whether the excess insulin secretion in KCNJ11KD
 
cells could be 

the result of hyper-activation of voltage-gated L-type calcium channels, experiments were 

designed to treat the cells with nifedipine, an inhibitor of voltage-gated L-type calcium 

channel. Nifedipine prevents the exocytosis of insulin-containing granules and 

consequently insulin secretion (Giugliano et al, 1980; Dunne et al, 2004; Qureshi et al, 

2015). It was hypothesised that if the increased insulin secretion observed in KCNJ11KD
 

cells was because of the alteration or hyper-activation of voltage-gated L-type calcium 

channels, then treatment with nifedipine would not change the insulin secretion much. 

Nifedipine would not be able to inhibit these calcium channels in KCNJ11KD
 
cells and 

thus would not be able to inhibit insulin secretion. Experiments were designed to treat the 

KCNJ11KD cells with nifedipine to investigate this abovementioned hypothesis. In this 

study, insulin secretion was inhibited in nifedipine-treated control EndoCβH1 cells in 

both low and high glucose conditions as observed in earlier studies on rodent pancreatic 

model beta cells (Yaluri et al, 2015; Kursan et al, 2017). KCNJ11KD
 
cells were found to 

show strong inhibitions in insulin secretion activity in both low and high glucose 

conditions when challenged with nifedipine similar to previously reported KATP channel 

knock-out mouse models (Munoz et al, 2005; Seghers et al, 2000). However, the 

KCNJ11KD cells still exhibited some glucose sensitivity and increased insulin secretion 

after stimulation with high glucose. A calcium independent pathway might be activated 

by glucose that could increase the rate of exocytosis and insulin secretion in a ca
+2

-

independent manner (Ämmälä et al, 1993; Komatsu et al, 1995; Sato et al, 1998; Heart et 

al, 2006). So, although nifedipine did not completely put an end to insulin secretion in 

KCNJ11KD cells, the overall inhibition was significant. From these observations, it can 

be concluded that the observed increased insulin secretion in KCNJ11KD cells was 

because of the KCNJ11 knock-down and thus malfunction of KATP channels, not because 

of any alteration in voltage-activated calcium channels or other proteins.   
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From all of the above-mentioned experiments with KCNJ11KD
 
cells challenged with 

different KATP channel activator, inhibitor and calcium channel inhibitor, and the 

observed pattern of insulin secretion, KCNJ11KD
 
cells can be considered a potential 

model cell line that can mimic the CHI condition to some extent in terms of increased 

insulin secretion. Moreover, ongoing research has shown that KCNJ11KD cells exhibit 

similar gene expression (for some genes that were investigated) to CHI tissue as it was 

identified in gene expression experiments described in Chapter 5 (A. Ryan and M. Dunne, 

personal communications). For example, RAB3B (member, RAS oncogene family) and 

RIMS2 (Regulating synaptic membrane exocytosis 2) were reported earlier to be 

associated with insulin secretion regulation (Andersson et al, 2012; Steneberg et al, 

2013). Both of these genes, as well as GLP1R (glucagon-like-protein 1 receptor), were 

observed to be over-expressed in CHI condition (mentioned in Chapter 5). Unpublished 

work from Dunne research group showed the over-expression of RAB3B, RIMS2 and 

GLP1R genes in the KCNJ11KD cells (A. Ryan and M. Dunne, personal 

communications). In addition, RNA-sequence arrays were generated from these 

KCNJ11KD cells. Data from these arrays would be helpful in future to identify novel 

genes associated with CHI. Thus, this KCNJ11KD cell line could be considered as a 

potential model CHI-like cell line. Because of time constraints, this cell line could not be 

used to validate the findings of microarray experiments described in Chapter 5. Future 

studies may focus on using this cell line to validate the association of potential candidate 

CHI genes identified in Chapter 5.  
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Chapter 7 

 
Discussion 

 

 

7.1 Summary 
 

A number of studies have previously attempted to understand the mechanism of CHI and 

have identified a number of genes involved in the insulin secretion pathway that are 

associated with this disease (Nessa et al, 2015; Rahman et al, 2015). However, in many 

instances, the aetiology of the disease is yet to be identified (Banerjee et al, 2011; Stevens 

et al, 2013; Seniappan et al, 2015). A major problem in studying the mechanisms that 

underlie CHI is that the number of patients is very limited, and thus access to live tissue 

samples from these patients is also limited. An in vitro CHI disease model would, 

therefore, be helpful to decipher the mechanisms underlying this disease. Thus, the 

primary focus of the present study was to try to generate a suitable model cell line with 

CHI-like properties. The other main aim was to generate an informatics resource of 

mRNA expression profiles from pancreatic tissues obtained from CHI patients in order to 

identify novel CHI candidate genes.  

 

Briefly, three different approaches were explored to establish a CHI-like model cell line. 

The first approach was to use insulin secretagogues (ISGs) as chemical inducers of 

insulin hypersecretion and hyperproliferation of pancreatic beta cells- markers of CHI. 

ISGs (KCl, tolbutamide, arginine, leucine and glibenclamide) were unable to induce 

either insulin hypersecretion or hyperproliferation in beta cells. Hence this induction 

approach was concluded not to be a suitable method to transform beta cells into a CHI-

like model system. As an alternative approach, KATP channel gene, ABCC8 (encodes the 

accessory subunit, SUR1 of the KATP channels), was edited with the CRISPR-Cas9 

method in the CHI-iPS and the EndoCβH1 cells with a view to expressing nonfunctional 

KATP channels. The CHI-iPS cell line was derived in our laboratory from ex vivo 

expanded pancreas tissue of a CHI patient with a heterozygous recessive mutation in the 

ABCC8 gene. The cells were healthy but did not show insulin over-secretion as with CHI. 

It was postulated that homozygous mutation might be able to induce CHI in these cells in 
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in vitro condition. In addition, EndoCβH1 cells (a pancreatic beta cell model of human 

origin) were also tested. Successful target gene editing was observed in a proportion of 

both CHI-iPS and EndoCβH1 cell populations. However, none of the clonal cell lines 

generated from single edited CHI-iPS cells retained their stem cell properties beyond a 

couple of passages. Moreover, edited EndoCβH1 cells were unable to survive as single 

cells. So editing the ABCC8 gene to induce CHI characteristics was shown to be an 

unsuitable approach for generating model CHI-like beta cells from either the CHI-iPS or 

EndoCβH1 cells. The third approach was to attempt KATP channel gene knock-down by 

targeting the KCNJ11 gene which encodes for the pore-forming subunit, Kir6.2 of the 

channel proteins using siRNA. In this way, it was hypothesised that it should be possible 

to produce transient knock-down of KATP channel function and thereby produce a 

transient CHI-like model cell line (KCNJ11KD, derived from the EndoCβH1 cell line). 

As anticipated, KCNJ11KD cells showed CHI-like behaviour in terms of insulin 

hypersecretion. However, since the effect of siRNA was transient, it was not possible to 

carry out experiments to determine if these cells were hyperproliferative. The successful 

generation of this transient cell line thus partially achieved the primary aim of the thesis. 

Future studies with this model CHI-like cell line will aid better understanding of CHI.  

 

According to the second main aim of the thesis, genome-wide differential gene 

expression was studied in pancreas tissue samples to identify novel CHI candidate genes 

and associated pathways. Unlike the previously reported studies where control tissues 

were derived from non-CHI patients, here in the present study both the control and 

diseased tissues were collected from CHI patients. Three of these control and diseased 

tissues were from the same patients (tissue-matched controls). So, the differential gene 

expression data of CHI tissues in comparison with tissue-matched control tissues were 

expected to be more reliable and more accurate to be able to predict key CHI-associated 

genes and pathways. A number of pathways including regulation of insulin secretion, 

regulation of calcium ion-dependent exocytosis, type B pancreatic cell differentiation, 

glucose homeostasis, cell cycle regulation, and cell proliferation were identified as 

potential key CHI-associated pathways based on the differential gene expression. In 

addition, a total of 39 potential candidate genes were predicted from the differential gene 

expression datasets to be linked with CHI. Among them, SSTR2 (somatostatin type 2 

receptor) and GLP1R (glucagon-like protein 1 receptor) genes were predicted to be 

among the key genes potentially involved in CHI development. Both of these genes are 



Chapter seven 

Page | 294  Towards an in vitro model of congenital hyperinsulinism of infancy 

involved in insulin secretion and beta cell proliferation (Kailey et al, 2012; Meloni et al, 

2013). In addition, PPY (pancreatic polypeptide) was predicted to be another potential 

key CHI-associated gene. This gene was reported to be involved in the regulation of 

insulin secretion and glucose homeostasis (Shi et al, 2015). Future studies for 

experimental validation of these predicted candidate genes may provide valuable 

information for better understanding of CHI mechanism.  

 

To conclude, this thesis work has successfully generated a transient CHI-like model cell 

line (KCNJ11KD) and has been able to identify a number of potential CHI candidate 

genes and key pathways. These findings need to be validated further to confirm their 

association with CHI and their roles in the mechanism(s) underlying CHI. The 

KCNJ11KD cell line could provide a model with which to study the association of these 

predicted candidate genes with CHI and for the other future studies on CHI.  

 

7.2 Contribution to the understanding of CHI 
 

7.2.1 Establishment of CHI-like model cell line 

 

This thesis work primarily attempted on establishing a suitable in vitro CHI model cell 

line following three approaches- ISG-based induction, KATP channel gene editing, and 

siRNA-based KATP channel gene silencing approach.  

 

7.2.1.1 ISG-based induction method 

 
Insulin, supplied as nutrient supplement, was reported to stimulate cell proliferation, and 

increased beta cell proliferation has been reported to be associated with increased insulin 

secretion (Heni et al, 2011; Dadon et al, 2012; Li et al, 2017). This present study 

attempted to stimulate cells using insulin secretagogues (ISGs) for insulin hypersecretion 

to bring changes in cell proliferation as well as insulin secretion capacities. However, no 

acquired changes were observed in cells. No studies were reported earlier to use ISGs for 

inducing CHI characteristics in pancreatic beta cells. As this approach was not successful, 

hence, it was concluded that ISG-based cell induction approach may not be suitable to 

transform beta cells into the CHI-like model systems and hence, this approach should not 

be used in future studies.      
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7.2.1.2 KATP channel gene-editing approach 

 
The most common cause of CHI is the loss of functional KATP channels in beta cells 

(Yorifuji, 2014; Nessa et al, 2016). Before the commencement of the present study, there 

were no reports of attempts to edit KATP channel genes in order to induce CHI-like 

characteristics in cells. However, in the latter stages of the project, one group did report a 

CHI-like model cell line by introducing mutations in the ABCC8 gene (encoding SUR1 

subunit of KATP channel) into a stem cell line (H1) using the CRISPR-Cas9 gene-editing 

method (Guo et al, 2017).  

 

As indicated earlier, in the present study target gene editing of ABCC8 using CRISPR-

Cas9 was successful in CHI-iPS cells. However, control of these gene-edited cells to 

create stable and undifferentiated cells lines was not achieved. Unfortunately, Guo et al. 

(2017) did not report their method for growing the edited stem cells. So it was not 

possible to compare the two studies to identify any discrepancies that may account for the 

different outcomes. Nevertheless, since Guo and colleagues have shown that it is possible 

to establish CHI-like model cell line from stem cells through the modification of KATP 

channel genes, it should be possible to generate CHI-like model cell line from CHI-iPS 

cells in future. However, a viable protocol to grow the edited stem cells as an 

undifferentiated stem cell line will be necessary. It was suggested that irradiated mouse 

embryonic fibroblast (MEF) cells can be used as feeder cells to enhance the survival of 

the edited single cells (Yang et al, 2013; Byrne et al, 2014). These MEF cells can grow in 

culture but can not propagate because of the irradiation treatment (Byrne et al, 2014). 

However, MEF cells are able to secrete several important growth factors which could be 

helpful for the survival and single-cell clonal propagation of the edited stem cells and 

maintain their pluripotency (Hongisto et al, 2012; Yang et al, 2013; Singhal et al, 2016). 

A very recent study demonstrated the Stem-Flex media (a commercially available stem 

cell growth media) is efficient for single-cell cloning of stem cells to support genome-

editing experiments (Chen and Pruett-Miller, 2018). Future studies may explore these 

approaches to enhance the stability of edited CHI-iPS cells.  

 

The present study has also shown that it is possible to use the CRISPR-Cas9 method for 

successful gene editing in EndoCβH1 cells. However, the failure of the single-cell clonal 

propagation of EndoCβH1 cells makes the cells inappropriate for generating CHI-like 

https://www.sciencedirect.com/topics/medicine-and-dentistry/fibroblast
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model cells. No study was reported earlier to conduct gene-editing experiments on 

EndoCβH1 cells followed by single-cell clonal propagation of the cells. A viable protocol 

for single-cell clonal propagation will be necessary to use these cells for the generation of 

CHI-like model cells. Inter-α-inhibitor (IαI), a human serum-derived protein has been 

reported to enhance single-cell survival and supports clonal expansion (Pijuan-Galito et 

al, 2016). Also, earlier studies suggest that epidermal growth factor and fibroblast 

growth factor support the clonal expansion of mammalian cells which are difficult to 

culture as single cells (Lee et al, 1997; Xu et al, 2005; Levenstein et al, 2006). Future 

studies could attempt to optimize the single-cell culture protocol for this cell line by 

adding the growth factors mentioned above. Alternatively, single-cell clonal expansion of 

EndoCβH1 cells could be conducted by growing the cells on irradiated fibroblasts cells as 

feeder cells (Byrne et al, 2014; Yang et al, 2014a).  

 

7.2.1.3 siRNA-based KATP channel gene silencing approach 

 
Since the above-mentioned two approaches failed to establish a stable CHI-like model 

cell line, hence, this study attempted to generate transient CHI-like cells by siRNA-based 

gene silencing approach. No previous studies had been reported where KATP channel 

genes were knocked down transiently by gene-specific siRNAs to induce CHI 

characteristics in beta cells. These transient CHI-like cells (KCNJ11KD) showed 

increased basal insulin secretion; consistent with reports highlighting the importance of 

non-functional KATP channels in CHI (Kapoor et al, 2013; Nessa et al, 2016). Since 

generating the KCNJ11KD cell line was part of this thesis work, further characterisation 

of these cells has been undertaken in the Dunne laboratory. This further work has shown 

that KCNJ11KD cells exhibit gene expression similar to CHI tissue (A. Ryan and M. 

Dunne, personal communications). For example, GLP1R and PPY genes showed 

differential expression in these KCNJ11KD cells similar to the CHI tissues. In addition, 

RAB3B (Ras-associated small molecular mass GTP-binding protein), and RIMS2 

(regulating synaptic membrane exocytosis 2) were found to be upregulated in CHI 

tissues. These genes have previously been reported to be associated with regulation of 

insulin secretion (Lezzi et al, 1999; Kashima et al, 2001; Norlin et al, 2005). Notably, 

upregulation in these genes was also observed in the KCNJ11KD cells. These 

observations support our earlier findings and provide further evidence that KCNJ11KD 

cells have CHI-like properties. Thus - a good starting model for further investigations. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/fibroblast
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The limitation of this cell model is that the effect of KATP channel knockdown is transient 

and therefore, the cell line is not stable. Thus, for each experiment, pancreatic beta cells 

would need to be treated again with siRNA to produce knockdown of KATP channel 

expression. Importantly however, this KCNJ11KD cell line did exhibit characteristics 

similar to CHI and so is a potential model cell system that can be used in further research 

(some examples are mentioned in section 7.3) to better understand the mechanisms 

underlying CHI. 

 

7.2.2 Differential gene expression study using microarray 

 

As described elsewhere, CHI is genotypically multifactorial, genes/proteins from multiple 

pathways are likely to be involved in the development of the disease (Stevens et al, 

2013). A transcriptomic dataset would, therefore, be a highly valuable resource to help 

gain further understanding of how CHI is associated with altered expression of different 

genes and proteins (Wang et al, 2007; Kao et al, 2017). Two previous studies have 

attempted to study differential gene expression in CHI tissues to identify candidate genes 

and pathways associated with CHI (Rahman et al, 2015b; Senniappan et al, 2016). These 

studies used CHI tissues and age-matched control pancreatic tissues (tissues from non-

CHI patients) to look at differential gene expression. In the present study, however, both 

the healthy tissues (as control) and lesion tissues were collected from CHI affected 

pancreas. Moreover, three of these control and diseased tissues were from the same 

individual patient (tissue-matched controls). No previous study has been reported earlier 

where both the healthy tissues and lesion tissues were collected from CHI affected 

pancreas and used for differential gene expression-based CHI study. Similar approaches 

of using control and lesion tissues from diseased patients for differential gene expression 

assays were reported previously for colon cancer, lung cancer and tumorigenesis-related 

studies (Resnick et al, 2005; Kim et al, 2006; Zhao et al, 2009). It was hypothesised that 

comparing the transcriptional expression profiles between healthy and lesion tissues, both 

from CHI affected pancreas, would lead to more reliable identification of CHI related 

genes and pathways (Stevens et al, 2013; Senniappan et al, 2016). However, it is not 

evident whether there is any difference in the outcome of the studies if not the control and 

lesion tissues are from same individual patients.   
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A number of pathways including regulation of insulin secretion, regulation of calcium 

ion-dependent exocytosis, glucose homeostasis, type B pancreatic cell differentiation, cell 

cycle regulation, and cell proliferation were predicted as potential key CHI-associated 

pathways based on the differential gene expression patterns observed in the present study. 

Previous studies have reported the association of CHI with some of these pathways 

including insulin secretion, glucose homeostasis and cell cycle regulation (Kassem et al, 

2010; Senniappan et al, 2012; Rahman et al, 2015a). Senniappan et al. (2016) reported 

the IGF-1/mTOR/Akt pathway as a potential CHI pathway, however, the present study 

did not find the association of this pathway with CHI. A total of 39 potential CHI 

candidate genes were predicted from the present study. Among them, SSTR2, GLP1R and 

PPY genes were predicted to be among the key genes potentially involved in CHI 

development. These genes are involved in the regulation of insulin secretion, glucose 

homeostasis, and beta cell proliferation (Kailey et al, 2012; Meloni et al, 2013; Shi et al, 

2015). Ongoing research in the Dunne laboratory has shown similar CHI-like differential 

expression of GLP1R and PPY genes in KCNJ11KD cells. Rahman et al. (2015b) 

reported DPP-4 and PYY genes as potential CHI genes based on differential gene 

expression-based studies. However, these genes were not identified as CHI genes in the 

present study. The differences in the sources of control tissues could be the reasons 

behind these observed variances, though there is no previous report in support of this 

hypothesis. Among the previously identified CHI genes (mentioned in Chapter 1), 

ABCC8 and HADH are the two genes whose differential expression was observed in all 

CHI tissue samples in the present study.  

 

The predicted 39 candidate genes from the present differential gene expression study have 

not previously been reported to be linked with CHI. These candidate genes are either 

directly or indirectly related to glucose homeostasis and insulin secretion, so they could 

play vital roles in disease progression. Experimental validation of these candidate genes 

may provide valuable information for better understanding of CHI mechanism in future.  

 

7.3 Future perspectives 

 

The transient CHI-like cell line, KCNJ11KD showed uncontrolled increased insulin 

secretion. On-going research has shown gene expression in these cells (for some genes 

that were investigated) similar to the differential gene expression datasets generated from 
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CHI tissues in the present study (mentioned in section 7.2.1.3) (A. Ryan and M. Dunne, 

personal communications). Further, RNA-sequence arrays (RNA-Seq) were generated 

from these KCNJ11KD cells by the Dunne Laboratory as the facility for this experiment 

was available at the University of Manchester. In compared to gene expression 

microarray, RNA-Seq is more sensitive and accurate in detecting the expression of genes 

(Zhao et al, 2014; Rai et al, 2018; Rao et al, 2019). This technology is also better in 

detecting gene isoforms as well as novel transcripts which could be potentially associated 

with a biological phenomenon (Rai et al, 2018). Data from these assays would be helpful 

in future to identify novel genes and pathways potentially associated with CHI. 

 

In addition to the previously reported CHI-associated genes (mentioned in section 1.3), 

the present study also identified 39 more potential candidate genes. Among them, SSTR2, 

GLP1R and PPY genes were predicted to be the key genes. However, these genes need to 

be experimentally validated. As discussed above, KCNJ11KD cell line could provide a 

useful model to validate these potential gene candidates in CHI. Quantitative PCR (qRT-

PCR) based comparative gene expression studies in KCNJ11KD cells could be an option 

for validating these genes. Further, comparative studies between the data from differential 

gene expression of CHI tissues and RNA-sequence arrays from the KCNJ11KD cells 

would be more supportive to identify key candidate genes. siRNA-mediated gene knock-

down experiments in the EndoCβH1 cells could also be used to validate the involvement 

of these key genes in CHI.  

 

7.4 Concluding remarks 

 

To conclude, a siRNA-mediated KATP channel gene knock-down approach was 

successfully used to generate a transient CHI-like model cell line (KCNJ11KD) that 

showed CHI-like behaviour in terms of uncontrolled insulin secretion, and thus partially 

achieved the primary aim of the thesis. Subsequent experiments conducted in the Dunne 

lab have obtained gene expression data that are also consistent with CHI-like properties 

of these cells. Future studies with this model CHI-like cell line could thus provide 

valuable information for a better understanding of CHI. Differential gene expression 

microarray analyses on pancreas tissue from CHI patients identified a total of 39 potential 

candidate genes that are predicted to be linked with CHI. Future studies for experimental 
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validation and identifying key genes among the predicted candidate genes will provide 

valuable information for better understanding of CHI mechanism.   
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List of primers used in RT-PCR 

Gene name/  

NCBI ref. no 
Primer 

Primer sequence 

5′ → 3′ 

Tm 

(
°
C) 

Product 

size (bp) 

ABCC8 (human) 

NM_000352.4 

Forward GCCTTCCTGACAGCGAGATA 
62 84 

Reverse CGGGGCCTCTCTTCCTGAT 

ABCC8 (mouse) 

NM_001357538.1 

Forward GAGATGCAGAGGGTCTCCG 
62 99 

Reverse CTCTGGGTTGCTTGTCCTGA 

CACNA1A (mouse) 

NM_001252059.1 

Forward TCGGGAACTACACCCTGCT 
60 100 

Reverse GCCTCTTCCTCTTCTTGCTCA 

CACNA1B (mouse) 

NM_001042528.2 

Forward TACTTCCGGGACCTGTGGAA 
62 90 

Reverse GGATCCTCCCATGAAGCTCG 

CACNA1C (mouse) 

NM_001159533.2 

Forward TTCCTCATCGTCATTGGGAGC 
60 97 

Reverse TCTCCTCTGCACTCATAGAGG 

CACNA1D (human) 

NM_000720.3 

Forward GTCTCTGGTGCTGGTGGAGA 
59 100 

Reverse CGTCGGCTGAGTTTGGATTT 

CACNA1H (human) 

NM_001005407.1 

Forward ACCAGCCACTATCTCGACCT 
62 94 

Reverse CCAGCGACTTGGGTTGGTTA 

GAPDH (human) 

NM_001256799.2 

Forward ATTGCCCTCAACGACCAC 
60 79 

Reverse GGTCCACCACCCTGTTGC 

GAPDH (mouse) 

NM_001289726.1 

Forward TAAGAGGGATGCTGCCCTTAC 
60 115 

Reverse CCAAATCCGTTCACACCGAC 

INS (human) 

NM_001185097.1 

Forward GCATCTGTCCCTCTACCA 
59 107 

Reverse CAAGGGTTTATTCCATCTCTCT 

INS (mouse) 

NM_008386.4 

Forward TGGCTTCTTCTACACACCCAAG 
62 132 

Reverse ACAATGCCACGCTTCTGCC 

KCNB1 (human) 

NM_004975.3 

Forward TGCCAAGATCCTTGCCATAATTT 
62 97 

Reverse CTCATCGAGGCTCTGTAGCTC 

KCNB1 (mouse) 

NM_008420.4 

Forward GGTGGCCGCCAAGATCCTGG 
60 107 

Reverse CGAATTCGTCCAGGCTCTGT 

KCNB2 (human) 

NM_004770.2 

Forward GTCATTGGCGAAGGGGATCG 
60 124 

Reverse GACAAAGCTAGCTCCCACAGAC 
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Gene name/  

NCBI ref. no 
Primer 

Primer sequence 

5′ → 3′ 

Tm 

(
°
C) 

Product 

size (bp) 

KCNB2 (mouse) 

NM_001098528.2 

Forward GAGTTTGATAACACCTGCTGCC 
60 97 

Reverse CGATGGCCAGGATCTTTGCAG 

KCNC2 (human) 

NM_001260497.1 

Forward AGGAAAGGAATTAGAAATGGGCA 
60 115 

Reverse CCAGCATATTTAATCTTCCAGCTT 

KCNJ11 (human) 

NM_000525.3 

Forward GTCTGGTGGGGAGTTATCTCAG 
62 99 

Reverse TAGGGCCTCACTGCAGAGTC 

KCNJ11 (mouse) 

NM_001204411.1 

Forward CAGACACACGCCAGGGAAG 
60 97 

Reverse GCAGCCAGCTGCTCGTGC 

KCNMA1 (mouse) 

NM_001253358.1 

Forward CATCCCGTCCACAGCAAATC 
62 100 

Reverse CTTTTCTGCTTGGCCCATTCT 

NEUROD1 (human) 

NM_002500.4 

Forward CTCGGACTTTTCTGCCTGAG 
58 275 

Reverse GAAGTTGCCATTGATGCTGA 

NKX6.1 (human) 

NM_006168.2 

Forward AAAGACGGGAAGAGAAAACA 
58 298 

Reverse CCAGAGGCTTATTGTAGTCG 

PDX1 (human) 

NM_000209.3 

Forward AACAACTATTCACGAGCCAGTA 
58 203 

Reverse GCATTTCCCACAAACATAAC 

SCN8A (human) 

NM_001177984.2 

Forward GTTGCTCAAGTGGACAGCCT 
60 90 

Reverse TTCACCACCACAGCCACAATG 

SCN9A (human) 

NM_002977.3 

Forward ACCCTAGAGAGTGAAGAAGACT 
58 99 

Reverse ACACTGACCTGAATCTGTGCT 

SCN9A (mouse) 

NM_001290674.1 

Forward TGCTGAGAGTGAAGAAGAATTGA 
62 99 

Reverse GGACACTGCCCTGAATCTGT 
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List of differentially expressed genes (over-expressed) in CHI tissues 

Gene Symbol Gene name 
Fold-

Change 

SLC17A6 Solute carrier family 17 member 6 7.98662 

SCG3 Secretogranin III 5.73173 

SNORD115-32 Small nucleolar RNA, C/D box 115-32 5.69395 

PPY Pancreatic polypeptide 5.66877 

G6PC2 Glucose-6-phosphatase, catalytic, 2 5.57633 

PARM1 Prostate androgen-regulated mucin-like protein 1 5.55203 

BMP5 Bone morphogenetic protein 5 5.42886 

PCSK1 Proprotein convertase subtilisin/kexin type 1 5.34898 

LOC101927457 Uncharacterized LOC101927457 5.09246 

SYT13 Synaptotagmin XIII 5.00993 

SNORD115-22 Small nucleolar RNA, C/D box 115-22 4.99572 

RIMS2 Regulating synaptic membrane exocytosis 2 4.76136 

SNORD115-5 Small nucleolar RNA, C/D box 115-5 4.74847 

SNORD115-6 Small nucleolar RNA, C/D box 115-6 4.69781 

SNORD115-44 Small nucleolar RNA, C/D box 115-44 4.68766 

RFX6 Regulatory factor X, 6 4.66785 

SNORD115-27 Small nucleolar RNA, C/D box 115-27 4.66783 

SNORD115-10 Small nucleolar RNA, C/D box 115-10 4.65885 

SNORD115-11 Small nucleolar RNA, C/D box 115-11 4.61906 

SNORD115-25 Small nucleolar RNA, C/D box 115-25 4.54399 

ABCC8 ATP-binding cassette, sub-family C member 8 4.45723 

SNORD115-1 Small nucleolar RNA, C/D box 115-1 4.44017 

GNG4 Guanine nucleotide binding protein gamma 4 4.42531 

MIR7-3HG MIR7-3 host gene (non-protein coding) 4.39157 

SCGB2A1 Secretoglobin, family 2A, member 1 4.37755 

SNORD115-16 Small nucleolar RNA, C/D box 115-16 4.35774 

FAM159B Family with sequence similarity 159, member B 4.2898 

SNORD115-40 Small nucleolar RNA, C/D box 115-40 4.25136 

SNORD115-31 Small nucleolar RNA, C/D box 115-31 4.23499 

LOC101929550 Uncharacterized LOC101929550 4.22272 

SNORD115-38 Small nucleolar RNA, C/D box 115-38 4.20774 

SNORD115-33 Small nucleolar RNA, C/D box 115-33 4.18358 

SNORD115-24 Small nucleolar RNA, C/D box 115-24 4.13269 

NEFM Neurofilament, medium polypeptide 4.12996 

SNORD115-21 Small nucleolar RNA, C/D box 115-21 4.11915 

RAB3B RAB3B, member RAS oncogene family 4.09549 

IAPP Islet amyloid polypeptide 4.02412 

SCGN Secretagogin, EF-hand calcium binding protein 4.02137 
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Gene Symbol Gene name 
Fold-

Change 

CXorf57 Chromosome X open reading frame 57 3.96371 

INA Internexin neuronal intermediate filament protein, alpha 3.93723 

SLC38A4 Solute carrier family 38, member 4 3.91409 

RP11-531A24.3 Novel transcript 3.889 

NOL4 Nucleolar protein 4 3.85513 

RP11-38P22.2 Novel transcript 3.78973 

FAM105A Family with sequence similarity 105, member A 3.77095 

CFC1B Cripto, FRL-1, cryptic family 1B 3.75938 

GAD2 Glutamate decarboxylase 2  3.75709 

HEPACAM2 HEPACAM family member 2 3.68313 

EDARADD EDAR-associated death domain 3.6518 

VAT1L Vesicle amine transport 1-like 3.62934 

RASD1 RAS, dexamethasone-induced 1 3.62796 

LINC01112 Long intergenic non-protein coding RNA 1112 3.62479 

SYT14 Synaptotagmin XIV 3.59173 

IL13RA2 Interleukin 13 receptor, alpha 2 3.58845 

SNORD115-28 Small nucleolar RNA, C/D box 115-28 3.53716 

SORL1 Sortilin-related receptor 1 3.53053 

SLC2A2 Solute carrier family 2 member 2 3.5281 

UNC79 Unc-79 homolog, NALCN channel complex subunit 3.52703 

CHGA Chromogranin A  3.4891 

PRKACB Protein kinase, cAMP-dependent, catalytic, beta 3.48855 

SNORD115-41 Small nucleolar RNA, C/D box 115-41 3.46676 

GCH1 GTP cyclohydrolase 1 3.44092 

LINC00643 Long intergenic non-protein coding RNA 643 3.43492 

UNC13A Unc-13 homolog A  3.42988 

PCSK2 Proprotein convertase subtilisin/kexin type 2 3.39423 

ELAVL4 ELAV like neuron-specific RNA binding protein 4 3.38101 

CLGN Calmegin 3.34569 

EGFEM1P EGF-like and EMI domain containing 1, pseudogene 3.31601 

LOC653513 Phosphodiesterase 4D interacting protein pseudogene 3.29166 

RAB3C RAB3C, member RAS oncogene family 3.29073 

LOC100288310 Uncharacterized LOC100288310 3.29023 

CASR Calcium-sensing receptor 3.27355 

STXBP5L Syntaxin binding protein 5-like 3.26314 

SLC4A10 Solute carrier family 4 member 10 3.24838 

CPE Carboxypeptidase E 3.23779 

LOC100129046 Uncharacterized LOC100129046 3.23716 

SNORD115-39 Small nucleolar RNA, C/D box 115-39 3.20723 

SAMD5 Sterile alpha motif domain containing 5 3.19696 

PAM Peptidylglycine alpha-amidating monooxygenase 3.19536 

KIAA1377 Kiaa1377 3.18808 

INSM1 Insulinoma-associated 1 3.13923 
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Gene Symbol Gene name 
Fold-

Change 

SNORD115-30 Small nucleolar RNA, C/D box 115-30 3.13827 

KIF5C Kinesin family member 5C 3.12774 

SNORD115-17 Small nucleolar RNA, C/D box 115-17 3.12521 

CHST9 Carbohydrate (N-acetylgalactosamine 4-0) sulfotransferase 9 3.11132 

TOX Thymocyte selection-associated high mobility group box 3.10553 

CACNA1D Calcium channel, voltage-dependent, L type, alpha 1D subunit  3.0776 

PTPRN Protein tyrosine phosphatase, receptor type, N 3.07146 

SYT16 Synaptotagmin XVI 3.0558 

GJD2 Gap junction protein, delta 2, 36kda 3.04259 

JAKMIP2 Janus kinase and microtubule interacting protein 2 3.02476 

ST8SIA3 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 3 3.01376 

SCG2 Secretogranin II 2.99804 

ZNF483 Zinc finger protein 483 2.9823 

SLC8A1 Solute carrier family 8 member A1 2.98091 

SNORD115-14 Small nucleolar RNA, C/D box 115-14 2.97705 

PAX6 Paired box 6 2.9682 

GLP1R Glucagon-like peptide 1 receptor 2.94456 

TMOD2 Tropomodulin 2  2.93484 

SNORD115-8 Small nucleolar RNA, C/D box 115-8 2.93386 

SNAP25 Synaptosome associated protein 25 2.91474 

CHGB Chromogranin B 2.9082 

PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 2.90615 

ERO1LB ERO1-like beta (S. Cerevisiae) 2.90557 

NFASC Neurofascin 2.8968 

CHN1 Chimerin 1 2.89388 

UCHL1 Ubiquitin carboxyl-terminal esterase L1 2.88167 

MYO3A Myosin IIIA 2.88099 

VWDE Von Willebrand factor D and EGF domains 2.87407 

SLC6A17 Solute carrier family 6 member 17 2.86543 

SYT4 Synaptotagmin IV 2.86295 

KCNB2 
Potassium voltage-gated channel, Shab-related subfamily, 

member 2 
2.86128 

KCNK16 Potassium channel, subfamily K, member 16 2.86107 

UNC80 Unc-80 homolog (C. Elegans) 2.8586 

DZIP3 DAZ interacting zinc finger protein 3 2.848 

SEPT3 Septin 3 2.84134 

MBOAT4 Membrane bound O-acyltransferase domain containing 4 2.83005 

MAP3K15 Mitogen-activated protein kinase kinase kinase 15 2.78051 

FMN2 Formin 2 2.77357 

NBEA Neurobeachin 2.77226 

PDK3 Pyruvate dehydrogenase kinase, isozyme 3 2.76507 

PLCB4 Phospholipase C, beta 4 2.76465 

SRD5A1 Steroid-5-alpha-reductase  2.76348 
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Gene Symbol Gene name 
Fold-

Change 

QPCT Glutaminyl-peptide cyclotransferase 2.75469 

GNAO1 G protein subunit alpha o1 2.75411 

EMB Embigin 2.74236 

DPP6 Dipeptidyl-peptidase 6 2.74074 

CSRNP3 Cysteine-serine-rich nuclear protein 3 2.73935 

EDN3 Endothelin 3 2.73817 

SYT7 Synaptotagmin VII 2.73258 

CAMK2N1 Calcium/calmodulin-dependent protein kinase II inhibitor 1 2.72015 

TMEM63C Transmembrane protein 63C 2.71787 

KIAA2022 Kiaa2022 2.71626 

ELMO1 Engulfment and cell motility 1 2.70073 

TMEM27 Transmembrane protein 27 2.68684 

CA8 Carbonic anhydrase VIII 2.68637 

MEG3 Maternally expressed 3 (non-protein coding) 2.67962 

SLC7A8 Solute carrier family 7 member 8 2.65811 

ZNF674-AS1 ZNF674 antisense RNA 1  2.65672 

MIR670HG MIR670 host gene (non-protein coding) 2.639 

CACNA2D1 Calcium channel, voltage-dependent, alpha 2/delta subunit 1  2.62588 

LINC01014 Long intergenic non-protein coding RNA 1014 2.6236 

FAR2P2 Fatty acyl coa reductase 2 pseudogene 2 2.61387 

CCDC67 Coiled-coil domain containing 67 2.61347 

MTMR7 Myotubularin related protein 7 2.60595 

ARG2 Arginase 2 2.60028 

KIF5A Kinesin family member 5A 2.58659 

LRRC39 Leucine rich repeat containing 39 2.57985 

SNORD115-4 Small nucleolar RNA, C/D box 115-4 2.57318 

NKX6-1 NK6 homeobox 1 2.57299 

LPPR4 Lipid phosphate phosphatase-related protein type 4 2.57206 

TCN1 Transcobalamin I ( 2.57063 

LGI2 Leucine-rich repeat LGI family, member 2 2.54477 

FFAR1 Free fatty acid receptor 1 2.53223 

CACNA1A Calcium voltage-gated channel subunit alpha 1A  2.51922 

SLC4A8 Solute carrier family 4, member 8 2.51588 

GPR98 G protein-coupled receptor 98 2.51512 

GRIA3 Glutamate receptor, ionotropic, AMPA 3 2.51173 

DAPL1 Death associated protein-like 1 2.49027 

C1QL1 Complement component 1, q subcomponent-like 1 2.48925 

PLCXD3 
Phosphatidylinositol-specific phospholipase C, X domain 

containing 3 
2.48847 

SLC36A4 Solute carrier family 36 member 4 2.48482 

MIR376B Microrna 376b 2.48059 

CAPN13 Calpain 13 2.47982 

MAP1B Microtubule-associated protein 1B 2.4768 
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Gene Symbol Gene name 
Fold-

Change 

HDAC9 Histone deacetylase 9 2.46846 

EMBP1 Embigin pseudogene 1 2.46258 

SLC30A8 Solute carrier family 30 member 8 2.46119 

GLRA1 Glycine receptor, alpha 1 2.45983 

SCIN Scinderin 2.45558 

RPS6KA6 Ribosomal protein S6 kinase A6 2.44992 

RGS9 Regulator of G-protein signaling 9 2.44809 

GCNT1 Glucosaminyl (N-acetyl) transferase 1, core 2 2.44705 

KATNAL1 Katanin catalytic subunit A1 like 1 2.44645 

ATP6V0A1 Atpase, H+ transporting, lysosomal V0 subunit a1 2.43349 

SNORD115-3 Small nucleolar RNA, C/D box 115-3 2.43135 

GPR148 G protein-coupled receptor 148 2.42921 

TSPAN2 Tetraspanin 2 2.41652 

MYO1D Myosin ID 2.41544 

CADPS Calcium dependent secretion activator 2.41529 

RIMBP2 RIMS binding protein 2 2.41297 

LINC01146 Long intergenic non-protein coding RNA 1146 2.41027 

NPTX2 Neuronal pentraxin II 2.40063 

APLP1 Amyloid beta precursor-like protein 1 2.39463 

CERKL Ceramide kinase-like 2.39385 

ATP8A1 Atpase phospholipid transporter 8A1 2.39224 

SLCO5A1 Solute carrier organic anion transporter family, member 5A1 2.3913 

WDR17 WD repeat domain 17 2.38874 

RNU6-267P RNA, U6 small nuclear 267, pseudogene 2.38862 

RCAN2 Regulator of calcineurin 2 2.38405 

HADH Hydroxyacyl-coa dehydrogenase 2.38355 

RNU6-162P RNA, U6 small nuclear 162, pseudogene 2.3759 

PPM1E Protein phosphatase, Mg2+/Mn2+ dependent, 1E 2.37514 

CD200 CD200 molecule 2.3724 

CCL11 Chemokine (C-C motif) ligand 11 2.37214 

PIGA Phosphatidylinositol glycan anchor biosynthesis, class A 2.37181 

IDS Iduronate 2-sulfatase 2.37114 

PCLO Piccolo presynaptic cytomatrix protein 2.35033 

SNORD113-1 Small nucleolar RNA, C/D box 113-1 2.35006 

NEUROD1 Neuronal differentiation 1 2.33771 

B3GALT2 Beta 1,3-galactosyltransferase 2 2.33443 

GRIA2 Glutamate receptor, ionotropic, AMPA 2 2.32927 

SCD5 Stearoyl-coa desaturase 5 2.32815 

GPR158 G protein-coupled receptor 158 2.328 

PTGS2 Prostaglandin-endoperoxide synthase 2  2.32189 

TMEM196 Transmembrane protein 196 2.32069 

KCNJ6 Potassium inwardly-rectifying channel, subfamily J, member 6 2.32068 

TFCP2L1 Transcription factor CP2-like 1 2.31487 
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Fold-

Change 

PITPNC1 Phosphatidylinositol transfer protein, cytoplasmic 1 2.31255 

LONRF2 LON peptidase N-terminal domain and ring finger 2 2.30777 

CNIH2 Cornichon family AMPA receptor auxiliary protein 2 2.30689 

RGS17 Regulator of G-protein signaling 17 2.30593 

NMNAT2 Nicotinamide nucleotide adenylyltransferase 2 2.30359 

BEX1 Brain expressed, X-linked 1 2.30084 

RGS7 Regulator of G-protein signaling 7 2.29946 

ITGBL1 Integrin subunit beta-like 1  2.29492 

ST18 Suppression of tumorigenicity 18 2.2944 

SYT17 Synaptotagmin XVII 2.29277 

SH3GL2 SH3-domain GRB2-like 2 2.29243 

ROBO2 Roundabout guidance receptor 2  2.29227 

SSTR2 Somatostatin receptor 2 2.2921 

LINC00948 Long intergenic non-protein coding RNA 948 2.28975 

KLKB1 Kallikrein B1 2.28728 

RUNDC3A RUN domain containing 3A 2.27687 

A1CF APOBEC1 complementation factor 2.27684 

MEIS2 Meis homeobox 2 2.26971 

PAPSS2 3-phosphoadenosine 5-phosphosulfate synthase 2 2.26643 

SLC7A2 Solute carrier family 7 member 2 2.26395 

INPP5F Inositol polyphosphate-5-phosphatase F 2.25906 

KCNMB2 
Potassium calcium-activated channel subfamily M regulatory 

beta subunit 2 
2.25556 

SV2A Synaptic vesicle glycoprotein 2A 2.25268 

CDH2 Cadherin 2 2.25199 

KCNA5 Potassium voltage-gated channel subfamily A member 5 2.25198 

TSPYL5 TSPY-like 5 2.2516 

ATRNL1 Attractin-like 1 2.25024 

ANXA13 Annexin A13 2.24962 

P2RY1 Purinergic receptor P2Y, G-protein coupled, 1 2.24359 

ASB9 Ankyrin repeat and SOCS box containing 9 2.23963 

LOC154761 Family with sequence similarity 115, member C pseudogene 2.23957 

PPP1R1A Protein phosphatase 1 regulatory inhibitor subunit 1A 2.23922 

WNT4 Wingless-type MMTV integration site family, member 4 2.23896 

LPPR5 Lipid phosphate phosphatase-related protein type 5 2.23832 

SGTB Small glutamine-rich tetratricopeptide repeat containing beta 2.23823 

WSCD2 WSC domain containing 2 2.23707 

XXbac-

BPG55C20.7 
Novel transcript 2.23491 

SEZ6L2 Seizure related 6 homolog like 2 2.23461 

MIR889 Microrna 889 2.22549 

ATP1B2 Atpase Na+/K+ transporting subunit beta 2  2.22251 

TSPYL4 TSPY-like 4 2.22232 

PLXNC1 Plexin C1 2.21932 
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ETV1 Ets variant 1 2.21493 

TRPM3 
Transient receptor potential cation channel subfamily M 

member 3 
2.21423 

ANKH ANKH inorganic pyrophosphate transport regulator 2.21308 

FRZB Frizzled-related protein 2.21105 

CACNB2 Calcium voltage-gated channel auxiliary subunit beta 2  2.20081 

ATP6AP1 Atpase H+ transporting accessory protein 1 2.20016 

TMEM150C Transmembrane protein 150C 2.19768 

SYN1 Synapsin I 2.19629 

AC011891.5 Putative novel transcript 2.1952 

NUPR1L Nuclear protein, transcriptional regulator, 1-like 2.19511 

CBFA2T2 CBF2/RUNX1 translocation partner 2 2.19415 

TMEM178B Transmembrane protein 178B 2.18908 

PPP1R14C Protein phosphatase 1, regulatory (inhibitor) subunit 14C 2.18841 

ISL1 ISL LIM homeobox 1 2.17963 

SNORD113-2 Small nucleolar RNA, C/D box 113-2 2.17889 

SEPT5-GP1BB SEPT5-GP1BB readthrough 2.17437 

MIR1179 Microrna 1179 2.17232 

STMN1 Stathmin 1 2.1695 

ARHGEF9 Cdc42 guanine nucleotide exchange factor 9 2.16287 

ELOVL4 ELOVL fatty acid elongase 4 2.15932 

SLC4A7 Solute carrier family , member 7 2.15673 

SEMA5A Semaphoring 5A 2.15203 

PDZK1P2 PDZ domain containing 1 pseudogene 2 2.14798 

KIAA0319 Kiaa0319 2.1467 

MOB1B MOB kinase activator 1B 2.144 

TNFRSF11A TNF receptor superfamily, member 11a 2.14131 

PNMA1 Paraneoplastic Ma antigen 1 2.13925 

SEZ6L Seizure related 6 homolog like 2.13751 

LOC642366 Uncharacterized LOC642366 2.1368 

LRRTM3 Leucine rich repeat transmembrane neuronal 3 2.13613 

RXRG Retinoid X receptor, gamma 2.13498 

EDIL3 EGF-like repeats and discoidin I-like domains 3 2.13397 

CRMP1 Collapsin response mediator protein 1 2.12478 

NBEAP1 Neurobeachin pseudogene 1 2.11915 

ACE2 Angiotensin I converting enzyme 2 2.1178 

PCP4 Purkinje cell protein 4 2.11602 

FAR2P3 Fatty acyl coa reductase 2 pseudogene 3 2.11121 

AMACR Alpha-methylacyl-coa racemase 2.10708 

MANSC4 MANSC domain containing 4 2.10546 

DGKG Diacylglycerol kinase, gamma 90kda 2.10534 

LOC100507661 Uncharacterized LOC100507661 2.10023 

SUCNR1 Succinate receptor 1 2.09587 
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KRT222 Keratin 222 2.09233 

DNAJC6 Dnaj (Hsp40) homolog, subfamily C, member 6 2.08771 

PDZK1 PDZ domain containing 1 2.08769 

RASGEF1B Rasgef domain family, member 1B 2.08735 

PTPRN2 Protein tyrosine phosphatase, receptor type, N polypeptide 2 2.08581 

EPM2AIP1 EPM2A (laforin) interacting protein 1 2.08395 

FAM169A Family with sequence similarity 169, member A 2.07981 

LOC646903 Uncharacterized LOC646903 2.07977 

SLC22A17 Solute carrier family 22, member 17 2.0786 

KL Klotho 2.07836 

EML5 Echinoderm microtubule associated protein like 5 2.07611 

MCF2L2 MCF.2 cell line derived transforming sequence-like 2 2.07582 

AP3B2 Adaptor-related protein complex 3, beta 2 subunit 2.07546 

KIAA1244 Kiaa1244 2.07471 

GNA12 Guanine nucleotide binding protein (G protein) alpha 12 2.07318 

PAXBP1-AS1 PAXBP1 antisense RNA 1 2.07258 

RAB11A RAB11A, member RAS oncogene family 2.07193 

RAB39B RAB39B, member RAS oncogene family 2.06784 

ENO2 Enolase 2 (gamma, neuronal) 2.06613 

SNORD109B Small nucleolar RNA, C/D box 109B 2.06227 

PLCH2 Phospholipase C, eta 2 2.06063 

TMOD1 Tropomodulin 1 2.06059 

SNORD114-22 Small nucleolar RNA, C/D box 114-22 2.05779 

DNAH5 Dynein, axonemal, heavy chain 5 2.05342 

HOPX HOP homeobox 2.05323 

VEGFA Vascular endothelial growth factor A 2.0515 

EEF1A2 Eukaryotic translation elongation factor 1 alpha 2 2.04992 

LINC01370 Long intergenic non-protein coding RNA 1370 2.04983 

SGPP2 Sphingosine-1-phosphate phosphatase 2 2.04856 

SERPINE2 Serpin peptidase inhibitor, clade E (nexin, plasminogen act 2.04298 

MSANTD4 
Myb/SANT-like DNA-binding domain containing 4 with 

coiled-coils 
2.04083 

DDX25 DEAD (Asp-Glu-Ala-Asp) box helicase 25 2.03602 

PTPLAD1 Protein tyrosine phosphatase-like A domain containing 1 2.03502 

CMIP C-Maf inducing protein 2.03314 

HMGCLL1 3-hydroxymethyl-3-methylglutaryl-coa lyase-like 1 2.02899 

ADAM22 ADAM metallopeptidase domain 22 2.02897 

ADCYAP1 Adenylate cyclase activating polypeptide 1 (pituitary) 2.02463 

ATP2A3 
Atpase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 

3 
2.01994 

PLAC8 Placenta-specific 8 2.0181 

RP11-343D24.2 Novel transcript 2.01579 

CRISP3 Cysteine-rich secretory protein 3 2.01543 

CERS6 Ceramide synthase 6 2.01243 
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Gene Symbol Gene name 
Fold-

Change 

MIA2 Melanoma inhibitory activity 2 2.00811 

HHATL Hedgehog acyltransferase-like 2.00664 

PRPS1 Phosphoribosyl pyrophosphate synthetase 1 2.00345 

TMEM200A Transmembrane protein 200A 2.00315 

CNTNAP5 Contactin associated protein-like 5 2.0023 
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Appendix III 

 

List of differentially expressed genes (down-expressed) in CHI tissues 

Gene Symbol Gene name 
Fold-

Change 

MGST1 Microsomal glutathione S-transferase 1 4.03489 

H19 
H19, imprinted maternally expressed transcript (non-protein 

coding) 
3.89967 

GUCA1C Guanylate cyclase activator 1C 3.33672 

CXCL10 Chemokine (C-X-C motif) ligand 10 3.26505 

LMO3 LIM domain only 3 (rhombotin-like 2) 3.21735 

THRSP Thyroid hormone responsive 3.09056 

CXCL9 Chemokine (C-X-C motif) ligand 9 3.02664 

C3 Complement component 3 2.96514 

UCP1 Uncoupling protein 1 2.8019 

COLEC12 Collectin sub-family member 12 2.78824 

FABP4 Fatty acid binding protein 4 2.72098 

C4B Complement component 4B  2.68705 

SERPING1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 2.66952 

RP11-77M5.1 Putative novel transcript 2.66178 

REG1B Regenerating islet-derived 1 beta 2.51265 

MMP7 Matrix metallopeptidase 7  2.51005 

CXCL11 Chemokine (C-X-C motif) ligand 11 2.48133 

CYBB Cytochrome b-245, beta chain 2.45412 

IFI44L Interferon-induced protein 44-like 2.44106 

C4A Complement component 4A  2.42248 

SERPINF1 Serpin famaily F member 1 2.40125 

ACADL Acyl-coa dehydrogenase, long chain 2.37189 

REG3A Regenerating islet-derived 3 alpha 2.32703 

CLDN10-AS1 CLDN10 antisense RNA 1 2.32187 

PLA2G7 Phospholipase A2 group VII  2.31881 

REG3G Regenerating islet-derived 3 gamma 2.30506 

CCDC80 Coiled-coil domain containing 80 2.30271 

CFB Complement factor B 2.28211 

CXCL12 Chemokine (C-X-C motif) ligand 12 2.28015 

TNFSF14 Tumor necrosis factor (ligand) superfamily, member 14 2.23638 

TFPI2 Tissue factor pathway inhibitor 2 2.23111 

KCNJ5 Potassium inwardly-rectifying channel, subfamily J, member 5 2.22986 

PYGL Phosphorylase, glycogen, liver 2.22527 

SRPX Sushi-repeat containing protein, X-linked 2.22444 

SERPINA3 Serpin peptidase inhibitor family A member 3 2.21725 

TLR3 Toll-like receptor 3 2.21137 

AOX1 Aldehyde oxidase 1 2.20513 



Appendix III 

Page | 360  Towards an in vitro model of congenital hyperinsulinism of infancy 

Gene Symbol Gene name 
Fold-

Change 

MX1 MX dynamin like GTPase 1 2.19983 

FGF10 Fibroblast growth factor 10 2.17648 

CCL2 Chemokine (C-C motif) ligand 2 2.1532 

REG1P Regenerating islet-derived 1 pseudogene 2.13169 

ADIPOQ Adiponectin, C1Q and collagen domain containing 2.11897 

MIR4451 Microrna 4451 2.11151 

OLR1 Oxidized low density lipoprotein receptor 1 2.10191 

LYZ Lysozyme 2.08729 

ABI3BP ABI family, member 3 binding protein 2.07111 

G0S2 G0/G1 switch 2 2.0701 

CCND2 Cyclin D2 2.05656 

HBB Hemoglobin, beta 2.02958 

CD36 CD36 molecule  2.01923 

PLEKHS1 Pleckstrin homology domain containing, family S member 1 2.01725 

SNORA71B Small nucleolar RNA, H/ACA box 71B 2.00093 

 


