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Abstract 
 

Hyperinsulinism of infancy (HI) is a metabolic syndrome of unregulated insulin 

secretion that causes mild to severe hypoglycaemia. HI is the most common cause of 

persistent hyperinsulinism in infancy, that has an prevalence of 1 in 50,000 live births in 

non-consanguineous human populations. Patients usually present in the first 72 hours of 

life with symptoms of hypoglycaemia, ranging from generalized tremors and vomiting to 

loss of consciousness and seizures. Failure to recognise and treat the hypoglycaemia 

carries a substantial risk of permanent brain damage and permanent neurological 

impairment is seen in up to 50% of all HI cases. Treatment initially employs increased 

carbohydrate intake as well as glucagon and glucose infusions. Drugs used to control 

insulin release include octreotide, somatostatin and the potassium channel agonist 

diazoxide.  Patients who fail to respond to medical treatment may need a partial or 

subtotal pancreatectomy, with a resultant risk of iatrogenic diabetes.  

HI is often associated with architectural abnormalities of the pancreas - either 

focal adenomatous lesions or diffuse beta cell hyperplasia are commonly observed upon 

histological examination of affected pancreta. A variation in the architectural 

abnormalities that involves both focal and diffuse cell lesions n the same patient is 

believed to exist in two HI patients in the Australian cohort.  

Causes of this multigenic congenital syndrome are most commonly linked to 

genes encoding the ATP sensitive potassium channels of the beta cell (ABCC8 and 

KCNJ11), as well as to genes involved in nutrient metabolism within the beta cell 

(GLUD1, GCK and HADH).  

In this study, a retrospective genetic analysis of Australian HI patients was 

undertaken. The patients were segregated based on the treatment required (medical or 

surgical). Leukocyte derived DNA from the patients was genotyped by direct sequencing 

of coding and/or regulatory regions of ABCC8, KCNJ11, GLUD1, GCK and HADH. 

Immunohistochemical staining of preserved pancreatic sections from patients for the 

tumour suppressor gene – p57 was undertaken to further investigate the novel “focal-

diffuse” architecture of the pancreas. Additionally, the possible impact of a silent 

KCNJ11 SNP, A190A was investigated by in vitro expression studies to demonstrate 

possible effects of synonymous gene variants on translation-related pathological 

mechanisms. 
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Genetic analysis of ABCC8 revealed pathogenic mutations in 18 of 22 patients 

(81%) who underwent at least 1 surgery for management of HI. No mutations were 

identified in patients treated medically. 56 different polymorphisms were identified in the 

patients genotyped. There was a significant difference in the frequency of polymorphism 

occurrence between the surgical and the medical cohorts (1/407 bp vs. 1/3504 bp). No 

disease associated mutations were detected upon genotyping of KCNJ11, but the 

distribution of four SNPs - E23K, I148S, A190A and I337V - differed between the two 

study groups (p<0.005). Sequencing of GCK and regions of GLUD1 and HADH 

previously associated with HI mutations also did not reveal any pathogenic mutations in 

the patients analysed.  

Immunohistochemical analysis revealed lack of p57 expression and staining 

within focal lesions, confirming the loss of p57-kip2 protein within the focal lesions. A 

correlation was established between patients with focal disease and the genetic finding of 

a single paternally inherited mutation. No other histology – genotype association was 

found.  

The codon change associated with the silent polymorphism A190A on the 

KCNJ11 gene corresponds with a change from a translationally optimal codon (GCT, 28 

iso-accepting tRNA) to a non-optimal codon (GCC, 0 iso-accepting tRNA). 

Homozygotes with the non-optimal alanine codon (GCC) produced less Kir6.2 than 

homozygous carriers of the optimal alanine codon (GCT) during in vitro expression 

studies. This difference in the rate of in vitro translation is proposed to be the result of the 

variations in iso-accepting tRNA populations, but may also be the result of changes in the 

mRNA secondary structure that are associated with the codon change in A190A.  

Genetic analysis of HI patients carried out in this study indicates that patients with 

ABCC8 gene mutations are most likely have severe, early onset, diazoxide unresponsive 

HI. These patients have better long term outcomes if the disease is treated aggressively 

and early in life. Patients with milder disease, managed with diazoxide, have seem to 

have a form of HI that is not associated with K-ATP channel gene defects or with other 

established candidate genes for the disease. 

 Identifying the genetic basis of HI may not only enable better management in 

patients, but will also provide important insight into molecular mechanisms of insulin 

secretion that are affected in other diseases like diabetes.  
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The possession of knowledge does not kill the sense of wonder 
and mystery. There is always more mystery.  

-Anais Nin  
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1.1 General Introduction  
Persistent Hyperinsulinaemic Hypoglycaemia of Infancy (PHHI) or 

Hyperinsulinism of infancy (HI) is a metabolic syndrome associated with the unregulated 

secretion of insulin in the presence of mild to severe hypoglycaemia. HI is a clinically 

and genetically heterogeneous disease which is the most common cause of persistent 

hyperinsulinism in neonates. Patients usually present in the first 72 hours of life with 

symptoms of hypoglycaemia ranging from jitteriness and vomiting to seizures; in severe 

cases coma or death can occur. Neurological impairment due to hypoglycaemic seizures 

can have long term implications including developmental delays and learning disabilities. 

Treatment is aimed at achieving and maintaining euglycaemia. Mainstream medical 

therapy entails glucose and glucagon infusions along with the use of hypoglycaemic 

drugs like diazoxide and octreotide. In some cases when patients remain unresponsive to 

medical treatment, a partial or subtotal pancreatectomy may be indicated. However, due 

to difficulties in diagnosis and management up to 50% of all patients suffer from long 

term neurological impairment. The incidence of this syndrome is approximately 1 in 

50,000 live births in Caucasian populations, but can be as high as 1 in 2700 in some 

consanguineous populations. 

Congenital and familial forms of this disease, with dominant and recessive modes 

of inheritance have been described. Five genes: ABCC8, KCNJ11, GCK, GLUD1 and 

HADH are currently nominated as candidate genes for the disease. The most common 

mutations are those in the ABCC8, the gene encodes SUR1, the ATP sensing subunit of 

the ATP sensitive potassium channel (K-ATP) expressed in beta cells. Mutations of the 

KCNJ11 gene that encodes the pore forming member of the K-ATP channel are less 

common in HI, although mutations in this gene have been implicated in neonatal diabetes 

and the DEND syndrome. Certain polymorphisms in both genes (ABCC8 and KCNJ11) 

have been associated with type 2 and gestational diabetes. 

 Mutations in the genes GLUD1 and HADH that encode glutamate dehydrogenase 

and short-chain L-3-hydroxyacyl-CoA dehydrogenase respectively usually result in HI 

associated with the distinct biochemical findings of elevated ammonia or β-

hydroxybutyrate respectively. Mutations associated with HI in the GCK gene are rare, 

although mutations in this gene are commonly associated with neonatal diabetes and 

maturity onset diabetes of the young (MODY) Currently, the genetic basis of HI remains 

unknown in up to 50% of diagnosed cases. 
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HI is commonly associated with specific anomalies of the pancreatic architecture 

– either focal adenomatous lesions or general, diffuse beta cell hyperplasia is observed. 

Each of these two forms of HI is believed to require specific surgical management, 

especially when associated with mutations in the K-ATP channel genes.  

The research discussed in this thesis sheds further light on the molecular and 

genetic basis of this disease. The genetic basis of HI is investigated retrospectively in an 

Australian cohort, with emphasis on establishing a correlation between genetic 

abnormalities and the phenotype, histology, treatment and clinical aspects of various 

forms of the diseases. Increased understanding of the molecular biology of HI has 

important treatment and lifestyle implications, as well as shedding light on the complex 

molecular mechanisms involved in the progression of diabetes. 

In this thesis, the literature is reviewed with attention to the endocrine pancreas 

and pathways of glucose sensing and insulin secretion. Additionally, diseases associated 

with abnormal glucose sensing, homeostasis and insulin secretion are discussed with 

focus on disorders of hyperinsulinism. Literature pertaining to the molecular and genetic 

insights on HI is also reviewed. General methodology involving the genotyping of HI 

patients, histological analysis and the in vitro analysis of a single nucleotide 

polymorphism (SNPs) are described. The genetic findings discovered upon sequencing 

the five candidate genes are discussed with regards to mutations and polymorphisms 

identified in the ABCC8 gene and a differential distribution between the medical and 

surgical cohorts of SNPs of the KCNJ11 gene. One SNP of the KCNJ11 gene (A190A) 

was believed to affect the translational efficiency of the protein, and was investigated via 

in vitro translation. Histological examination of selected patient samples was also carried 

out to establish a genotype-phenotype correlation in those patients. Finally, the genetic 

outcome of the Australian HI patients is discussed with regards to a genotype-phenotype 

correlation and implications of such a correlation to the treatment options and severity of 

the disease.  
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1.2 Aims and Significance 
The aim of this study was to discover and discuss the genetic findings in a cohort 

of Australian HI patients and to correlate these finding to the clinical features such as 

severity of disease and response to treatment, thus establishing a genotype-phenotype 

correlation.  

The candidate genes for hyperinsulinism of infancy, ABCC8, KCNJ11, GLUD1, 

GCK and HAHD were investigated. Coding regions and intronic regions at exon-intron 

boundaries were sequenced from leukocyte derived DNA from HI patients, amplified by 

PCR and then genotyped by direct sequencing. Sequencing data was analysed using 

bioinformatics tools.  

The role of a synonymous KCNJ11 polymorphism in physiology was examined at 

the translational level by in vitro expression studies.  

A novel histological lesion associated with HI – ‘focal-diffuse’ HI was examined 

using immunohistochemical methods involving the staining of preserved tissue sections 

for the tumour suppressor gene p57.  

The overall aim of this thesis was to further understand the molecular aetiology of 

HI in an Australian group of patients.  
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The physicist Leo Szilard once announced to his friend Hans Bethe 
that he was thinking of keeping a diary: “I don’t intend to publish. I 
am merely going to record the facts for the information of God.” 
“Don’t you think God already knows the facts?” Bethe asked. 
“Yes,” said Szilard. “He knows the facts, but He does not know this 
version of the facts” 
                             - Hans Christian von Baeyer, Taming the atom 
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2.1 Pancreas : Structure and Function 

2.1.1 Pancreas development and Organization 
During fetal development in humans, the pancreas develops from two buds, one 

dorsal and one ventral to form the spenlic and duodenal lobes of the pancreas. The two 

lobes rotate and fuse as development continues, with the duodenal ventral duct forming 

the head, and the splenic dorsal duct giving rise to the body and tail of the pancreas. In 

the neonate, the pancreas is an elongated gland that lies posterior to the stomach between 

the duodenum and the spleen (1).   

The three types of epithelial compartments that make up the developing pancreas 

are the ductal system, the exocrine acinar cells and the endocrine islets of Langerhans. 

The endocrine and exocrine pancreatic cells are believed to be of endodermal origin (2). 

The exocrine acinar cells produce pro-enzymes which are drained by a specialised ductal 

system into the duodenum. The islets - named after Paul Langerhan, who identified them 

more than a 100 years ago, are dispersed throughout the pancreas. They are comprised of 

numerous endocrine cells, each with specific different functions. The four types of 

endocrine cells found in the pancreas are – alpha (α) cells, beta (β) cells, delta (D) cells 

and pancreatic polypeptide (PP) cells (Figure  2.1), the cells primarily secrete glucagon, 

insulin, somatostatin and pancreatic polypeptide respectively. Specialised ductal systems 

drain the endocrine and exocrine constituents of the pancreas individually (3).  

 
Figure  2.1 : Cells of the endocrine pancreas.  

Insulin-secreting β-cells are concentrated in the central part of the islet. Glucagon secreting A cells, 
somatostatin secreting D cells and PP cells are located towards the periphery of the islet. [Modified 
from Nussey et al.(4)].  

2.1.2 The endocrine pancreas : beta cells  
The islets of Langerhans consist of a neuroendocrine complex of cells. Within the 

islet cells are organized along neuronal ganglia, nerve fibres and fenestrated capillaries. 

The cellular organization within the islets is not random. Beta cells form the core, and are 
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surrounded by the three other cell types in a manner determined by cell adhesion 

molecules (CAM) expressed on the surface of the endocrine cells (5; 6).  

Beta cell function starts early in development and continues throughout life. The 

constitution of the beta cell correlates with its basic functional adaptation, which is to 

foster glucose metabolism via the secretion of insulin. The beta cell mass can adapt so as 

to preserve insulin availability and normal glucose homeostasis, by maintaining a 

dynamic balance between cell birth and apoptosis. Beta cell birth can occur through two 

mechanisms – differentiation from precursor stem cells by neogenesis or by replication of 

already differentiated beta cells. Beta cell replication in the neonate and child is 

stimulated by IGFBP-1 (insulin like growth factor binding protein 1), insulin and glucose 

(7; 8). In adults, beta cell mass can adapt to physiological needs like pregnancy. Serious 

pathological conditions like diabetes may arise if this balance between cell birth and 

apoptosis is disturbed (1). 

Beta cell populations signal important physiological events which correlate to 

beta cell function. In the fetus, while beta cell function is minimal, the beta cell mass 

grows exponentially through both replication and recruitment of undifferentiated 

precursor beta cells and the rate of apoptosis is low (9). After birth, as the role of the beta 

cell in homeostasis is physiologically manifested, the growth rate decreases to eventually 

reach adult values. Curiously, a considerable turnover of the cell mass occurs within the 

first three weeks after birth; 10-15 days after birth a wave of apoptosis is believed to 

occur (10), which signals the endocrine change from fetal to post natal life. This is often 

attributed to the facts that the levels of IGF2 fall, and levels of IGF1 rise around the same 

time (11). This is an important event in some neonatal disease states like transient 

hyperinsulinism, especially in relation to infants of mothers with gestational diabetes.  

2.1.3 The endocrine pancreas : Hormones of the pancreas 
There are four major hormones secreted from the endocrine pancreas – insulin, 

glucagon, somatostatin and pancreatic polypeptide. These hormones do not all appear at 

the same developmental stage. During development, the sequential order of appearance of 

the four hormones is : glucagon, insulin, somatostatin and pancreatic polypeptide. All 

four hormones are present by 16 weeks. Normal biphasic insulin secretory response to 

glucose does not occur before birth in many mammals, which is believed to protect the 

fetus against hypoglycaemia. However, fetal beta cells can secrete insulin as a response to 

increases in cyclic adenosine mono-phosphate (cAMP), activation of protein kinase C 
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(PKC) and increases in intracellular calcium (12). Fetal endocrine cells can also respond 

to leucine, arginine, sulfonylureas and other secretins. As the fetal endocrine cells begin 

their normal physiological functions, the insulin:glucagon ratio falls from 10:1 in the 

fetus to 1:2 after birth, a change that appears to be essential for postnatal changes in 

gluconeogenic capacities (13). The marked difference between fetal and post natal 

glucose response are believed to be caused, at least in part, by abnormal glucose transport. 

The synthesis of the beta cell glucose transporter, GLUT2 is 50% lower in fetal cells 

compared to neonates (14). Differences in ion channel populations and immature glucose 

metabolism may also account for the difference between the secretion profiles of fetal 

endocrine cells and that of neonatal cells (4). 

2.1.3.1 Insulin 

Insulin is a vital hormone in the homeostasis of glucose and the regulation of 

energy production that is secreted from the beta cells in the islets of Langerhans. Insulin 

is expressed and is highly conserved throughout the vertebrate kingdom (1). The low rate 

of mutation acceptance in insulin - 2-4% per million years is comparable to other highly 

conserved proteins with vital functions such as haemoglobin and cytochrome c (15; 16). 

A similar low rate of mutation acceptance is also seen in the insulin receptor.  

Active insulin is a 5.7kDa protein made up of 51 amino acid residues and is 

structurally homologous to insulin-like growth factors 1 and 2 (IGF-1 and -2). Active 

insulin is a product of post-translational modification of its precursor pre-proinsulin. 

Insulin is encoded by a single gene at 11p15.5, and is only expressed in the pancreatic 

beta cells in humans (17; 18). The gene INS, codes for the insulin precursor, pre-

proinsulin which is made up of a signal sequence, the B chain, the connecting (or C) 

peptide and the A chain, in the unique order of B-C-A chains. INS comprises of 3 exons 

and 2 introns; exon 2 encodes the signal peptide, the B chain, and part of the C peptide, 

while exon 3 encodes the remainder of the C peptide and the A chain (Figure  2.2). In the 

active form of the hormone, chains A and B are joined together by two disulfide bonds 

between cystine residues. The C peptide is essential to the formation of these disulfide 

bonds and is cleaved off in the golgi apparatus during insulin biosynthesis (4).  

 Biosynthesis of Insulin 

Pancreatic beta cells share many features with other cells that produce secretory 

proteins. Insulin is biosynthesized from its pre-pro hormone precursor and is cleaved into 
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its active form during the secretory process (Figure  2.2). The cleavage of an N terminal 

signal peptide from pre-pro insulin produces proinsulin, and the cleavage of the C peptide 

converts proinsulin to the active hormone insulin.  

Pre-pro insulin is comprised of a hydrophobic N terminal signal peptide of 24 

amino acids, attached to the B, C and A peptide chains of insulin. This signal peptide 

facilitates the segregation of pre-proinsulin from other proteins and initiates the secretory 

pathway of insulin via the rough endoplasmic reticulum (rER) (19; 20). During or shortly 

after translocation into the rER, the signal peptide of pre-proinsulin is cleaved off by a 

signal peptidase in rER, where it is rapidly degraded.  

Proinsulin is an 86 residue intermediate in the biosynthesis of insulin. It is 

comprised of B, C and A chains, (B and A chains are connected by the C chain). 

Proinsulin and insulin have several common biochemical properties including solubility, 

isoelectric points, self associative properties and reactivity with insulin antibodies (21-23). 

Proinsulin exhibits 3-5% biological activity in vitro (24). During the biosynthesis of 

insulin, following translocation and cleavage of the pre-pro signal sequence, the 

proinsulin molecule gets folded and undergoes rapid formation of disulphide bonds to 

achieve its native structure (25). During the secretory process, folded proinsulin is 

transferred in small coated vesicles from the ER to the cis golgi apparatus. It then passes 

to the trans golgi where it is sorted into secretory vesicles (26). During this intracellular 

transport of proinsulin from its site of biosynthesis to the storage granules, it is cleaved at 

the basic residues that link the C peptide to the insulin A and B chains. This conversion 

of proinsulin to insulin begins after an initial delay of about twenty minutes and then 

proceeds as a pseudo first order reaction over several hours (27; 28). Cleavage of the C 

peptide is carried out by combined action of substilin-like prohormone convertases PC2, 

PC1/PC3 and carboxypeptidase H. 

This cleavage of proinsulin yields active insulin and the 26-31 residue peptide 

fragment C peptide. Both insulin and C peptide are stored and released from secretory 

granules along with small amounts of residual proinsulin, partially cleaved intermediate 

forms (21) and a variety of other minor beta cell secretory products (29).  

C peptide exhibits a 15 fold higher rate of mutation acceptance than insulin, 

which is sometimes interpreted as indicating that this region is unlikely to have any 

specific hormonal function (30). However, a number of reports have described putative 

biological effects of C peptide including enhancement of glucose transport and utilization 

(31; 32) as well as improving microcirculation in muscle (33), skin, retina and nerves in 
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patients with type 1 or type 2 diabetes (34). Stimulation of renal tubular 

sodium/potassium ATPase activity and other parameters of renal function as well as 

stimulation of islet cell proliferation has also been attributed to C peptide (35). Other 

proposed effects of circulating C peptide include improved glycaemic control and 

reduction of vascular and neural complications of diabetes. Additionally, C peptide is 

also believed to have a biosynthetic function, wherein it assists in converting the insulin 

A and B chain interaction from an inefficient bimolecular reaction to a highly efficient 

and concentration independent unimolar reaction (36). It may also facilitate the folding of 

the proinsulin polypeptide chain and the formation of the correct disulphide bonds or 

guide the enzymatic cleavage of proinsulin to insulin by helping orient the basic residue 

pairs for efficient binding and cleavage by the convertases (37). The peptide is also 

believed to play a role in translational control of insulin biosynthesis mechanisms (38).   

 

 
Figure  2.2 : Biosynthesis of Insulin from pre-proinsulin.  

Figure shows a diagrammatic representation of the insulin biosynthesis pathway. A signal peptide 
is cleaved from pre-pro insulin to form proinsulin. The C peptide is cleaved from proinsulin to 
result in the active form of insulin. C peptide and insulin are both secretory products of the beta cell. 
Figure modified from Nussey et al.(39) 
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The highly developed processes related to the biosynthesis of insulin and its 

ultimate storage in secretory granules are remarkably well integrated both topologically 

and biochemically. Insulin and C peptide are stored in and secreted from highly 

specialized secretory granules in the beta cell. Early secretory granules have a clathrin 

coat which appears to be involved in some reorganization within the cell (40). These 

progranules are typically larger and less dense than the mature granules and also have a 

more uniform appearance (41; 42). Mature granules have a dense core made of up insulin 

and very low levels of proinsulin (1-2%) crystallised with zinc. C peptide remains in 

solution outside the core (43) and is secreted in essentially equimolar amounts with 

insulin (21; 44) which makes it an important clinical marker of insulin secretion. The pH 

inside the granules has been found to be between 5.0 and 6.0 (45). Exocytosis and 

secretion of insulin from these granules is a multifaceted process that is controlled by a 

variety of external factors and is discussed later in section  2.2.2.  

 Regulation of Insulin Biosynthesis  

The rate of secretion of insulin is subject to elaborate control by glucose and other 

nutrients as well as by hormones and neurotransmitters (1). The biosynthesis of insulin is 

regulated by a variety of processes to continuously replenish and maintain granular 

insulin stores. It is important to note that secretion is not a direct stimulus to insulin 

biosynthesis (21). Glucose stimulates insulin biosynthesis primarily by stimulating 

translation of insulin mRNA by affecting both initiation and elongation of pre-proinsulin 

chains (46). Glucose stimulation is also believed to reduce the duration of signal peptide 

mediated arrest of nascent pre-pro insulin chain elongation, prior to ribosome docking in 

the early phases of rER membrane translocation (46; 47). The rate of transcription of 

insulin mRNA is also regulated by intracellular cAMP and by phosphorylation of Insulin 

Promoter Factor 1 (PDX1) (48).  

Insulin mRNA usually has a slow turnover, with a relatively long half life of 

about 30 hours in normo-glyceamic conditions. The stability and half life of insulin 

mRNA is affected by plasma glucose concentrations; hypoglycaemic condition result in a 

rapid decline in its half life, while hyperglycaemic conditions can increase its half life up 

to 2.6 times (49). The effects of glucose on the stability and transcription rates of insulin 

mRNA can last for hours, hence prolonged glucose stimulation can lead to a significant 

and accumulative increase in insulin production, which in turn can eventually lead to 
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increased beta cell mitosis and hyperplasia (50). In situations of hyper or hypoglycaemia, 

glucose can also affect turnover of insulin granule stores by a separate mechanism (51).  

 Molecular basis of Insulin action  

Appropriate storage and release of energy during states of feeding and fasting are 

essential for survival and are generally controlled by the action of insulin on storage 

tissues (1). There are three well defined ligands that make up the members of the insulin 

signalling family – insulin, insulin like growth factor 1 (IGF1) and insulin like growth 

factor 2 (IGF2). They act by binding to specific tyrosine kinase linked insulin and IGF 

receptors (IGFR) on target tissues. Insulin and IGF1 bind to the insulin and IGF1 

receptors respectively with the highest affinity, although, insulin can also bind to the 

IGF1 receptor with a low affinity. No tyrosine kinase linked receptor that binds 

exclusively to IGF-2 has been identified (52), but IGF-2 can bind strongly to IGF1R and 

the type A insulin receptor that predominates during fetal development. IGF2 also binds 

to the mannose-6-phosphate receptor which mediates degradation of IGF2 and reduces its 

growth signal (53; 54). 

  IInnssuulliinn  &&  IIGGFF  RReecceeppttoorrss  

In its native confirmation, the insulin receptor (IR) is a tetramer composed of two 

extracellular alpha subunits linked by disulphide bonds to each other and to the 

extracellular portion of a beta subunit. The beta subunit contains a transmembrane 

domain and an intracellular tail with tyrosine kinase activity (55). The insulin receptor 

gene (IR) is localized to 19p13.2. There are two isoforms of insulin receptor expressed, 

depending on the inclusion or exclusion of exon 11. The type A receptor, includes exon 

11 and is expressed in most fetal tissues, and in adult CNS. The type B receptor, that 

excludes exon 11 has a higher signalling capacity and is expressed in adult liver, muscle 

and adipose tissue (56; 57). Although the insulin receptor is predominantly expressed in 

the liver, muscle and adipose tissue, nearly all cells express the receptor and exhibit 

detectable sensitivity to insulin. IGF1R also exhibits tyrosine kinase activity and is 

expressed in most tissues, especially in skeletal muscles (1; 58). It is essential for normal 

beta cell development and expansion (59).  

  IInnssuulliinn  SSiiggnnaalllliinngg    

Insulin signalling is initiated when insulin binds to and activates its specific cell 

surface receptor. This initiates a cascade of phosphorylation and dephosphorylation 
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events, secondary messenger generation, and protein-protein interactions that result in 

diverse metabolic events (Figure  2.3). Insulin binds to the extracellular alpha subunits of 

the IR, and activates the intracellular tyrosine kinase domain of the beta subunit. One beta 

subunit phosphorylates its partner on a specific tyrosine residue. The functions of this 

tyrosine residue are believed to include, stimulation of intermolecular association 

between signalling molecules such as Shc, Grb, members of the insulin receptor substrate 

family (IRS1,2,3,4), Shc adapter protein isoforms and SIRP (signal regulatory protein) 

family members (Gab1, Cbl, CAP and APS). Phosphorylation of the beta subunit 

stimulates mitosis and receptor internalization (60). The insulin receptor beta subunit has 

also been shown to undergo serine-threonine phosphorylation, a process that may 

decrease the ability of the receptor to autophosphorylate. The activity of protein kinase C 

isoforms that catalyze phosphorylation of the insulin receptor are elevated in people with 

insulin resistance (60; 61). Termination of the insulin signalling event occurs by 

internalization and dephosphorylation of the receptor by protein tyrosine phosphatases.  

 

 
Figure  2.3. The insulin signalling pathway. 

Representation of the insulin signaling pathways. The insulin receptor is autophosphorylated on 
multiple tyrosine residues, allowing the docking and activation of multiple signaling molecules. 
The insulin signalling events in tissues mediates the increases in glucose uptake and metabolism as 
well as changes in protein and lipid metabolism [From Larsen 2003 (60) based on Saltiel et al. (62)] 
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 Physiological impact of insulin action 

Insulin’s primary physiological role is the activation of anabolic processes 

including glycogen, protein and lipid synthesis (Table  2.1). This role is fulfilled mainly 

by stimulation of glucose and amino acid uptake from plasma into various tissues. The 

major targets for the anabolic actions of insulin are the liver, adipose tissue and muscle 

where it exerts its effect via its specific insulin receptors.  

In the liver, insulin encourages glycogen synthesis by stimulating glycogen 

synthetase and inhibiting glycogen phosphorylase. However, insulin does not have any 

direct effect on the physical uptake of glucose into hepatocytes via the GLUT2 

transporter. In contrast, insulin directly induces the rapid uptake of glucose into muscle 

and adipocytes by recruiting intracellular GLUT 4 transporters and increasing their cell-

surface expression. In muscle cells, glucose is converted to and stored as glycogen. In 

adipocytes, glucose is converted to fatty acids for storage as triglycerides. Insulin also 

stimulates uptake of amino acids in muscle cells, which may be converted to glucose in 

times of fasting. Along with stimulating glucose uptake, insulin also suppresses 

mobilization of fuels by inhibiting the breakdown of glycogen in the liver, the release of 

amino acids from muscle and the release of free fatty acids from adipose tissue (1; 39). 

 

Table  2.1. Physiological impact of insulin 
Liver Muscle Adipose tissue 
+ glycogen synthesis + glucose uptake + glucose uptake 
+ glycolysis + amino acid uptake + free fatty acid uptake 
-glycogenolysis - proteolysis - lipolysis 
- gluconeogenesis   
- ketogenesis   

Summary of important physiological effects of insulin secretion. “+” = stimulation, “-“ = inhibition. 
[Adapted from Nussey and Whitehead 2001 (39)] 

 

While insulin regulates the usage and storage of glucose post-prandially, the 

utilization of glucose in a fasting state is regulated by counter regulatory hormones, the 

most important of which is glucagon (discussed in section  2.1.3.2). Overall, normal 

glucose homeostasis is maintained collectively by the actions of insulin, glucagon and 

other minor regulatory hormones. In the liver, glucagon stimulates the conversion of 

glycogen to glucose and the production of glucose from amino acids (gluconeogenesis). 

In adipose tissue, it stimulates the release of free fatty acids (FFA) which are shunted to 

the liver and used in the formation of keto acids, which can be an alternate fuel in most 

tissues (39). The non-pancreatic hormones, cortisol, adrenaline and growth hormone, also 
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oppose the anabolic actions of insulin and stimulate elevation of plasma glucose 

concentrations (1). 

 Metabolism of Insulin  

Once its function at various effector sites has been fulfilled, insulin is metabolised 

by specialised pathways in the liver and kidneys. Most investigators agree that 60% of 

circulating insulin is cleared by the liver (63). Hepatic insulin metabolism is thought to be 

closely related to the binding of insulin to the insulin receptors on hepatocytes (64). An 

increase in plasma concentrations of insulin beyond a preset saturation point is the only 

regulatory factor of hepatic insulin clearance that is widely agreed upon (65). However, 

in some reports, it is argued that this saturation occurs only at very high insulin levels that 

are well above the physiological range. Other factors that may affect hepatic insulin 

metabolism include circulating levels of glucose, glucagon, somatostatin and protein (66).  

Renal clearance of insulin accounts for 30-40% of insulin removal. Insulin is 

cleared from the kidneys by glomerular filtration and proximal tubular reabsorption (67). 

Adipose tissues contain active insulin-degrading enzyme systems and some fat cells can 

also take up and inactivate insulin (68). Some blood cells including monocytes (69), 

erythrocytes and granulocytes (70) can also bind to and degrade insulin. During 

pregnancy, the placenta is also rich in insulin-degrading enzymes, a feature that may 

contribute to the enhanced requirement for insulin during pregnancy (71). 

2.1.3.2 Glucagon 

Glucagon was isolated from the endocrine pancreas in 1955 by A. Staub et al. 

(72). Glucagon is a glycogenolytic, gluconeogenic hormone secreted by the alpha (α) 

cells of the islets of Langerhans. The hormone is highly conserved in the animal kingdom 

and is structurally related to other neuro-hormonal peptides including secretin, vasoactive 

intestinal peptide (VIP), gastrointestinal peptide (GIP) and growth hormone releasing 

factor (GHRF) (73). Like most hormones, its biological activity depends on binding to its 

corresponding receptors in the correct conformation.  

Like other pancreatic hormones, glucagon is derived from a prohormone. Pre-pro 

glucagon is encoded by the gene GCG localised to 2q36-q37. An intestinal form of 

glucagon, glicentin, and the glucagon like peptides GLP-I and GLP-II are products of 

alternative splicing and post-translational modification of the same gene (74). 

Proglucagon is a 18KDa peptide that is quickly processed into its different components in 



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY    

16  

a manner believed to be influenced either by glycosylation patterns (75), or by 

differences in expression patterns of processing enzymes in the tissues in which it is 

expressed. 

The primary biological function of glucagon is to stimulate glycolysis and 

gluconeogenesis. In the liver, it acts via a G-protein-linked glycoprotein receptor and 

stimulates the production of cAMP. It is also believed to activate the phosphatidylinositol 

signalling pathway. Through these second messengers and a subsequent cascade of 

intracellular events, glucagon ultimately stimulates glycogenolysis and gluconeogenesis. 

Glucagon also acts on adipocytes to promote release of FFA and production of ketones. 

Overall, glucagon is both a hyperglycaemic and a ketogenic hormone (1). 

The two other products of the post-translational modification proglucagon, GLP 1 

and 2 are secreted from the intestinal endocrine cells and are indirectly involved in 

glucose homeostasis. Biological functions of GLP-1 include stimulation of glucose- 

dependent insulin secretion, stimulation of insulin biosynthesis and inhibition of 

glucagon secretion. GLP-1 also stimulates gastric emptying and signals satiety. In the 

beta cell, GLP-1 acts via cAMP or the PI-3 kinase pathway and is believed to activate the 

expression of glucokinase, GLUT-1, INS, Pdx-1 and KCNJ11. Evidence has also been 

presented to show that GLP-1 regulates islet cell proliferation and islet neogenesis (76). 

The hormone also acts on the gastro-intestinal (GI) tract and the central nervous system 

to regulate important metabolic pathways. GLP-2 is co-secreted from intestinal endocrine 

cells with GLP-1. Its functions have only recently been understood and include the 

stimulation of glucose transport and GLUT-2 expression, increased nutrient absorption 

and the inhibition of apoptosis as well as inhibition of gastric emptying. The biological 

actions of glicentin are believed to be similar to glucagon, and include stimulation of 

insulin secretion, inhibition of gastric acid secretion and regulation of gut motility (1).  

2.1.3.3 Somatostatin 

Somatostatin is a 14 residue peptide with an internal disulphide bridge that is 

released from pancreatic D cells. Actions of somatostatin are mediated by a specific 

receptor that is structurally related to GPRCs (77). Somatostatin has a range of diverse 

functions including inhibition of insulin and glucagon secretion. The mechanism for this 

negative feedback to insulin and glucagon is not clearly understood, but it is believed that 

somatostatin acts as a paracrine effector whereby, upon being released from the D cells, it 
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only inhibits secretion of insulin and glucagon from adjacent beta and alpha cells. 

Interestingly, somatostatin only affects the secretion of insulin, not its biosynthesis (78). 

Other functions of somatostatin include inhibition of the release of growth 

hormone (GH), suppression of gastric acid and pepsin secretion, and reduction of 

intestinal smooth muscle contractibility. It is also believed to act as a neurotransmitter or 

neuromodulator in some tissues (79).   

2.1.3.4 Pancreatic Polypeptide 

Pancreatic polypeptide (PP) is a 36 residue peptide released from the PP cells of 

the pancreas. PP cells are a distinct endocrine cell type and lie at the periphery of the 

islets of Langerhans or in clusters in the exocrine tissue. PP cells are most abundant at the 

head of the pancreas. Secretion of PP is largely under vagal control. The peptide does not 

appear to control carbohydrate metabolism, even though its levels are known to rise after 

a meal. Rather, it is believed to regulate gastrointestinal functions such as exocrine 

pancreatic secretion and gall bladder emptying (80).  

2.1.3.5 Other endocrine secretions of the pancreas 

Apart from the hormones discussed above, it has been shown that pancreatic 

endocrine cells also secrete small amounts of other peptides and proteins. The 

chromogranins – A, B and C are a family of acidic peptides expressed in several 

neuroendocrine cells. Chromogranin A is found in α, β and PP cells where it is processed 

to release at least two peptides – Pancreastatin, a 49 amino acid amidated peptide that is 

believed to inhibit insulin secretion (81) and β granin, a 24kDa peptide from the N 

terminal of chromogranin. Both Pancreastatin and β granin are minor secretory products 

of the insulin granules (82). Chromogranin B is found only in α cells (83), its function is 

not fully understood yet. 

Islet amyloid polypeptide (IAPP) or amylin, a 37 amino acid neuropeptide like 

molecule that is localised to the insulin granules (84) and makes up 1-2% of the granules’ 

secretory products (29). IAPP is related to the neuroendocrine peptide calcitonin and is 

the major constituent of the amyloid deposits that occur frequently in patients with type 2 

diabetes (85). It is believed that expression of IAPP is stimulated by glucose and its 

plasma concentration is usually proportional to that of insulin, but may be altered in some 

pathological states. While it is most prevalent in the pancreas, low levels of IAPP have 

also been detected in the GI tract, stomach, lung and dorsal root ganglia (86). 
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2.2 Insulin Secretion 
The secretion of insulin from granules in the beta cells, is a highly regulated 

process. There are several individual mechanisms that work simultaneously to maintain 

normal secretion and normal homeostasis. 

2.2.1 Regulation of insulin secretion 
There are several effectors that directly or indirectly play a role in the regulation 

of insulin secretion, these are summarized in Table  2.2 below. The most important and 

potent regulator of insulin secretion is glucose, vagal stimulation by amino acids is also a 

potent stimulator of insulin secretion.  

 

Table  2.2. Regulators of Insulin secretion 
Nutrients GI Hormones Hormones Autonomic Nerves 
+ Glucose + Gastrin + Growth Hormone + Choliergic 
+ Amino Acids + CCK - Adrenalin + β adrenergin 
(+) Keto acids + GIP - Cortisol - α adrenergic 
(+) Fatty acids + GLP-1 + Glucagon*  
 + Secretin - Somatostatin*  
  - Other peptides*†  

Major factors controlling insulin secretion from the beta cells.+ stimulatory effect, - inhibitory 
effects. *Paracrine signals ,†neurocrine signals. CCK = cholecystokinin; GIP = gastrointestinal 
inhibitory peptide; GLP-1 = glucagon-like peptide (39) 

 Glucose 

Glucose is absorbed from the gut and is mainly derived from various dietary 

carbohydrates including starch, sucrose and lactose. Post-prandial elevation of plasma 

glucose is a potent stimulator of insulin secretion. Insulin response to oral glucose is 

enhanced by the presence of gastrointestinal hormones including gastric inhibitory 

peptide (GIP), cholecytokinin (CCK) and GLP1 that are released from intestinal 

endocrine cells post-prandialy (1; 87). These gastrointestinal hormones are believed to 

affect the insulin response by acting on the beta cell through secondary messengers to 

increase the sensitivity of the islet cells to glucose. Gastrin, Vasoacitve intestinal peptide 

(VIP) (88) and secretin (89) also play a role in the post prandial insulin response to 

glucose by mechanisms that are outside the scope of this thesis.  

The insulin secretory response to glucose is sigmoidal with a threshold 

corresponding to the glucose levels normally seen under fasting conditions and the steep 

portion of the dose response curve corresponding to the range of glucose levels normally 
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achieved postprandially. The sigmoidal nature of this dose-response relationship has been 

attributed to a Gaussian distribution of thresholds for stimulation amongst beta cells. (90).  

Unlike insulin’s sigmoidal response to oral glucose, when glucose is infused 

intravenously at a constant rate, the biphasic insulin secretory response is less 

pronounced and is characterised by a rapid early peak followed by a second more slowly 

rising peak (91). Various in vitro experiments have shown that D-glucose, D-mannose, 

D-glyceraldehyde, dihydroxyacetone, glucose amine, N-acetylglucose amine fructose and 

galactose are all also potentiators of insulin secretion (1). Interestingly, Grodsky et al. 

have noted that the α anomer of glucose is a more potent stimulator of insulin than the β 

form (92).  

 Amino Acids and Lipids 

In the absence of glucose, amino acids and lipids can stimulate the release of 

insulin from the beta cells. The effects of amino acids on insulin secretion are 

independent of glucose, but can be potentiated by the presence of glucose (93). Some 

amino acid metabolites like phenyl pyruvate, α-ketpisocaproate, α-keto-β-methylvalerate 

and α-ketocaproate can also act as stimulators of insulin secretion in the absence of 

glucose (94). Certain amino acids can directly stimulate insulin secretion, although most 

are be converted to glucose via gluconegenesis, and thus indirectly contribute to the 

stimulation of insulin release.  

Lipids and their metabolites have only minor effects on insulin release in the 

absence of glucose (95). However, ketone bodies and short-chain fatty acids have been 

shown to potentiate the glucose mediated insulin secretory response.  

 Hormones 

Several hormones involved in the postprandial response to glucose and 

carbohydrate metabolism may also affect the stimulation and response of insulin. 

Decreasing levels of glucagon can stimulate the release of insulin, while increasing levels 

of somatostatin suppresses its release. Growth hormone, glucocorticoids, prolactins, 

placental lactogen and the sex hormones (1) are all believed to stimulate the secretion of 

insulin indirectly by inducing a state of insulin resistance. Increased levels of 

neurohormonal transmitters of the sympathetic nervous system, norepniephrine and 

epinephrine can have an inhibitory effect on insulin secretion via a variety of agents 

including glucose (96). Transmitters of the parasympathetic nervous system tend to 
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stimulate the release of insulin. Autonomic nerves are also believed to be important in 

mediating the cephalic phase of insulin release, in synchronising the islets to function as a 

unit and in insulin secretion at times of metabolic stress (97). 

2.2.2 Glucose Stimulated Insulin Secretion 
The coupling of stimulus and secretion of insulin from the beta cells has been 

studied for more than 30 years now and we are just beginning to understand the delicate 

and intricate mechanisms involved. The study of stimulus-secretion coupling in beta cells 

was pioneered with three important discoveries in the 1960s. 

Grodsky et al. in 1963 and Coore & Randle in 1964 (98; 99) showed that glucose must 

be metabolised by the beta cells to induce insulin secretion. In independent 

experiments they observed that the insulinotropic effects of glucose were inhibited 

by pharmacological inhibition of glucose metabolism.  

Both Grodsky & Bennet (100) and Milner & Hales (101) independently demonstrated 

the essential role of calcium ions (Ca2+) in insulin release from the beta cells by 

illustrating that glucose does not increase insulin secretion in the absence of 

extracellular calcium.  

Dean and Matthews (102) recorded the action potential of glucose-stimulated beta cells, 

and showed that pancreatic beta cells are electrically excitable.  

 

Glucose metabolism, Ca2+ and electrical excitability are important features of the 

insulin secretion process, which is still not fully understood. Glucose stimulated insulin 

secretion (GSIS) is biphasic (Figure  2.4) and involves at least two signalling pathways – 

the K-ATP channel dependent pathway also referred to as the triggering pathway, and the 

K-ATP channel independent pathway also known as the amplification or augmentation 

pathway (103; 104).  
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Figure  2.4. Biphasic glucose response of insulin 

Representation of the biphasic response of insulin secretion to glucose. The first phase is an 
immediate response, while the second phase occurs later and is the more sustained 
response.(Modified from Baynes, Medical Biochemistry - www.fleshandbones.com)  

2.2.2.1 Glucose sensing and metabolism 

The quantity of insulin secreted from beta cells is related to plasma glucose levels. 

Thus the glucose sensing function of beta cells is vital in regulating insulin secretion and 

maintaining glucose homeostasis (105). The entry of glucose into a cell and its 

metabolism are essential for both secretory pathways.  

Glucose from plasma enters the beta cell via the high capacity, low affinity 

glucose transporter GLUT2 (106). In the cytosol, it is rapidly phosphorylated to glucose-

6-phosphate (G-6-P) by glucokinase (GK) in the rate limiting step of glycolysis. Once 

phosphorylated, glucose is metabolised via the glycolytic pathway to pyruvate, NADH 

and ATP. Pyruvate enters the mitochondria where it is a major substrate in the 

tricarboxylic acid cycle (TCA) or Krebs cycle (107). The Krebs cycle is believed to play 

varied and important roles in the modulation of insulin secretion. Pyruvate and NADH 

may also independently be important glucose sensors and modulators of insulin release 

(105).  

Generation of ATP by the electron transport chain (ETC) linked oxidative 

phosphorylation in the mitochondria and its consequent entry into the cytosol, initiates a 

cascade of intracellular events that are vital to the insulin secretory response to glucose. 

Cytosolic ATP is vital in the first phase of insulin secretion and in the priming of insulin 

granules for release. There are two important consequences of the increase in cytosolic 

ATP levels; firstly it leads to closure of the ATP sensitive potassium channels at the 

plasma membrane, which in turn leads to depolarisation of the membrane and calcium 
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influx via the voltage dependent calcium channels (VDCC) (discussed in section  2.2.2.2) 

(108). Closure of the K-ATP channels, in conjunction with calcium influx is critical to 

the first and the second phase of insulin secretion. Secondly, increasing cytosolic ATP 

concentrations are linked to inhibition of AMP activated protein kinase (109; 110) which 

stimulates release of insulin-containing large dense core secretory vesicles (LDCVs) from 

their intracellular tethers in preparation for secretion (111).  

2.2.2.2 The first phase of Insulin release: The K-ATP channel 

dependent pathway  

In 1984, the K-ATP channel was identified and subsequently found responsible 

for glucose induced depolarisation of the beta cell (112; 113). The channels determine 

metabolic sensing of glucose in the beta cell and co-ordinate stimulus-secretion coupling. 

(The structure and function of the K-ATP channel is discussed in detail in section  2.4.4.1.) 

Following the uptake and metabolism of glucose via glycolysis and the Krebs 

cycle, mitochondrial events control the production and distribution of ATP in the cell. 

The production of ATP by ATP synthase in the mitochondria is coupled to dissipation of 

a proton gradient, which in turn leads to hyperpolarisation of the inner mitochondrial 

membrane that stimulates the mitochondrial membrane potential dependent calcium 

uniporter to increase mitochondrial calcium concentrations (114). The increase of 

intramitochondrial calcium concentrations stimulates ATP transport into the cytosol.  

The transfer of ATP from the mitochondria to the cytosol increases the total 

cytosolic concentration of ATP as well as the ATP:ADP ratio. This change in the 

availability of ATP and ADP is sensed by different subunits of the K-ATP channel, the 

ATP sensitive member of the channel (SUR1) triggers closure of the channels. The most 

important consequence of K-ATP channel closure is a depolarisation of the plasma 

membrane. At rest, the open K-ATP channel works in unison with sodium-potassium-

ATPases (N+/K+/ATPase) to maintain polarisation of the plasma membrane. Closure of 

the channels impedes the influx of potassium ions, and induces depolarisation of the 

plasma membrane. When cell membrane depolarisation reaches the threshold for 

activation of the L-type VDCCs, the channels open, allowing the influx of calcium into 

the cell down an electrical gradient (115). This opening of the VDCCs leads to an 

increase in the intracellular calcium concentration which in turn, initiates the secretion of 

insulin from the stored secretory granules (116) (Figure  2.5). In this manner, K-ATP 
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channels act as transducers of glucose induced metabolic changes into biophysical 

changes. 

Insulin secretion from the beta cells is primarily triggered by calcium influx 

through VDCCs (115; 117). This is an important aspect of the first and the second phases 

of insulin secretion. Beta cells express several types of VDCCs, of which L type Ca2+ 

channels are the most important (118). They are believed to physically interact with both 

primed insulin granules and the secretory apparatus, by binding to the plasma membrane. 

While the precise mechanisms remain largely unknown, it has been shown that the first 

phase of insulin secretion involves release of the insulin granules that are spatially in 

proximity to the L-type VDCCs (117).  

 

 
Figure  2.5. The first phase of glucose stimulated insulin secretion.  

A representation of the processes involved in the first phase of GSIS. Glucose enters the cell via 
GLUT2, is metabolised to pyruvate via glycolytic pathway. Pyruvate participates in the Krebs 
cycle to produce ATP. Cytosolic ATP:ADP ratio increases, causes closure of the K-ATP channel 
and depolarisation of the cell membrane. The voltage dependent calcium channels (VDCCs) are 
opened and insulin secretion is initiated.  

 

2.2.2.3 The second phase of Insulin release : The K-ATP channel 

independent pathway.  

The existence of a second glucose signalling pathway that is separate from the K-

ATP channel dependent pathway, one that augments the secretory response to increases 
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in intracellular calcium concentrations was demonstrated by various groups in 1992 (119-

121). Independent studies have shown that the K-ATP channels are not the only site of 

control of glucose stimulated insulin secretion. They demonstrated that glucose can 

increase insulin secretion in vitro and in vivo both when K-ATP channels are completely 

closed prior to stimulation and when they cannot be closed after stimulation. This K-ATP 

independent pathway, also known as the amplifying pathway, works in synergy with the 

K-ATP channel dependent pathway to stimulate the second phase of insulin release. The 

K-ATP channel independent pathway of insulin secretion is however, dependent on 

intracellular calcium concentrations. Although, it is not mediated by further increases in 

intracellular calcium, the initial increase in intracellular calcium levels associated with 

the first phase of insulin secretion of necessary for the channel independent pathway (120; 

122). The effects of this pathway augment and amplify the initial first phase of insulin 

release.  

The influx of calcium into the beta cell as result of glucose metabolism is 

necessary for both pathways and is the operative secretion signal for secretion of insulin. 

The physiological importance of the amplifying pathway is supported by experiments 

which demonstrate that the amplifying pathway remains operative even when the 

triggering signal (intracellular calcium concentration) oscillates (123; 124). Such an 

insensitivity to oscillations in intracellular calcium levels during the second phase of 

insulin secretion, enables a sustained secretion of insulin regardless of further changes in 

calcium concentrations (122; 125; 126). 

The mechanisms involved in the K-ATP channel independent pathway are more 

elaborate than the first phase of insulin secretion and have not yet been completely 

elucidated. The amplifying effect of the K-ATP channel independent pathway is only 

weakly dependent on the metabolism of glucose, instead, it involves the direct 

recognition of the glucose molecule. However, the pathway can be activated by 

metabolism of other nutrients including selected amino acids (119; 127). Over the years, 

several hypothesis have been put forward to explain the activation and regulation of the 

K-ATP channel independent pathway, the most likely of which involve glucose 

dependent second messengers in the beta cell. Such a second messenger, issuing from the 

metabolism of glucose has not yet been identified with certainty (103; 104). There 

continues to be controversy surrounding proposed messengers and mechanisms of the K-

ATP channel independent pathway. Some of the widely accepted theories are presented 

here.  
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  MMaalloonnyyll  CCooAA//lloonngg  cchhaaiinn  aaccyyll  CCooAA  hhyyppootthheessiiss  

The Malonyl CoA/long chain acyl CoA hypothesis was first proposed in 1989 by 

Corkey et al.(128) who suggested that, as glucose is partially metabolized to citrate in the 

mitochondria, mitochondrial citrate levels increase, citrate is exported to the cytosol thus 

increasing cytosolic citrate levels (129). Citrate is converted to malonyl CoA via acetyl 

CoA in the cytoplasm. Malonyl CoA inhibits carnitine palmitoyl trasferase (CPT1), 

which is a key regulatory enzyme in fatty acid oxidation. Inhibition of CPT1 diverts fatty 

acid oxidation from the mitochondria, which results in an increase in cytosolic long chain 

CoA (LC-CoA) forms (128; 130-132). The cytosolic LC-CoAs are believed to potentiate 

insulin secretion directly by acylation of regulatory proteins. Alternatively, LC-CoAs 

may be converted to signal moieties such as diacylglycerol (DAG), which can activate 

PKC isoforms, or other intermediatory metabolites that can stimulate exocytosis directly 

or can act via palmitoylation or other acylation reactions to prime insulin granules for 

secretion. The alternative secondary messengers (LC-CoA, DAG, PKC etc.) stimulate 

exocytosis and enable the pathway to be independent of intracellular calcium 

concentrations (105).  

Evidence in support of this hypothesis includes findings from separate studies that 

associate glucose stimulated insulin secretion with increased citrate levels, increased 

malonyl CoA levels, inhibition of CPT1 and decreased fatty acid oxidation (128; 130-

132). Chen et al.(131) reported that the compound hydroxycitrate, an inhibitor of citrate 

lyase inhibits GSIS in vitro, although these findings have since been disputed by others 

(104; 133). In the same study, Chen et al.(131) also found that the pharmacological 

inhibition of CPT1 in vitro potentiates GSIS, adding weight to its proposed role in the 

amplifying pathway via malonyl CoA inhibition (129; 134). However, Straub and Sharp 

(104) have argued that these findings must be evaluated based on animal models rather 

than cell lines. They found that many beta cell lines commonly used in scientific research 

such as the INS1 and HIT lines, do not express the K-ATP channel independent pathway.  

  PPyyrruuvvaattee--mmaallaattee  sshhuuttttllee  hhyyppootthheessiiss    

The pyruvate-malate shuttle hypothesis was proposed as a possible pathway in K-

ATP channel independent insulin secretion in conjunction with the recent discovery that 

recycling of pyruvate across the mitochondrial membranes is correlated with glucose 

responsiveness in INS-1 derived cell lines (135). 
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During the Krebs cycle, pyruvate gets converted to oxaloacetate by the action of 

pyruvate carboxylase. Oxaloacetate is then converted to malate by mitochondrial malate 

dehydrogenase. Malate participates in the malate-aspartate shuttle that shuttles NADH 

into the mitochondria as well as the pyruvate-malate shuttle that shuttles NADPH out of 

the mitochondria. In the pyruvate-malate shuttle, malate is transported out of the 

mitochondria via a malate Pi antiporter and then converted to pyruvate via malic enzymes 

in the cytoplasm resulting in the generation of carbon dioxide and NADPH. Pyruvate is 

transported back into the mitochondria via a pyruvate-H+ symporter, NADPH remains in 

the cytosol. NADPH reducing equivalents can also be exported from the mitochondria as 

citrate and isocitrate (105). The possibility that reducing equivalents like NADPH 

directly modulate the signal transduction machinery of the beta cell was proposed a long 

time ago. Various experiments in mice and human cells have demonstrated that inhibition 

of NADPH decreases glucose stimulated insulin secretion (136; 137). It has also been 

observed that the presence of metabolisable insulin secretagogues concurrently increases 

the intracellular NADPH:NADP ratio (105). There are also indications that high cytosolic 

NADPH (500μM and above) can block K-ATP channel activity in a manner similar to, 

but less pronounced than similar concentrations of ATP (138). While it is now accepted 

that NADPH is an important secondary messenger in GSIS, the precise mechanism of its 

involvement is still under investigation.  

  TThhee  GGlluuttaammaattee  HHyyppootthheessiiss..    

The model in which glutamate is a secondary messenger in the K-ATP channel 

independent pathway is also controversial. The original hypothesis proposes that the 

influx of glucose into the beta cell induces increased glutamate production in the 

mitochondria. Glutamate is exported to the cytosol, where it sensitises the secretory 

mechanism to calcium perhaps by an action on insulin secreting granules (139-141). The 

finding that glutamate derived from mitochondrial α-keto-glutarate could also play an 

important role in calcium-induced exocytosis of insulin from the beta cell (139) further 

strengthened this hypothesis.  

Experiments by Rubi et al. (140) in support of the hypothesis demonstrated that 

over-expression of glutamate decarboxylase (GAD) in INS-1 cells decreased cytosolic 

glutamate concentrations. Insulin responses were decreased by 37% in these GAD over-

expressing INS-1 cells. These findings were further substantiated by observations of 

similar trends in perfused rat islets. However, these findings have not been corroborated 
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in similar experiments by others (142). Further doubt is cast on this hypothesis due to the 

fact that INS-1 cells do not seem to express the K-ATP channel independent pathway 

(104).  

  TThhee  aaddeenniinnee//gguuaanniinnee  nnuucclleeoottiiddee  hhyyppootthheessiiss  

Another proposed hypothesis is that adenine and guanine nucleotides control the 

K-ATP independent pathway. This is based on evidence of a correlation between changes 

in intracellular adenine and guanine nucleotide concentrations and the rate of insulin 

secretion (143; 144). The hypothesis was proposed by Sato et al.(144) and holds that as 

ATP/ADP and GTP/GDP ratios within the cell change in response to glucose 

concentrations, the changes influence the K-ATP channel independent pathway (143-

145).  

Insulin secretion is inversely correlated with ADP and GDP levels, and positively 

correlated with ATP:ADP and GTP:GDP ratios. Experiments have been presented to 

show that ATP exerts its effects on insulin secretion even at steps distal to the production 

of the triggering signal in the K-ATP dependent pathway (146). Detimary et al. carried 

out experiments in mouse islets, that illustrated that gradually lowering the ATP:ADP 

ratio progressively inhibits insulin secretion, even when measures are taken to prevent 

changes in Ca2+ concentrations (146). Since the ATP:ADP ratio is the major controller of 

the K-ATP channel dependent pathway, the possibility exists that the adenine and 

guanine nucleotides control both pathways.  

However, there is evidence against this hypothesis. In experiments carried out by 

Anello et al.(147) it was demonstrated that chronic exposure of islets to leucine decreased 

ADP levels and ATP:ADP ratios decreased by 50%, but GSIS was still un-impaired. 

When the independent pathway was studied in the presence of potassium chloride and 

diazoxide to control the K-ATP dependent pathway the response to glucose was 

unchanged (147). 

  OOtthheerr  mmeesssseennggeerrss  

Over the years, several other putative secondary messengers in the K-ATP 

channel independent pathway have been considered and rejected.  

Some studies into the hunt for a second messenger involved phosphorylation and 

dephosphorylation of some beta cell proteins associated with the amplifying pathway 

(148). Involvement of adenylate cyclases like cAMP and PKA in the K-ATP independent 
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pathways via the action of ATP on exocytosis of secretory granules was proposed (149). 

However experiments in intact cells demonstrated that cAMP interacts with but does not 

mediate GSIS through the amplification pathway (122; 144; 150). 

Sato et al.(144) have considered and rejected, phospholipase A2, cGMP and 

phosphatidyl-inositol 3 (PIP3) kinase as secondary messengers in the amplification 

pathway. Phospholipase C and Protein kinase C were examined using mouse and rat 

pancreas but have yielded conflicting results in various studies (122; 127; 144; 151; 152). 

The role of Acyl CoA has also been controversial, some studies have shown that the 

intracellular concentration of Acyl CoA increases during GSIS, especially during 

stimulation by fatty acids, leading to the proposal that acyl CoA augments calcium-

induced insulin secretion (129). However, there findings have not been replicated in 

similar experiments by others (144). Other candidate molecules that have been rejected 

include Nitric Oxide and Pertussis toxin sensitive G proteins (104).  

The most important limitation in all the investigations into the messenger of the 

K-ATP independent pathway has been that they have been carried out in vitro in animal 

or human cell lines. Some authors, (104) have shown that that the K-ATP channel 

independent pathway is not fully functional in some beta cell lines like INS1 that are 

commonly used in in vitro studies concerned with insulin secretion. In vivo studies have 

been limited to animal models, which do not necessarily reflect human physiological 

processes. 

Time dependent potentiation (TDP) is a component of the K-ATP channel 

independent pathway that is responsible for the rising portion of the second phase 

response in rats and humans. TDP can be defined as the enhancement of beta cell 

responsiveness that results from previous exposure to glucose and other nutrient 

secretagogues such as glyceraldehyde, methylpyruvate, leucine and α-keto isocaproate 

(153-155). The underlying mechanism is unknown, however it is known that glucose 

must be metabolized to induce TDP, and that TDP is not dependent on insulin 

biosynthesis, cAMP or the K-ATP channel (154) Nutrients that induce time dependent 

potentiation (TDP) are associated with those that support K-ATP independent pathways 

(126). 

In summary, many details of the mechanisms by which glucose activates the K-

ATP channel independent pathway of insulin secretion are still unknown. It seems that 

the action of this pathway is exerted on a pool of readily releasable insulin granules and 
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that messengers of the pathway increase the rate at which granules are transferred to the 

immediately releasable pool (104) (Figure  2.6).  

It is difficult to determine what fraction of GSIS can be ascribed to which 

pathway in vivo, but there seems to be a clear hierarchy between the two pathways. The 

K-ATP channel independent pathway remains functionally silent as long as the channel 

dependent pathway has not depolarised the cell membrane and raised intracellular 

calcium concentrations. The amplifying pathway serves to optimize the secretory 

response induced by the triggering pathway. The fact that low concentrations of glucose 

(1-6mmol/L) have been shown to influence insulin secretion in situations where a 

triggering signal has been produced artificially (122; 156) provides further evidence for 

the presence of this hierarchy. The presence of this hierarchy ensures that under normal 

conditions, no insulin secretion occurs when plasma glucose levels are very low, loss of 

the normal hierarchy may be lead to situations of unregulated insulin secretion.  

2.2.2.4 Insulin granule exocytosis 

The physical release of insulin from the beta cells involves exocytosis of the 

insulin granules from the cell. The exocytosis and distribution of these insulin granules 

themselves is a tightly controlled process to ensure an appropriate physiological response 

to nutrient stimulation. Like several other secretory vesicles, insulin granules exist in 

pools within the cell, the granules must dock at the plasma membrane and prepare or 

prime for release before exocytosis can occur. The total number of insulin containing 

granules in a beta cell is in large excess over the number required to control physiological 

plasma glucose levels following a single meal, and only a small percentage of these will 

be released in response to stimuli at any one time. The complexity of the granule 

population in the beta cell is not yet fully understood, but the population is separated into 

three pools: the reserve pool, morphologically docked pool and a readily releasable pool 

(Figure  2.6) (157).  



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY    

30  

 
Figure  2.6. Graule pools of the beta cell. 

There are believed to be approximately 12,000 insulin granules in the reserve pool, of these about 
1000 are morphologically docked. Only 50-100 granules are primed and ready for release. These 
readily releasable granules are responsible for insulin secreted in the first phase of insulin secretion. 
[Modified from Straub and Sharp (104)] 

 

The readily releasable pool (RRP) is believed to range from 0.3-2.2% of the total 

pool (50-100 granules) and is associated with the first phase of insulin release, the K-

ATP channel dependent pathway (158). The total size of the readily releasable pool is a 

determinant of the magnitude of the initial secretory response. The first phase of insulin 

secretion is a response to any stimuli that increases intracellular Ca2+, and involves the 

release of these pre-primed readily releasable vesicles. The second phase of insulin 

secretion is dependent on vesicle mobilization and priming, which are elicited by 

metabolisation of secretagogues (103; 120).  

During the second phase of insulin secretion, insulin granules must first be 

recruited to the plasma membrane to replace those released in the first phase of secretion 

(159). Granules in the reserve pool move to the readily releasable pool and become and 

associated with the plasma membrane, primed for exocytosis. Insulin granule movement 

is stimulated by glucose (160), ATP (161) and agents that increase intracellular cAMP 

(162). PKC is also believed to play a role in vesicle stimulation, but is believed to be 

regulatory at a point between vesicle docking at the plasma membrane and exocytosis 

(163) rather than a direct stimulator of vesicle movement.  

Vesicle movement within the cell is believed to occur along a microtubule 

network (164) and is mediated by the ATP dependent motor activity of Kinesin K1F5B 

(161). At the plasma membrane, granules are transported along a cortical actin network in 

an ATP dependent manner probably through the action of motor protein myosin A (165). 

Prior to exit from the beta cell, the insulin granule must be primed for release. 

Priming involves chemical modifications to the granule that are required for release of the 
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granule but are not completely defined yet (105). ATP is essential for granule priming 

(166), but its role is believed to be permissive rather than direct, as ADP has been found 

to be a more dynamic regulator of priming. The action of ADP is believed to be mediated 

by PI4 kinase activation and associated downstream effects on the Ca2+-dependent 

secretion of the granules (167). Later steps of priming and renewal of the readily 

releasable pool may also be regulated by lipid derived signals downstream of LC-CoA, 

like DAG and activation of PKC (168). The V-type H+ ATPase has also been reported to 

be important for priming (169). While many of these priming mechanisms are still being 

investigated, it is clear that metabolically generated changes in the ATP:ADP ratio 

modulate the RRP size by regulating steps between docking and priming of the insulin 

granules (167).  

The physical exocytosis involves the fusion of a primed insulin granule with the 

plasma membrane and is mediated by soluble NSF attachment protein receptors (SNARE 

proteins). Various SNARE proteins interact the VDCCs and mediate the tight coupling of 

Ca2+ entry into the cell and exocytosis of insulin from the RRP (170).  

2.3 Disorders of Glucose Regulation. 
Glucose, amino acids, and lactate are the principal energy substrates during fetal 

life, with glucose providing approximately half the total energy required for growth and 

development. Fetal glucose levels and glycogen stores are high, glucose crosses the 

placenta by facilitated diffusion down a favourable concentration gradient between 

maternal and fetal plasma. At birth, the neonate must switch abruptly from a state of net 

glucose uptake and glycogen synthesis to a state of independent glucose production and 

homeostasis. The maintenance of normoglycaemia in the neonate is dependent on the 

adequacy of glycogen stores, maturation of the glycogenolytic and gluconeogenic 

pathways, and a completely developed integrated endocrine response (171). Hyper or 

hypoglycaemia can result from defects in any one of several pathways that must work in 

conjunction to maintain normoglycaemia.  

Neonatal hypoglycaemia was first described in neonates and older infants by 

Hartmann and Jaudon in 1937 (172) as symptom of a disease state, rather than a serious 

condition on its own. It is now universally accepted that hypoglycaemia may manifest as 

a symptom of an underlying condition, or as an independent disease state attributable to 

defects in the regulation of glucose uptake, metabolism or homeostasis. Hypoglycaemic 
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symptoms may present with or without other symptoms and may be mild or severe and 

are often transient. 

Over the years there has been considerable debate regarding the definition of 

hypoglycaemia; the plasma glucose concentration at which symptoms develop varies 

between individuals depending on their age, levels of alternative fuel available and the 

presence of underlying conditions (173). The currently accepted consensus is that plasma 

glucose concentrations below 2.6mmol/L is considered abnormal in children (174). Koh 

et al. (175) have shown that brain function is impaired below this level regardless of the 

presence of clinical symptoms.  

Clinical symptoms associated with hypoglycaemia can be broadly divided into 

those resulting from neuroglycopenia and those associated with the autonomic response 

to hypoglycaemia. Symptoms of hypoglycaemia, especially in neonates and infants can 

be non-specific and may not be indicative of hypoglycaemia on their own. Some of these 

include but are not limited to pallor, jitteriness, sweating, apnoea, tachypnea, hypotonia, 

feeding problems, irritability, abnormal crying and behaviour, convulsions and coma 

(176). Acute hypoglycaemia in infancy, especially when severe and associated with 

seizures can have serious neurological sequelae later in life (173).  

Often, hypoglycaemia in neonates resolves with minimum intervention as the 

endocrine system adjusts to extra uterine life. A distinction must be made between 

transient and persistent hypoglycaemia for optimal treatment and management; especially 

since mild hypoglycaemia is quite common in the first week of life. Hypoglycaemia that 

cannot be alleviated within a week is classified as persistent. There are several causes of 

hypoglycaemia in the neonate and in infants. Some conditions in which hypoglycaemia is 

a common feature are summarized in Table  2.3 below. Hyperinsulinism is the most 

common cause of recurrent and persistent hypoglycaemia in neonates and infants (174). 
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Table  2.3: Causes of hypoglycaemia in neonates.  
Genetic Causes Acquired Conditions 

Adrenal Insufficiency Drugs – β blockers, aspirin, ethyl alcohol, 
Insulin, sulfonylureas etc. 

Congenital Disorders of Glycosylation Fructose Intolerance 
Congenital Heart Diseases Hepatic Dysfunction 
Cortisol Insufficiency Hyperinsulinism  
Fructose-1,6 Bisphosphate deficiency Infants of Diabetic Mothers 
Galactosemia Intrauterine growth retardation 
GH Insufficiency Ketotic hypoglycaemia. 
Glucagon Deficiency Malaria 
Glycogen storage disease – 1a Perinatal Asphyxia 
Glycogen Synthase Deficiency  Prematurity 
Hyperinsulinism Septicaemia 
Hypopitutiarism Small for gestational age neonates 
Phosphoenolpyruvate Carboxy Kinase 
deficiency Starvation 

Pyruvate Carboxylase deficiency  
Hypoglycemia can be a symptom of an underlying condition, or a disease in its own right. This 
table summarises pathological conditions in which hypoglycemia might be a clinical feature (173).   
           

2.3.1 Hyperinsulinism 
In the 1970s and 1980s the concept of "hyperinsulinism" as a disease state, rather 

than merely a symptom of an underlying disease was proposed and has been gradually 

accepted by clinicians. The term hyperinsulinism is sometimes misunderstood to mean 

"hyper-secretion of insulin", though this is rarely recorded in patients. Indeed, most 

patients present with moderately elevated serum levels of insulin that are always 

inappropriate for the level of plasma glucose. Hyperinsulinism, is thus best defined as 

"inappropriate insulin release for the level of glycaemia", and is now recognised as a 

group of clinically, genetically, morphologically, and functionally heterogeneous 

disorders clinically associated with features of excess insulin(177; 178). Clinical 

diagnosis of hyperinsulinism is usually based on the apparent effects of excess insulin, 

including hypoglycaemia, inappropriate suppression of lipolysis and ketogenesis, and 

often a positive glycaemic response after the administration of glucagon (178; 179). 

Hypoglycaemia is the primary symptom of the condition, and is a potentially perilous 

condition that can be extremely challenging to manage.  

Over the past decade, advances in the genetic determinants of insulin release, a 

greater understanding of the morphofunctional basis of hyperinsulinism and the 

availability of functional data obtained from affected patients have provided unparalleled 

insights into the pathogenesis of the syndrome of hyperinsulinism. Hyperinsulinism may 

be idiopathic, a manifestation of underlying genetic disease such as Beckwith-Weidman 
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Syndrome or Congenital Disorders of Glycosylation (CDGs) or it may have an 

underlying genetic association with processes involved in insulin processing, glucose 

sensing or insulin secretion. Some of these are discussed ahead, but this thesis focuses on 

the syndrome most commonly known as Persistent Hyperinsulinaemic Hypoglycaemia of 

Infancy.  

  BBeecckkwwiitthh--WWiieeddmmaannnn  SSyynnddrroommee    

Beckwith-Wiedmann Syndrome (BWS) is a congenital syndrome of overgrowth 

associated with dysmorphic physical features including macroglossia (enlargement of the 

tongue) exomphalos (umbilical hernia), transverse creases of the ear lobe and facial 

pigmentation. Cardiac and renal malformation as well as mental retardation are also 

common features of the disease (180). Approximately 80% of BWS patients have a 

genetic abnormality within the imprinted region on the distal short arm of chromosome 

11 with the minimum affected region including the genes CDKN1C, IGF2, INS, H19 and 

KCNQ1 (181).   

Hyperinsulinism has been reported in about half of all BWS patients (182), 

hyperinsulinaemia-induced hypoglycaemia is mild and asymptomatic in some, whereas 

hypoglycaemia can be prolonged and difficult to manage in others (183). Hypoglycaemia 

in most (but not all) BWS patients is sensitive to, and can be managed with diazoxide 

(184). The pathophysiology associated with hyperinsulinism in BWS is not clear, but is 

believed to be associated with expression levels of the K-ATP channel, and is sometimes 

associated with beta cell hyperplasia (185). Patients with BWS can usually be clearly 

distinguished from patients with HI due to the physical features, such as facial 

dysmorphism. Biochemically, insulin response to arginine and leucine is normal in BWS 

patients, and is not normal in HI patients.  

  CCoonnggeenniittaall  DDiissoorrddeerrss  ooff  GGllyyccoossyyllaattiioonn  

Congenital Disorders of Glycosylation (CDGs) are a group of inherited metabolic 

syndromes associated with defects in the cellular processes involved in glycosylation. 

Glycosylation is a process by which long sugar chains are attached to proteins within a 

cell. It is essential for normal function and transport of various proteins that are 

responsible for vital physiological functions. CDGs are caused by defective biosynthesis 

of or transfer of lipid-linked oligosaccharides to the target protein (type I) or by 

compromised processing of protein-bound oligosaccharides (type II). There are currently 
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about 18 forms of CDGs recognized, that are classified based on the location of the gene 

defect and the associated biochemical abnormality (186).  

Patients with CDGs present with symptoms including hypotonia, failure to thrive, 

oral motor dysfunction, vomiting, seizures, hepatopathy, coagulopathy and estropia 

(crossed eyes). Ataxia, dysarthria (slurred speech), retinisis pigmentosa and scoliosis may 

be seen later in life. Severity and range of symptoms may vary in different patients. 

Hyperinsulinaemic hypoglycaemia has been seen in several patients with CDGs, it was 

reported as the leading symptom in some cases of CDG-1a (187), but is also commonly 

seen in CDG-1b (188). Persistent hyperinsulinism and hypoglycaemia were also recently 

reported in a patient with CDG-1d, who also presented with beta cell hyperplasia (189). 

The precise molecular mechanisms behind the dysregulation of insulin secretion in CDGs 

is not known but is believed to be linked to hypoglycosylation of the SUR1 subunit of 

pancreatic K-ATP channel in these patients. Glycosylation of the SUR1 subunit is 

necessary for transport of the channel to the cell membrane. The previously described 

CDG patients with hyperinsulinism have, been responsive to diazoxide treatment, 

indicating the presence of at least some K-ATP channel function (187).  

  EExxeerrcciissee--IInndduucceedd  HHyyppeerriinnssuulliinniissmm  

Recently, Otonkoski et al. (190) described a form of hyperinsulinism 

accompanied by hypoglycaemia that was specifically associated with physical exercise. 

Strenuous physical exercise caused an inappropriate burst of insulin secretion n affected 

individuals. They studied 10 individuals from two unrelated families who had similar 

symptoms. Family members were found to have normal fasting glucose levels, but the 

average was lower than in controls. Plasma insulin was not significantly elevated but 

glucagon was slightly suppressed at rest. Anaerobic exercise induced an inappropriate 

increase in circulating insulin and a hypoglycaemic episode in affected individuals. 

Otonkoski et al. observed that the increase in insulin secretion was closely followed by 

an increase in plasma pyruvate levels. This indicates that the pathogenic mechanism must 

involve aberrant transport, signalling, or metabolism of pyruvate in the pancreatic beta 

cell. Familial clustering lead the Otonkoski et al. to conclude that the disease was 

inherited in an autosomal dominant manner and may even be due to mutations in a single 

as yet unidentified gene (190).  
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  IInnssuulliinn  RReecceeppttoorr  rreellaatteedd  hhyyppeerriinnssuulliinniissmm  

In 2004, Højlund et al. (191) described a novel syndrome of autosomal-dominant 

hyperinsulinemic hypoglycaemia linked to a mutation in the human insulin receptor gene.  

Affected family members (10 members in three generations) presented between 3 

and 30 years of age and were characterised by the presence of postprandial 

hypoglycaemia, fasting hyperinsulinaemia and an elevated insulin:C-peptide ratio. An 

oral glucose tolerance test revealed hyperinsulinemic hypoglycaemia while the clamp 

studies showed decreased insulin sensitivity and decreased clearance of serum insulin.  

An autosomal dominant missence mutation, R1174Q in the tyrosine kinase 

domain of the insulin receptor was identified in the proband and affected family members. 

No mutations in any other HI candidate genes were seen. This mutation has been 

previously reported in three women with type A insulin resistance syndrome and an 

apparently normal male. The paradoxical co-existence of insulin resistance and 

hypoglycaemia cannot be fully explained, but it is believed to be the result of different 

effects of this mutation in different tissues (191). Like other dominant forms of HI this 

syndrome presented late in life but in an important contrast to other forms of HI, this 

syndrome is associated with decreased degradation of insulin rather than increased 

secretion of insulin. 

  OOtthheerr  DDiissoorrddeerrss    

Other disease states that might present with hyperinsulinism include other 

congenital syndromes like Glycogen Storage Diseases, Hyperthyroidism, 

Hypopituitarism, Maple syrup urine disease etc. Some disorders of fatty acid metabolism 

have also been associated with hyperinsulinism and hypoglycaemia. Infants of diabetic 

mothers, those that are small for gestational age, are experiencing maternal toxemia, and 

those that are have severe Rh isoimmunisation may also suffer from mild to sever 

hyperinsulinism, which is usually transient. However in most cases, these are easily 

distinguished from hyperinsulinism of infancy by their clinical and biochemical 

symptoms (173). 
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2.4  Hyperinsulinism of Infancy (HI)  

2.4.1 Natural History of HI 
It was appreciated in the early 1980s that a form of hyperinsulinism, not related to 

any known disease, was associated with a defect in pancreatic beta cell stimulus-secretion 

coupling (192). In the mid 1990s two groups independently mapped the major 

susceptibility gene for HI to the short arm of chromosome 11 at 11p14-15.1 (193; 194). 

The gene now known as ABCC8 was mapped to this region by in situ hybridization. Its 

pathological role in HI was confirmed by the identification of mutations in the gene in 

two patients with HI (195). Since this initial discovery, four other genes and hundreds of 

mutations have been implicated in the disease.  

Most cases of HI are familial, though some sporadic forms have been reported. HI 

has a varied incidence, in Ireland and parts of urban Finland, the incidence is 1 in 27,000 

and 1 in 50,000 live births respectively. However, in some communities incidence of HI 

is much higher for example, in central Finland it was found to be 1 in 3,200 live births, 

while in the Ashkenazi Jews of the Arabian peninsular (a community in which 

consanguinity is prevalent) is can be as high as 1 in 2700 (196).  

  NNoommeennccllaattuurree  

The earliest description of hyperinsulinism appears to be that presented by G. 

Laidlaw in 1938 (197), who designated the term ‘nesidioblastosis’ to describe severe, 

recurrent hypoglycaemia associated with an inappropriate elevation of serum insulin, C-

peptide, proinsulin and lesions of the pancreas. It has since been established that 

nesidioblastosis, as originally described by Laidlaw is not necessarily pathogenic for 

hyperinsulinism of infancy, since it describes a neodifferentiation of islets of Langerhans 

from pancreatic ductal epithelium and is seen in pancreata of patients of all ages. The 

condition broadly described as "Hyperinsulinemic-hypoglycaemia in infancy" is now 

referred to as persistent hyperinsulinaemic hypoglycaemia of infancy (PHHI), congenital 

hyperinsulinism in infancy (CHI), familial hyperinsulinism of infancy (FHI) or 

hyperinsulinism in infancy (HI). In this thesis, pathological occurrences of 

hyperinsulinism with associated hypoglycaemia in neonates and infants is described 

using the term “HI” to mean hyperinsulinism in infancy.  
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Due to heterogeneity of the disease and the varying interests and specialisations of 

contributing researchers, classification of HI sub-types is often based on inconsistent 

parameters including the age of onset (neonatal or infantile), histology of the affected 

islets (focal, diffuse or atypical), the mode of inheritance (sporadic or familial), the mode 

of transmission (recessive or dominant) or the gene affected (ABCC8, KCNJ11, GLUD1, 

GCK or HADH). In this thesis, classification is based primarily on the affected gene 

although other parameters are applied within each group. Hyperinsulinism of infancy 

linked to defects of the K-ATP channel – the channelopathy is referred to as K-ATP-HI, 

or by the specific gene affected, ABCC8-HI (OMIM # 600509) or KCNJ11-HI (OMIM # 

600937). Hyperinsulinism of infancy associated with mutations in the metabolic enzymes 

within the beta cells - the metabolopathy is designated GLUD1-HI (OMIM # 138130), 

GCK-HI (OMIM # 138079) or HADH-HI (OMIM # 601609) as per the associated 

genetic abnormality. Focal-HI or diffuse-HI are used specifically to describe the observed 

histological abnormality.  

2.4.2  Pathophysiology of HI 
Hyperinsulinism of Infancy (HI) is most commonly the result of abnormal 

regulation of glucose-stimulated insulin secretion. Regulatory mechanisms of insulin 

secretion are abnormal in HI as a consequence of structural or functional abnormalities of 

the pancreatic beta cell. The aetiology of the disease is not yet completely understood, but 

the molecular mechanisms elucidated so far are all linked directly or indirectly to the 

ATP sensitive potassium (K-ATP) channel on the beta cell membrane. Mutations in the 

genes that encode the channel can result in abnormal folding and expression or loss of 

function of the channels. Mutations in various genes involved in nutrient metabolism 

within the beta cell can also disrupt normal metabolic pathways and result in abnormal 

regulation of the K-ATP channel dependent and independent pathways of insulin 

secretion.  

Under normal conditions, as glucose enters the cell via the high affinity GLUT-2 

transporter, it is converted to glucose-6-phosphate by glucokinase and is ultimately 

metabolised to pyruvate in the glycolysis pathway. Pyruvate enters the mitochondria, 

where it plays a vital role in the Krebs cycle that produces ATP. The ATP produced 

enters the cytosol and causes an increase in the cytosolic ATP:ADP ratio (103; 198-200). 

The changes in the relative cytosolic concentrations of ATP and ADP are sensed by 

subunits of the K-ATP channel on the cell membrane. As subunits of the channel respond 
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to the increase in cytosolic ATP, the channel begins to close (K-ATP channels are open 

in resting, unstimulated beta cells) and the flow of potassium from the cell decreases 

(201-203). This causes a depolarisation of the cell membrane, and stimulates the L-type 

voltage dependent calcium channels (VDCCs) on the cell membrane to open. The 

subsequent influx of calcium stimulates the exocytosis of insulin granules (Figure  2.5, 

Figure  2.7a).  

As the amount of glucose entering the cell decreases corresponding to a decrease 

in the plasma glucose level; the rate of glucose metabolism and ATP production also 

decrease. The resulting decrease of the ATP:ADP ratio stimulates the channel subunits 

and causes the channels to open to their resting state, allowing influx of potassium, and 

hyperpolarizing the cell membrane. Closure of the VDCCs eventually reduces the amount 

of insulin released from the cell (204). This marks the end of the first phase of insulin 

release. The second phase of insulin release is dependent on the first, but it is not 

discussed here.   

In K-ATP-HI, mutations in the genes encoding the channel subunits result in 

channels that are dysfunctional and cannot sense or cannot respond to changes in 

intracellular ATP:ADP ratios. K-ATP channel abnormalities lead to the beta cell being in 

a constitutive state of depolarisation, the VDCCs being open and in the unregulated and 

constant release of insulin granules from the cell regardless of plasma glucose levels 

(Figure  2.7). In GDH-HI and GCK-HI, gain of function mutations in these enzymes 

involved in the metabolism of glucose and regulation of components essential for the 

Krebs cycle result in the abnormally high production of ATP which results in constitutive 

closure of the K-ATP channel and the constitutive secretion of insulin (Figure  2.7). 

HADH-HI affects the metabolic processes within the mitochondria that lead to the 

production of ATP, thus altering the intracellular ATP:ADP ratio, which is sensed by the 

K-ATP channels and is reflected in the loss of regulation of insulin secretion (Figure  2.7). 

Each of these forms of HI are discussed in detail in the following sections.  

These disease processes resulting in HI are all related to the control of insulin 

secretion via the beta cell K-ATP channel but do not account for all cases of HI. The 

impact of these HI associated genetic mutations on the K-ATP independent pathway is 

via the calcium ion influx that is contiguous to affected cells as a result of constitutive 

depolarization of the cell membrane. The effects of glucose on insulin secretion during 

HI are dependent on calcium rather than glucose availability (205). It should be 

remembered that the regulation of insulin production, stimulation, secretion and action 
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are extremely complex processes and as such, HI is a potentially multifactorial disorder 

whose aetiology is still under discovery.  

 

 

 

 

A 
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 Figure  2.7. Pathophysiology of pathways affected in various forms of HI 

Figures show the pathways of insulin secretion and hyperinsulinism in the forms of HI associated 
with genetic mutations in the genes encoding SUR1, Kir6.2, GDH, GK and HADH respectively 
A – Pathophysiology of HI associated with K-ATP channel dysfunction (ABCC8/KCNJ11 
mutations) – mutations cause constitutive channel closure, plasma membrane remains depolarised, 
VDCCs remain open and secretion of insulin is constitutive.  
B – Pathophysiology of HI associated with GLUD1 mutations – Gain of GDH functions, increases 
α-KG availability, which increases rate of Krebs cycle. The resulting over-production of ATP, 
results in insulin secretion not dependent on plasma glucose levels 
C – Pathophysiology of HI associated with GCK mutations – Increased activity of glucokinase 
results in loss of its glucose sensing function as a result, metabolism of glucose and insulin 
secretion is constitutive 
D – Pathophysiology of HI associated with HADH mutations – Figure shows the widely accepted 
pathway of HI from HADH mutations. Mutations that lead to disruption of CPT function, that 
increases fatty acid oxidation and the secretion of insulin from the beta cell.  

C 

D 
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2.4.3 Clinical aspects of Hyperinsulinism of Infancy  
Hyperinsulinism of Infancy (HI) is a phenotypically heterogeneous disease with 

clinical presentation varying with age of onset, severity of the disease and the underlying 

cause of the disease. Affected individuals may present in the first hours or days of life, or 

a few years later in infancy. Age of onset is often an indicator of severity with early onset 

HI usually being the more severe form of the disease. Physical symptoms are primarily 

those associated with hypoglycaemia and include abnormal movements, tremors, 

hypotonia and seizures. Cyanosis, hypothermia and hepatomegaly may also be seen (206). 

Hypertophic cardiomyopathy is a common clinical finding in patients with HI, but the 

underlying mechanism for this is unclear (207). Foregut motility and gastro-oesophageal 

reflux is also common in patients (208). Some facial dysmorphism with high forehead, 

large and bulbous nose with short columella, smooth philtrum and thick upper lips may 

also be seen in hyperinsulinism syndromes not associated with Beckwith Weidemann 

syndrome (209).  

The majority of affected infants are macrosomic (>3.7kg) and resemble infants of 

diabetic mothers (192), although this is not always the case (207). Biochemically, the 

finding of blood glucose levels below 2.6mmol/L is considered diagnostic of 

hypoglycaemia, although many patients present with severe hypoglycaemia of <1mmol/L. 

The rate of IV glucose required to maintain normal glycaemia may be up to 17mg/kg/min. 

There seems to be very little correlation between the plasma levels of insulin and glucose 

at the time of diagnosis (174). Insulin levels may be high, or within the normal range but 

in any case are elevated for the level of hypoglycaemia (178). It is of interest to note that 

pro-insulin to insulin processing is normal in HI, unlike in other insulin related disorders, 

thus C peptide levels that are proportional to insulin levels are often useful for diagnosis 

of HI (210). 

Serum free fatty acid levels are low in HI (below 0.46mM) (178), and can be used 

to rule out other causes of hyperinsulinism as they are usually lower in HI than in other 

causes of hyperinsulinism and hypoglycaemia in infancy. Serum branched amino acids 

levels and ketone body concentrations are a commonly low. Low levels of ketone bodies 

in serum is diagnostic of HI, as most causes of hypoglycaemia would result in the 

mobilisation of fat deposits and increased ketone body production, however in HI, 

elevated insulin levels inhibit lipolysis and keep ketone body levels low (178; 192). Beta-

hydroxybutyrate levels are usually below 1.1.mM in HI, but are commonly elevated in 
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HADH-HI. Serum cortisol counter-regulatory hormone levels may also be low due to 

lack of stimulation from the hypothalamic-pituitary axis (207). In cases of GLUD1-HI 

and the associated hyperinsulinism-hyperammoneamia syndromes (section  2.4.5.1) 

hyperammonaemia is often between 80-150μmol/L.  

2.4.3.1 Diagnosis of Hyperinsulinism of Infancy 

Generally accepted diagnostic criteria for HI includes the finding of fasting and 

post-prandial hypoglycaemia less than 2.6mmol/L, hyperinsulinaemia of more than 

3mU/L and the requirement of glucose infusions of more than 10mg/kg/min. to maintain 

blood glucose at more than 3mmol/L. In cases where diagnosis is complicated, decreased 

levels of serum IGFBP1, a positive glycaemia response of 2-3mmol/L to 0.5mg of 

intramuscular or intravenous glucagon and a positive glycaemic response to octreotide 

are indicative of hyperinsulinism (207). Overall, the biochemical hallmarks HI are 

hyperinsulinaemia, and hypoketotic, hypofattyacidaemic hypoglycaemia. The transient 

form of hyperinsulinism is more prevalent and is distinguished from the persistent form if 

the hypoglycaemia continues for more than one week (174). 

Early on, HI was associated with nesidioblatosis of the pancreas, it has since been 

shown that nesidioblastosis is not a distinguishing feature of HI. There are now two 

formal histological classifications for pancreatic lesions seen in HI– focal and diffuse. 

There are no distinctive clinical features that can discriminate between the two forms of 

HI, they can currently only be confirmed upon examination of pancreas sections. The 

majority of HI cases seem to show diffuse disease with involvement of the entire 

pancreas. focal adenomatous hyperplasia is present in approximately 30% of cases (211). 

Efforts have been made to distinguish between the two forms prior to radical treatment; 

pre-operative histological classification allows for selective removal of the focal lesions 

in cases where focal adenomatous regions are identified. When diffuse disease is present, 

a radical pancreatectomy could prevent recurrent hypoglycaemia and minimise the need 

for multiple surgeries (212).  

Common radiological techniques including ultra sound, CT-SCAN, MRI and 

NMR have not been efficient in distinguishing between the focal and diffuse forms. 

Pancreatic arteriography and pancreatic venous sampling have however, been fairly 

successful as a preoperative procedures to distinguish between the two forms of HI. 

Venous blood samples are collected in the head, isthmus, body and tail of the pancreas 

for measurement of glucose, insulin and C peptide levels. In patients with a focal lesion, 
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insulin and C peptide would be high in one or several contiguous samples and low in the 

rest. Patients with diffuse disease would have high insulin and C peptide in all samples 

(213). Recently, 18F-flouro-L-Dopa whole body positron emission tomography (PET) 

scans have been adapted as a diagnostic procedure. An abnormal focal uptake and 

accumulation of 18F-flouro-L-Dopa is seen in pancreata of infants with focal disease, 

while a diffuse uptake of the tracer is observed in patients with diffuse disease. This non-

invasive technique may become the gold standard for identifying focal disease in the 

future (214). Genetic screening has thus far failed to clearly define focal and diffuse 

disease on a genetic basis (177). 

Pathology is confirmed by post operative histological studies. Beta cells with 

large nuclei and abundant cytoplasm are a distinguishing feature of the diffuse form of 

the disease. Beta cells in focal lesions are distinct from adenomas, they have a shrunken 

cytoplasm, but no abnormal nuclei. In focal disease, non-adjacent cells outside the 

adenomatous region have normal architecture. In a few cases atypical lesions with a 

mosaicism of focal and diffuse cell types may also be seen (215).  

2.4.3.2 Treatment of Hyperinsulinism of Infancy 

Prompt and efficient management of symptoms is necessary to prevent 

hypoglycaemic brain damage and is aimed primarily at achieving and maintaining normal 

plasma glucose levels (above 3.5mmol/L). Mainstream medical therapy involves regular 

feeding, glucose and glucagon infusions as well as the use of hypoglycaemic drugs such 

as diazoxide.  

Continuous feeding is difficult to administer, and is not always effective in 

neonates. Patients who present very early in life, may need a central venous catheter or a 

naso-gastric drip for continuous oral feeding of a glucose polymer, until normal feeding 

patterns can be established. Meals that are rich in carbohydrates and calories are 

administered at regular intervals in older infants. In patients who have leucine sensitive 

hyperinsulinism and hyperammonaemia (GLUD1-HI) intake of leucine is usually 

restricted to less than 200mg. Infusion rates of IV glucose of up to 10-15mg/kg/min. are 

commonly necessary for maintaining euglycemia in HI patients. These may be 

supplemented with 1-2mg/day glucagon and 1-4.5 μg/kg/h somatostatin (206).  

The most effective and commonly used drug in the treatment of HI is the K-ATP 

channel agonist diazoxide. Oral diazoxide, up to 15mg/kg/day is often required in the 

treatment of HI. While it is often successful at managing hyperinsulinism, long term use 
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of diazoxide can have substantial side effects. Side effects of long term use of diazoxide 

can include hirsutism, fluid retention, rarely haematological and cardiac symptoms may 

also be seen. Diazoxide efficiency is determined with the normalisation of blood glucose 

levels (>3mmol/L) before and after each meal in patients fed normally (206). Diazoxide 

acts as an anti-hypoglycaemic drug by binding to the SUR1 subunit of the channel, 

causing opening of the channel and inducing hyperpolarisation of the beta cell membrane, 

thus inhibiting insulin secretion. A second hyperglycaemic mechanism of diazoxide 

action is via increased catecholamine stimulation by a mechanism that is not yet fully 

understood. Thus, diazoxide serves to reduce insulin release directly as well as counters 

its actions peripherally, which may account for the varied response to the drug seen in 

patients with K-ATP-HI (216).  

Other hyperglycaemic drugs may be used in conjunction with or as an alternative 

to diazoxide therapy. Octreotide, which is an analogue of somatostatin, is a common 

alternative, administered at a dosage of 5-25μg/kg/day (207). However, severe side 

effects of the drug including vomiting, steatorrhoea and abdominal distension may be 

seen. High doses and prolonged use of somatostatin can be dangerous as it can block the 

effects of GH, TSH and ACTH. Calcium channel blockers, like Nifedipine have been 

used in some patients (0.5-2mg/kg/day) but they have had varying degrees of success, 

some have found that Nifedipine is ineffective in treating HI (205; 217), while others 

have found it to be a good alternative to diazoxide therapy, especially due to the lack of 

side effects associated with the drug (218).  

Patients who fail to respond to medical therapy require a partial or subtotal 

pancreatectomy for management. Most surgeons initially perform a 95% pancreatectomy 

unless a focal lesion can be identified macroscopically (219), in which case the affected 

tissue is specifically removed. Recently a laparoscopic enucleation of the lesion was also 

found to be curative (220). In some patients, hypoglycaemia and associated symptoms 

may recur after the surgery, and a further resection of the remaining pancreas may be 

indicated.  

2.4.3.3 Prognosis of Hyperinsulinism of Infancy 

Clinical remission is common in patients with focal HI if the focal lesion is 

successfully removed by surgery and no other genetic defect is present. Many patients 

who are managed medically may remain drug-dependent for life, others who respond 

well initially may have apparent clinical remission prior to puberty. Patients with 
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hyperinsulinism and hyperammonaemia (GLUD1-HI) may have to maintain a low 

leucine diet for life, but some have also been reported to enter spontaneous remission 

(206).  

Patients who undergo radical surgery have high risk of hypoglycaemic relapse, 

especially if the disease was diffuse. Such relapses are sometimes seen in patients who 

have a near-total pancreatectomy very early in life, and is believed to be linked to 

regeneration of pancreatic cells (221). In the long term, more than 90% of patients who 

undergo surgery may develop pancreatogenic diabetes by the age of 15. Such iatrogenic 

diabetes is clinically different from both type 1 and type 2 diabetes. It can usually be 

treated with insulin, but management may be difficult as patients are often hypersensitive 

to insulin and prone to hypoglycaemic episodes (222). Some studies have shown that the 

risk of diabetes may depend on the underlying pathology and the extent of pancreatic 

removal. Diabetes seems to be more common in patients with diffuse disease (223); 

although this could merely reflect the trend that patients with diffuse disease are more 

likely to undergo extensive surgeries. Many patients who undergo surgery also require 

enzyme supplements for pancreatic exocrine insufficiency (224). Life-long monitoring of 

glucose metabolic functions may be necessary.  

Mental and neurological prognosis in HI patients is related to the length and 

severity of initial symptoms. Neurological impairment is seen in up to 50% of diagnosed 

cases (174; 212) but may be avoided with early and aggressive treatment. Developmental 

and learning delays are most common. Some investigators have reported a prevalence of 

neurological symptoms in patients with GLUD1-HI who have persistently high plasma 

ammonia levels and derangement of glutamate metabolism (225). 

2.4.4 Hyperinsulinism of Infancy, Channelopathy : K-ATP-

HI 
Hyperinsulinism of infancy that is caused by mutations in genes that encode the 

subunits of the K-ATP channel is the channelopathic form of HI. The pancreatic K-ATP 

channel is composed of two subunits - SUR1 and Kir6.2, encoded by ABCC8 and 

KCNJ11 respectively, that are localized to 11p15.1 and lie 4.5kbp apart. Mutations in the 

genes encoding the K-ATP channel can have varied effects on the channel from complete 

loss of function to reduced expression. Loss or reduction in function of the K-ATP 

channel renders the beta cell in a state of permanent depolarization, which in turn leads to 
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constitutive influx of calcium and the unregulated secretion of insulin. Severity of K-

ATP-HI is associated with the degree to which channel function is affected. In this 

section, the normal structure and function of the channel is discussed, along with genetic 

abnormalities seen in HI and other disease.  

2.4.4.1 The ATP sensitive potassium channel  

In recent years it has become clear that ATP- Sensitive potassium channels play a 

key role in the physiology of numerous cell types. They play a vital role in linking 

metabolism to electrical activity within a cell. The channels are involved in glucose 

sensing and insulin secretion in pancreatic beta cells, glucose sensing and seizure 

protection in the brain, ischemic preconditioning in cardiac muscles, in regulation of 

vascular smooth muscle tone, and in glucose uptake in skeletal muscles (226). Defects on 

the channel its-self or in its regulation can cause human disease (227; 228).  

K-ATP channels were first identified in cardiac myocytes and in pancreatic beta 

cells (112; 201; 229). In the pancreatic beta cells K-ATP channels are part of an ionic 

mechanism that couples glucose metabolism to insulin release. They link changes in 

electrical activity within the cell to insulin secretion. These beta cell K-ATP channels 

respond to intracellular ATP and Mg2+ADP concentrations in an antagonistic manner; 

ATP acts as a channel blocker, while Mg2+ADP acts as a channel opener (227; 228). The 

hydrolysis of ATP at the channel is an integral to regulation of channel activity, but does 

not power the actual movement of potassium ions into or out of the cell, unlike most 

transport ATPases. The channels’ opposing responses to phosphorylated nucleotides has 

been attributed to the fact that the K-ATP channel complex expressed in the beta cell is 

composed of subunits belonging to two distinct families of proteins (227; 230).  

In 1997, Clement et al.and Syung et al. (202; 231) demonstrated that pancreatic 

K-ATP channels are arranged in an octameric complex of four Kir6.2 subunits arranged 

around a central pore and coupled to four SUR1 subunits (Figure  2.8). K-ATP channels 

expressed in non-pancreatic tissues have a similar composition, although the pore 

forming member may be either Kir6.1 or Kir6.2, coupled to SUR1, SUR2A or SUR2B 

(Table  2.4). Kir6.1 and 6.2 are members of the inwardly rectifying potassium ion channel 

family, and encoded by the genes KCNJ8 (ch12p11.23) and KCNJ11 (ch11p15.1) 

respectively. SUR1 and SUR2 are encoded by the genes ABCC8 (ch11p15.1) and ABCC9 

(ch12p11.23) respectively, with SUR2A and SUR2B being splice variants of the same 

gene expressed in a tissue-specific manner. The genes of K-ATP channel components are 
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localized to two gene clusters, with the genes ABCC8 and KNCJ11 lying adjacent to each 

other at 11p15.1 and 12p11.23. There is a high homology between Kir6.1 and Kir6.2 

(72%) as well as between SUR1 and SUR2 (74%) The isoforms have different 

sensitivities to sulfonylureas, potassium channel openers as well as nucleotides 

(ATP/ADP) and are expressed preferentially in different tissues (177; 201; 204). SURx 

subunits regulate the gating of the Kir6.x subunits (201; 204; 232). 

 

Table  2.4 : Subunit Composition of K-ATP channels 

Tissue  SURx member KIR6.x 
member 

Pancreas SUR1 Kir6.2 
Neurons SUR1 Kir6.2 
Neuroendocrine cells SUR2a Kir6.2 
Cardiac Myocytes SUR2a Kir6.1 
Vascular Muscles SUR2b Kir6.1 
Non Vascular Muscles SUR2b Kir6.2 
Brain Mitochondria SUR2* Kir6.1 

SURx and Kir6.x composition of K-ATP channels and tissue expression. Sur2a and SUR2b are 
splice variants of the same gene (201).Subunit composition of Brain Mitochondria K-ATP channel 
from Lacza et al.(233). SUR2* - is a subunit related to SUR2, believed to be a truncated form of 
the protein. The list is provisional and may not include all tissues on which isoforms of K-ATP 
channels are expressed.  

 Subunits of the pancreatic K-ATP Channel 

Pancreatic K-ATP channels are an octameric complex of four SUR1 subunits 

arranged around four pore-forming Kir6.2 subunits. The two subunits interact in a distinct 

and coordinated manner to confer the K-ATP channels overall function.  

  SSUURR11  

The beta cell high affinity sulfonylurea receptor (SUR1) is encoded by the gene 

ABCC8 that belongs to the ATP binding cassette (ABC) transporter superfamily. Proteins 

encoded by members of the ABC transporter superfamily are usually transmembrane 

channels that translocate a variety of substrates across extra and intracellular membranes 

including metabolic products, lipids, steroids and drugs, usually in a unidirectional 

manner (234). These members of the ABC superfamily have some common structural 

features, most of which are highly conserved. They all have at least one transmembrane 

domain (SUR1 has three) and two active, conserved nucleotide binding domains or folds 

(NBFs). Each NBF contains a conserved Walker A motif, Walker B motif, an ABC 

signature linker motif sequence (LSGGQ in SUR1), a histidine loop and a glutamine loop. 
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Many mutations attributed to HI and other diseases associated with ABC superfamily 

proteins like cystic fibrosis are located within these NBFs (228; 235).  

SUR1 is a 177kDa, 1581 amino acid residue protein that has 17 putative 

transmembrane regions, 9 cytoplasmic loops and 2 highly conserved nucleotide binding 

folds (NBF1 and NBF2) organized into 3 transmembrane domains, TMD 0, 1 and 2 (236) 

(Figure  2.8). Both NBFs of SUR1 bind to and hydrolyse ATP, but the ATPase activity of 

NBF2 is much higher than NBF1 (237). Nucleotide binding studies indicate that ATP and 

ADP bind with high affinity to NBF1 of SUR1 in a magnesium ion (Mg2+) independent 

manner and both bind to NBF2 in a Mg2+ dependent manner (228). However, the effect 

of nucleotides on SUR1 is often synergistic, it has been proposed that the hydrolysis of 

Mg2+ATP at NBF2 stabilises the binding of ATP at NBF1 (238). Cooperation between 

the two NBFs is believed be to be facilitated by the proximity of the regions in the 

proteins native confirmation, as seen in 3D-structure predictions which indicate that 

NBF1 and NBF2 of SUR1 form a sandwich dimer with the conserved Walker A and 

Walker B motifs forming the nucleotide binding pockets (239). 

In the pancreatic K-ATP channel, SUR1 acts as a conductance regulator for the 

Kir6.2 subunit; thereby regulating the sensitivity of channel to adenine and guanine 

nucleotides (ADP, ATP, GDP and GTP).  

  KKiirr66..22  

The pore forming member of the pancreatic K-ATP channel, Kir6.2, is encoded 

by the KCNJ11 gene located adjacent to ABCC8 at 11p15.1. Kir6.2 is a member of the 

inwardly rectifying potassium channel family and functions as a tetrameric channel pore 

permitting transmembrane flux of potassium ions (227). Each Kir6.2 subunit is physically 

coupled to a much larger SUR1 subunit (202).  

Kir6.2 is 43kDa protein that is comprised of 390 amino acids and has a membrane 

topology a transmembrane domain and a cytosolic domain. The two α helical 

transmembrane regions that make up the transmembrane domain are linked by a highly 

conserved extracellular region (Figure  2.8). A portion of the looping α helix that connects 

the two transmembrane domains contains the signature sequence of potassium channels, 

except in K-ATP channels, GYG is replaced by GFG (240).The selectivity filter is also 

located in this loop.  

The N and C terminals of the protein form the cytosolic domain and are vital for 

normal function of Kir6.2 (239; 241). Cytosolic domains of Kir6.2 subunits are 
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intricately connected, with the C terminal domain of one subunit interacting with the N 

terminal of the adjacent subunit on one side, and the C terminal of the adjacent subunit on 

the other side. This interaction is vital for stabilization of the tertrameric structure. The 

subunit pairing between R32-E321 and R34-E308 (on different subunits) are particularly 

important maintaining normal structure (240). 

 Kir6.2 determines the biophysical properties of the channel complex including 

potassium selectivity, rectification and gating (231). Its activity is inhibited by ATP but 

activated by acyl-CoA and phosphoinositide lipids (242). The binding of ATP to Kir6.2 

is unique from other ATP-channel interactions in three important aspects. Firstly, Mg2+ is 

not required for the action of ATP on the channel (243), secondly, the nucleotide binding 

site of Kir6.2 is extremely selective for the adenine base (242) and thirdly, ATP binding 

involves residues from both the N and C terminal domains of Kir6.2 (244). There is one 

ATP binding pocket per Kir6.2 subunit in the pancreatic K-ATP channel (245). Each of 

these pockets is located in the upper part of the cytosolic domain, just below the plane of 

the plasma membrane and lies at the interface between the N and C terminal domains of 

the same subunit. In addition, the N terminal domain of the adjacent subunit loops across 

the C terminal domain of the pocket such that the residue R50 lies on one side of the 

pocket, and K185 form the adjacent subunit lies at the opposite site of the pocket (240).  

The cytosolic domains are vital for ATP -induced channel closure, but there is 

also evidence that actions of ATP can be almost completely abolished by individual point 

mutations at other sites on Kir6.2 (246). These latter mutations could induce 

conformational alterations that influence cytoplasmic domain positioning or orientation. 
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Figure  2.8 Arrangement of SUR1 and Kir6.2 in K-ATP channels. 

Membrane arrangement of SUR1 and Kir6.2. SUR1 is arranged in 3 transmembrane regions with 
two NBFs. The N terminus is extracellular, while the intracellular C terminus is vital for 
expression.. Kir6.2 has 2 transmembrane domains, with both N and C termini being intracellular. 
The K-ATP channel is an octameric complex, with four Kir6.2 subunits forming the core, and four 
SUR1 subunits forming the exterior of the channel.SUR1 is glycosylated at four sites (trees) during 
folding and transport. [figure based on Taschenberger et al.2002 (247)] Below :Models within the 
3D structure of K-ATP channel complexes, on the left, the core formed by four Kir6.2 subunits (in 
blue) on the right, four SUR1 subunits that surround the Kir6.2 pore. View based on EM density 
from Mikhailov et al. (248)  

 

 Assembly and Trafficking of the K-ATP channel  

Pancreatic K-ATP channels are octameric complexes of four Kir6.2 subunits 

arranged around a central pore coupled to four SUR1 subunits in a 1:1 stoichiometry. 

Both SUR1 and Kir6.2 are essential for channel function, as expression of either subunit 

alone fails to generate active channels (231). Abnormal tertiary folding or incomplete 
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assembly can result in expression of channels with absent or compromised function. Each 

subunit has been shown to be independently regulated (202; 231).  

The pathway of assembly of these channel complexes has not been completely 

elucidated to date. Assembly of the channel occurs in the endoplasmic reticulum (ER), 

and the majority of post translational modifications occur within the golgi apparatus. 

Channels are trafficked to the plasma membrane as fully assembled octameric complexes. 

Glycosylation, ER retention and specific exit mechanisms are important factors that 

restrict trafficking to channels that have been completely assembled and are fully 

functional (249). There is believed to be a quality control mechanism via the 

glycoprotein-ER-associated degradation system (249). N-linked glycosylation of SUR1 at 

residues N10 and N1050 is necessary for efficient trafficking and surface expression of 

the channel. It has been suggested that the initial glycosylation of SUR1 occurs in the ER, 

whereas mature glycosylation occurs in the medial golgi (249). The importance of this 

process is emphasized by the observation that mutations of these residues result in 

entrapment of the protein within the ER (128).  

Both subunits of the K-ATP channel contain signalling motifs that influence 

normal assembly of the channel and its subsequent expression at the cell surface. The first 

of these to be described was an endoplasmic reticulum retention signal, a conserved 

sequence of three amino acids: arginine-lysine-arginine - the "RKR" motif. When 

channel folding and assembly occur normally, the RKR motif on each subunit becomes 

cloaked, thus permitting export of the fully assembled channel from the ER. The RKR 

motif is located close to NBF1 of SUR1 at amino acid positions 648–650 and within the 

C terminal domain of Kir6.2 at residue positions 369–371. In vitro mutagenesis of the 

RKR motif in SUR1 and Kir6.2 permits the cell surface expression of the individual 

subunit independently (246; 250). Similar experiments have shown that a Kir6.2 subunit 

lacking the RKR signal will fold and be transported to the cell surface even in the 

absence of SUR1 – implying that SUR1 is necessary for function but not for assembly of 

the channel pore (249; 251). The RKR motif seems to be a mechanism to allow correct 

assembly, rather than ER retention per se, since complete channel assembly seems 

necessary for normal channel function, it has been proposed that retention in the ER 

provides additional time for complete assembly of the K-ATP channel.  

The C terminal 25 amino acids of SUR1 contain an additional signal motif – the 

anterograde sequence (KLLSRKDSVFA) that is essential for correct trafficking (252). 

Kir6.2 also possesses a second retrograde di-leucine motif signalling sequence, L355-
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L356, which is necessary for targeting of the channel to the plasma membrane. Mutation 

or extermination of this motif leads to an decrease in membrane targeting of Kir6.2 (246; 

250). The second transmembrane region (M2) and the proximal C terminal regions of 

Kir6.2 also contribute to the inability of Kir6.2 to travel to the cell membrane 

independently from SUR1 (253).  

Crane et al. (249) studied the turnover of K-ATP channel subunits using the 

pancreatic K-ATP channel (SUR1/Kir6.2) as a model. They showed that when expressed 

individually, Kir6.2 has a half life of 36min, although approximately 40% of Kir6.2 is 

converted to a longer living species (t1/2 ~26h). SUR1 has a half life of approximately 

25.5h, which is unusual in the ABCC family, where other members such as the CFTR 

(ABCC7) have a half life of only about 30 min. When SUR1 and Kir6.2 are co-expressed 

they associate rapidly to eliminate the degradation of Kir6.2. The time for the maturation 

of the K-ATP channels including assembly, transit to the golgi and glycosylation was 

shown to be approximately 2.2h (249). The results of other turnover studies by Crane and 

Aguilar-Bryan (254) confirm that the octameric complex of the K-ATP channel is its 

most stable conformation. Two common mutations associated with severe HI - W91R on 

Kir6.2 and ΔF1388 on SUR1 profoundly alter the turnover rate of the mutation carrying 

protein. Association of the subunits is possible, but presence of the mutation results in 

easier dissociation and degradation of the subunit (254).  

Structure-function analyses of various K-ATP channels have identified that in the 

pancreatic K-ATP channel, SUR1 acts as the gate keeper for the ATP sensitive Kir6.2 

pore (255). Similar structure-function analysis have also revealed vital information 

regarding the critical domains in each subunit.  

Babenko and Joseph Bryan showed in 2003 (255) that in SUR1, the N terminal 

bundle of five transmembrane helices (TMD0) specifically associates with the Kir6.2 

pore. This association enhances surface expression of the channel and increases the 

sensitivity of Kir6.2’s intracellular domains to the inhibitory effects of ATP. The specific 

association between the subunits of the channel also induces responsiveness to Mg2+ADP. 

The importance of TMD0 is also supported by Chan et al.(251) who found that two 

mutations in TMD0 of SUR1 that are associated with HI - A116P and V187D disrupt the 

association between SUR1 and Kir6.2 resulting in impaired channel function. It is 

interesting to note that although its role in the pancreatic K-ATP channels seems vital, 

TMD0, which is linked to TMD1 by NBF1 is not found in most other ABC proteins 

(251).  
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The N terminal of Kir6.2 controls the sensitivity to ATP (256) but does not seem 

to have any role in the channels response to Mg2+ADP. It has been proposed that this N 

terminal plays an important role in coupling of sulfonylurea sensitivity between SUR1 

and Kir6.2. The deletion of the first 14 nucleotides of Kir6.2 has no effect on the function 

of Kir6.2 but results in altered channel behaviour confirming the association between the 

two N terminals. In a study involving SUR1, Giblin and et al. (257) showed that the C 

terminus of SUR1 is important in channel function but is not vital for assembly or 

trafficking.  

 Regulation and Pharmacology of the K-ATP channel 

Physiological regulation of K-ATP channel is primarily via adenine or guanine di 

and tri phosphates. Overall function of the channel is a result of a coordinated response to 

regulatory elements. Kir6.2 is believed to determine majority of the biophysical 

properties of the channel complex including potassium selectivity, rectifying and gating. 

It is inhibited by ATP but activated by acyl-CoA and phosphoinositide lipids like PIP-2. 

ATP-induced channel closure is associated with the juxtapositioning of the N and C 

terminals of Kir6.2 subunits in the cytoplasm, which literally causes closure of the 

channel pore (204; 258).  

ATP hydrolysis at NBF2 of SUR1 regulates conductance of the channel complex. 

Other regulators of K-ATP activity are believed to exist, but have not been elucidated yet. 

Baukrowitz et al. (259) found that closure of K-ATP channels by intracellular ATP is 

dependent on the availability of phospholipids such as PIP and PIP2 within the cell. They 

further suggest that PIP2 binds to Kir6.2, while SUR1 increases the binding affinity of 

these phospholipids (259). Other reports propose that in vitro phospohorylation of K-ATP 

subunits can modulate channel activity, though the biological significance of this is not 

understood yet (260).  

Two diverse groups of chemical compounds, potassium channel openers (KCOs) 

and sulfonylureas - exert opposite effects on the K-ATP channel. KCOs increase the 

mean open time of the channels, while sulfonylureas reduce channel activity. The SUR1 

subunit plays a key role in determining the pharmacological regulation of K-ATP 

channels. Beta cell-selective KCOs such as diazoxide, BPDZ 154, BPDZ 73 and NNC 

55–0118 bind to SUR1 and activate K-ATP channels in a nucleotide-dependent manner 

(177; 261; 262). Most KCOs have differential sensitivity to different isotypes of K-ATP 

channels, either due to variations the in binding sites or to varying affinity for SUR1, 
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SUR2a and SUR2b. The SUR1 based beta-cell, neuroendocrine, neuronal type K-ATP 

channel is 100- to 1000-fold more sensitive to KCOs than SUR2 channels (204). Uhde et 

al.(263) have shown, using SUR1 and SUR2 chimeric proteins that two sequences at 

amino acids 1059–1087 (KCO1) and 1218–1320 (KCO2) (based on SUR2 nomenclature) 

that are critical for KCO binding and activation. These residues correspond to the linking 

regions between the putative membrane-spanning helices 13–14 and 16–17 of SUR1. 

They are thought to form a binding pocket for diazoxide and other KCOs. The majority 

of patients with mutations in subunits of the K-ATP channel are resistant to diazoxide 

therapy (264), though Dekel et al. did report a patient who was heterozygous for the 

common mutations 3992-9 G>A and ΔF1388 but was responsive to diazoxide. This is 

thought to be the result of haploinsuffiency in the expression of the protein (216).  

Sulfonylureas such as tolbutamide and glibenclamide are commonly used as 

hyperglycaemic drugs. Sulfonylureas bind to the SURx subunit of K-ATP channels with 

properties similar to KCOs. However, sulfonlyureas act to reduce channel activity (by 

increasing the opening time), ultimately increasing insulin secretion from the beta cells. 

The putative sulfonylurea binding site located in the cytoplasmic loop 8, which is 

between the two KCO binding sites. Although sulfonylureas are very rarely employed 

therapeutically in treatment of HI, they are common in treatment protocols for patients 

with type 2 diabetes. They also have widespread use in functional studies of SUR1 and 

the K-ATP channel (263).  

2.4.4.2 Genes of the K-ATP channel  

The locus 11p15.1 was implicated in HI by linkage analysis by Glaser et al. and 

Thomas et al (193; 195). The genes ABCC8 (ATP binding cassette subfamily c, member 

8) and KCNJ11 (Inwardly rectifying potassium channel, subfamily J, member 11) were 

localised to this region, these were later shown to encode the two subunits of the K-ATP 

channel, SUR1 and Kir6.2 respectively (241; 265). This section of the thesis discusses the 

importance of the genes that encode the K-ATP channel subunits and implications of 

mutations in these gene in human diseases.  

  AABBCCCC88  

Genetic variations in genes that are members of the ABCC superfamily cause or 

are involved in a variety of human diseases including cystic fibrosis (ABCC7), retinal 
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degeneration, cholesterol transport defects (ABCC6), drug response phenotypes (ABCC1) 

and hyperinsulinism of infancy (ABCC8) (234).  

Hyperinsulinism of infancy was believed to be associated with a genetic 

abnormality based on observations in rare cases in unrelated families with affected 

siblings (196; 266), long before the genetic loci was identified. Thomas et al. first 

identified a mutation in the newly described ‘SUR1’ gene and associated the mutation to 

hyperinsulinism of infancy in an affected family in 1995 (195). Two years later, Dunne et 

al.(217) proved an association between ‘SUR1’ mutations, K-ATP channel function, and 

HI by demonstrating a lack of K-ATP channel function in pancreatic cells obtained from 

a patient known to be homozygous for a ‘SUR1’ mutation. Since these early discoveries, 

hundreds of other mutations in the gene now known as ABCC8 have been described and 

associated with HI. Indeed, it is believed that up to 50% of HI patients in whom the 

genetic cause is defined, have at least one mutation in the ABCC8 gene (267).  

ABCC8 is localised to 11p15.1, it is 4.8kbp long and is composed of 39 exons. 

There are at least three inheritance patterns by which mutations in this gene are involved 

in the presentation of HI (Figure  2.9) (264). Dominant mutations of ABCC8 are 

associated with a rare dominant form of familial ABCC8-HI, where the mutation may be 

inherited from either parent (268). Recessive mutations are far more common and can be 

sporadic or familial. Patients with the diffuse form of K-ATP-HI usually have two 

compound heterozygous mutations, that can be inherited from either or both parents 

(269). The involvement of ABCC8 in focal HI involves a rare event whereby a recessive 

paternal mutation is expressed as dominant due to the loss of heterozygosity of the 

corresponding maternal gene locus caused by abnormal genetic imprinting (270).  
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Figure  2.9 : Diagrammatic representation of the different modes of inheritance of ABCC8 
mutations.  

A : Dominant Mutation, where a single dominant mutation is present, usually on the maternal 
chromosome. B : Recessive Mutations, where compound heterozygous mutations are present on 
each allele, it is also possible that both mutations are inherited from the same parent. C: LOH of the 
maternal allele, combined with a recessive paternal mutation. Green shading represents the minimal 
loss region that will result in the expression of the paternal mutation in the affected islet cells.  

 

Dominant mutations of the ABCC8 gene are commonly associated with a mild 

form of HI that is responsive to medical treatment with diazoxide. Most patients are 

believed to have diffuse histology of the pancreas (214). Patients with dominant ABCC8 

mutations may also present with leucine sensitivity, though plasma ammonia levels are 

normal (271). Four such dominant mutations have been reported in HI patients so far - 

R1353P decreases surface expression of the K-ATP channel (270), curiously this 

mutation as also been seen in recessive HI. Another dominantly inherited mutation at the 

same site, R1353H is associated with leucine sensitive HI. E1506K also leads to leucine 

sensitive HI and is associated with partial impairment of channel activity (272); patients 

with R1353H and E1506K were responsive to diazoxide therapy. The patients with 

dominant inheritance of the ΔSer1384 mutation reported by Thornton et al.(273) was 

only partially responsive to diazoxide therapy and exhibited a complete absence of 

channel activity. Curiously, dominant mutations like E1506K and R1353H have also 

been associated with adult onset (insulin dependent) diabetes, believed to be the result of 

an increased rate of beta cell apoptosis (271; 272) associated with HI in early life (274). 

Dominant mutations were found to be maternally inherited in the patients reported.  

The mechanism of dominance of ABCC8 mutations in HI is not completely 

understood. The milder presentation of the dominant disease compared to HI associated 

with recessive mutations is particularly curious, and is believed to be due to 

haploinsufficiency in the expression of abnormal subunit. Since the dominant mutation is 

carried only on one allele, expression of the affected allele in all SUR1 subunits 
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expressed would lead to complete destruction of channel activity. However, translation of 

the normal allele will result in expression normal SUR1 subunits, thus the mutation may 

be expressed on only 25% or 50% of SUR1 subunits in the K-ATP channel. The presence 

of a percentage of normal SUR1 subunits will allow at least partial channel activity and 

responsiveness to ATP, Mg2+ADP and diazoxide (214; 271) as seen in dominant HI. It 

has also been suggested that variability in phenotype between recessive and dominantly 

inherited ABCC8 mutations could be explained by imprinting within affected families 

(214). The leucine sensitivity seen in some cases of dominant HI cannot be completely 

explained, and may be caused by mechanisms not linked to the K-ATP channel genes.  

Diffuse HI has been shown to be associated with the presence of two compound 

heterozygous mutations on ABCC8 (275). The spectrum of mutations and the associated 

severity of the disease is rather varied. Recessive mutations may lead to mild or severe 

disease, though severe, diazoxide unresponsive HI is most common. ABCC8 mutations 

can have a range of impacts on the K-ATP channel ranging from minor conductance 

abnormalities to complete loss of expression of the channel at the cell surface (Figure 

 2.10). Mild cases of HI usually result from the expression of channels carrying a mutation 

in the regulatory domain of the SUR1 subunit, whereby the channel can be inhibited by 

ATP but is only mildly sensitive to Mg2+ADP and remains sensitive to diazoxide. More 

severe forms of the disease are associated with mutations in the ABCC8 gene that result 

in truncation of SUR1 due to frame shift mutations, those that affect expression of the 

channel at the cell surface by inhibiting normal trafficking to the plasma membrane (201; 

235), or those that cause severe transformations in vital domains of the protein such as 

the NBFs thus resulting in loss of function. As a result of the loss of K-ATP channel 

activity beta cells in HI patients remain in a depolarized state, and the release of insulin is 

constitutively activated (201; 217; 276).  

 



CHAPTER 2 : REVIEW OF THE LITERATURE 

59 

 
Figure  2.10. Possible impact of ABCC8 mutations on the K-ATP channel 

A: diagrammatic representation of the key steps leading to the cell surface expression of functional 
K-ATP channels from gene transcription to trafficking. B–H: representation of sites of disorder that 
could lead to K-ATP HI. ABCC8 mutations can potentially result in abnormal channel conductance, 
abnormal regulation or reduced levels of expression as shown. It is important to note that these 
models oversimplify the trafficking process. [Source : Dunne et al. (177)] 

 

Although mutations that result in HI can have varied impacts on the K-ATP 

channel, most mutations actually identified in patients fall into two main groups : those 

that affect function of the channel and those that affect its trafficking. One of the first 

recessive HI mutations to be functionally analysed was the substitution of adenine for a 

terminal guanine in exon 35 of ABCC8 (217) which resulted in the production of a 

truncated protein and complete loss of channel activity. Initially, most mutations were 

detected in the highly conserved nucleotide binding folds, recent functional data concurs 

with early suggestions that mutations in regions encoding the NBFs are more likely to 

result in severe presentation of the disease and while mutations in these regions are most 

common, mutations have been detected in all regions of the gene. While there is no direct 

correlation apparent between recessive mutations and the clinical presentation, some 

mutations seem to be more prevalent in certain populations. For example, ΔF1388 

accounts for HI in about 80% of the population in the highly affected Ashkenazi Jews 

(277). The mutation R1394H is also very common in this population (278). A study by 

Reimann et al. (279) revealed that three mutations at the C terminus of SUR1, A1457T, 
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V1550D and L1551V that affected channel trafficking were common in the Finnish 

population.  

It should be noted that while two compound heterozygous recessive mutations of 

ABCC8 are commonly found in patients with severe K-ATP-HI, there remains a portion 

of patients with no family history of HI in whom one mutation is identified but the 

second recessive mutation remains elusive. The reasons for this are believed to be linked 

to unidentified gene silencing mechanisms of to limitations of mutation detection 

technology currently in use.  

Recessive paternally inherited ABCC8 mutations are causative in focal-HI due to 

a unique genetic mechanism, whereby the recessive mutation is expressed as a pseudo-

dominant mutation due to silencing of the maternal allele by imprinting. The mutation 

may cause K-ATP channel dysfunction in a manner similar to recessive mutations, and is 

usually severe and unresponsive to diazoxide. Patients with the focal form of the disease 

have been shown to have somatic loss of maternal chromosome 11p15.1 within the focal 

adenomatous hyperplastic region (280). The minimum region lost includes the non 

imprinted ABCC8/KCNJ11 genes, the imprinted maternally expressed tumour suppressor 

genes H19 and p57-Kip2, the maternally expressed putative potassium channel gene 

involved in QT syndrome KVLQT1 as well as the paternally expressed IGF-2 (281). 

Genomic loss of maternal 11p15 has been implicated in Beckwith Weidemann syndrome. 

BWS is associated with alteration of imprinting patterns that can result in an unbalanced 

expression of one or more genes at this loci by loss of maternal chromosome or by 

relaxation of normal genomic imprinting in the region (282; 283). Experiments 

undertaken to investigate the role of this imprinted region in focal-HI revealed that the 

degree of loss of heterozygosity is not specific in HI patients, but the minimum region 

lost in focal lesions of patients was found to be 11pter-11.15.1. No LOH was seen in 

patients with diffuse-HI and a single recessive mutations investigated (270).  

It is believed that the loss of tumour suppressor activity (of H19 and p57-Kip2) 

results in the discrete lesions or “focal” beta cell hyperplasia seen in these patients. The 

unregulated secretion of insulin from the affected region is the result of the somatic loss 

of maternal 11p15 associated with a mutation in the paternal ABCC8 allele (270; 284; 

285) (Figure  2.9c). This proposed combination of events is described as the “one event, 

two hit” hypothesis and is believed to fully explain the focal HI phenotype. In several 

large scale genetic studies, most patients histologically classified as having focal HI were 

found to carry only a single recessive paternal mutation (284). It has thus been proposed 
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that the presence of a single paternal allele mutation may be diagnostic for focal HI, 

although this is not yet a universally accepted criteria. Patients diagnosed with focal HI 

pre-operatively, are often cured when the focal lesion is completely removed, although 

clinical remission is believed to be aided by the increased rate of beta cell apoptosis in 

focal lesions (284).  

ABCC8 is obviously an important gene in the regulation of insulin secretion. 

Along with the numerous mutations identified, several single nucleotide polymorphisms 

(SNPs) and insertion/deletion polymorphisms are have also been identified in the ABCC8 

gene. One study suggested that 1 base per 490 was polymorphic in ABCC8 the normal 

population (286). Two polymorphisms, n2223-3C>T and T759T in exons 16 and 18 

respectively have been particularly well studied. However, overall results for association 

studies for these variants have been inconsistent, some studies showed association of the 

polymorphisms with glucose intolerance and lowered insulin secretion and type 2 

diabetes (287-289) while others have disputed these associations (290; 291). Additionally, 

SNPs involving the amino acid S1369 been found to be associated with susceptibility to 

type 2 diabetes by several studies (292; 293). An arginine residue at codon 1273 was also 

reported to be associated with hyperinsulinism in Mexican-American non-diabetic 

individuals (294) as well as with type 2 diabetes in French Caucasians (295). 

  KKCCNNJJ1111    

KCNJ11 is a member of the potassium channel, inwardly rectifying subfamily J, 

that encodes Kir6.2, the inwardly rectifying pore forming member of the pancreatic K-

ATP channel. It is an intronless, single exon gene that spans 1.4kbp and is also expressed 

as a part of K-ATP channels in neurons and some muscle cells. 

KCNJ11 was localized to the 11p15.1 region by Inagaki et al. (241). Shortly after 

which, Thomas et al. associated mutations in this gene with Hyperinsulinism of Infancy 

(296). Mutations in KCNJ11 have since been associated with permanent and transient 

neonatal diabetes (297; 298) as well as DEND syndrome (Developmental delay, epilepsy 

or muscle weakness) (297; 299). Mutations that cause neonatal diabetes are associated 

with a decrease in foetal insulin and reduced rate of in utero foetal growth. Patients fail to 

have an insulin response to post natal hyperglycaemia (300). In these patients, the K-ATP 

channel does not close in respond to intracellular ATP concentration changes. A mutation 

in the KCNJ11 gene, I296L, was associated with the DEND syndrome, wherein affected 

channels showed impaired ATP sensitivity and channels were biased towards an open 
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state. In affected muscles and nerves this would imply that a greater amount of ATP is 

needed to influence electric activity of the cells (299).  

In 1996 Thomas et al.(296) described the first mutation in KCNJ11 associated 

with HII. L147P was identified in a child of consanguineous parents who presented with 

severe hypoglycaemia in the first few hours after birth. Diazoxide therapy was not 

effective and a 95% pancreatectomy was carried out for management of glycaemia. The 

mutation was later found to be located in the putative M2, alpha helical transmembrane 

region of Kir6.2 and was shown to disrupt the domain (242). Nestorowicz et al. (301) 

reported a patient with severe phenotype, he was found to have a homozygous tyrosine to 

STOP mutation at codon 12 of the KCNJ11 gene. The mutation resulted in the expression 

of a severely truncated Kir6.2 with no selective pore or gating function. Tornovsky et 

al.(302) reported two more KCNJ11 mutations associated with HI, a homozygous mis-

sense mutation, P254L that lead to impaired trafficking of the K-ATP channel and a 5’ 

UTR nuc.+88 G>T mutation that resulted in a 44% decrease in gene expression in vitro. 

Most recently, Marthinet et al. (303) described another mutation, H259R in a patient who 

presented with macrosomia and severe hyperinsulinaemic hypoglycaemia and required a 

subtotal pancreatectomy early in life. Expression studies showed that when Kir6.2 

carrying H259R was expressed in vitro with normal SUR1, K-ATP channel activity was 

abolished. Increased ER retention and decreased surface expression was also observed. 

Several other mutations have been identified in KCNJ11, although only about 5% are 

associated with HI. It is of interest to note that clinically, patients with KCNJ11 mutations 

present in a manner similar to patients with ABCC8 mutations including the severity of 

symptoms and the lack of response to medical treatment. The severe phenotypes 

associated with hyper or hypo that result from KNCJ11 mutations serve to emphasise its 

role in normal physiology.  

SNPs in this gene, have been investigated for association with insulin resistance 

related disorders including type 2 diabetes and gestational diabetes. The polymorphisms 

A190A and L270V have not shown to be associated with these (or other) diseases (304; 

305). The variant E23K however, has been implicated as a susceptibility locus in type 2 

diabetes and in increased risk of gestational diabetes (291; 306).  

2.4.5 Metabolic form of Hyperinsulinism of Infancy 
The K-ATP channel serves as a link between metabolism within the beta cell and 

the electrophysiology of the cell that eventually controls the secretion of insulin. 
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Alterations in the processes of glucose metabolism can lead to a constitutive release of 

insulin as seen in hyperinsulinism of infancy directly or indirectly through the K-ATP 

channel. HI attributed to abnormal metabolism of glucose make up the group of disorders 

that constitute the “metabolopathy” of HI. The metabolic forms of HI are often less 

severe and are easier to diagnose and manage. The genes implicated in this form to date 

are Glutamate dehydrogenase (GLUD1), Glucokinase (GCK) and 3-hydroxyacyl CoA 

dehydrogenase (HADH) (307-309). 

2.4.5.1 Glutamate Dehydrogenase 

Zammarchi et al. described a case of familial leucine sensitive hypoglycaemia 

with concomitant hyperammonemia in 1996 (310), it was associated with the 

inappropriate secretion of insulin in response to leucine ingestion. In 1997, Weinzimer et 

al. reported two patients with a syndrome of persistent hyperinsulinism and 

hyperammonemia and proposed that these patients represented a unique form of 

congenital hyperinsulinism, distinct from the disease associated with mutations of the K-

ATP channel genes (311). They described two patients who had hypoglycaemia 

combined with inappropriate hyperinsulinism, low serum β-hydroxybutyrate and free 

fatty acid levels as well as an inappropriate glycaemic response to glucagon; all indicative 

of HI. Plasma ammonia was consistently elevated in the patients and was unaffected by 

protein restriction and benzoate therapy. Plasma and urinary amino acids, urinary organic 

acids and orotic acid levels were not consistent with any known urea cycle defect. 

Hyperinsulinism was controlled to an extent in with diazoxide therapy in both patients. It 

was speculated that these patients had congenital HI as a result of an underlying defect at 

a site that is common to amino acid regulation of both insulin secretion and urea 

synthesis. Glutamate dehydrogenase, which plays an important role in leucine mediated 

insulin secretion (312) and is involved in the regulation of urea synthesis via N-acetyl-

glutamate (311) was proposed as a candidate.  

In 1998, Stanley et al. (309) established that the syndrome of hyperinsulinism and 

hyperammonemia (HI-HA) was caused by excessive activity of the enzyme glutamate 

dehydrogenase. Their studies further showed that the syndrome was associated with 

dominant mutations of the gene encoding mitochondrial glutamate dehydrogenase 

(GLUD1).  

Glutamate dehydrogenase (GDH) is a mitochondrial matrix enzyme that is 

expressed primarily in the brain, liver, pancreas and kidney. It is a homohexamer encoded 
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by GLUD1 gene (313) which has been localized to 10q23.3. The reversible deamination 

of glutamate to α-ketoglutarate catalysed by GDH is a highly regulated reaction (Figure 

 2.11). GDH is allosterically inhibited by GTP (314) and allosterically activated by ADP, 

ATP (315) and leucine (312). The rate of glutamate oxidation also controls the terminal 

release of ammonia proteins and thus the rate of amino acid oxidation (Figure  2.11). By 

linking amino acid and carbohydrate metabolism, glutamate functions to support energy 

production and has important implications for insulin secretion (225).  
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Figure  2.11. Biological functions and alosteric regulation of glutamate dehydrogenase. 
The role of glutamate dehydrogenase (GDH) activity in hepatic ureagenesis and the beta-cell. In 
the liver, GDH activity generates ammonia through oxidation of glutamate. Glutamate is necessary 
for production of N-acetylglutamate, which is an essential allosteric activator of 
carbamoylphosphate synthetase (CPS), that catalyses the first step of the urea cycle. In the beta-cell, 
activation of GDH by leucine stimulates insulin secretion. GDH oxidises glutamate to α-KG and 
generates of ATP, which subsequently activates the cascade of insulin release. GDH is 
allosterically activated by leucine and ADP and allosterically inhibited by GTP [modified from 
Stanley et al (225) 

 

In the pancreas, activating mutations of GLUD1 result in an increased rate of 

oxidation of glutamate to α-ketoglutarate, which drives the Krebs cycle and increases 

total ATP production in the mitochondria as well as the cytosolic ATP:ADP ratio, thus 

causing closure of the K-ATP channels, depolarisation of the cell membrane and 

eventually secretion of insulin, regardless of plasma glucose availability (316). It has 

been suggested by some, that mitochondrial glutamate potentiates insulin secretion by 

acting directly on the insulin secretory granules. This theory assumes that the reverse 

reaction of GDH (α-ketoglutarate  glutamate) is also up-regulated as the result of a 

GLUD1-HI associated mutation (139). The proposition remains controversial as not 

enough is known about the actual exocytosis of insulin granules to determine a possible 

role of glutamate.  
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Over-activity of hepatic GDH leads to excessive oxidative deamination of 

glutamate, the resulting production of ammonia is believed to account for the 

hyperammonemia seen in GLUD1-HI patients. Over-activity of GDH, could result in 

deficient N-acetylglutamate (NAG) synthesis, which in turn could result in impeded 

detoxification of ammonia, also leading to hyperammonemia. Neurological impairment 

and epilepsy seems more frequent in patients with GLUD1-HI than in other HI patients, 

up to half develop mild mental retardation that is not explained by hypoglycaemia. It has 

been hypothesised that hyperammonemia causes glutamate and glutamine pools in the 

brain to increase leading to hyperosmolar toxicity. Increased GDH activity in the brain 

might also reduce brain glutamate pools leading to a decrease in brain GABA levels 

(214). The precise mechanism of hyperammonemia in GLUD1-HI and its association 

with neurological symptoms is not yet fully understood and is outside the scope of this 

thesis. 

Mutational analysis of GLUD1 in association with GLUD1-HI or the HI-HA 

syndrome has revealed mutations in exons 6, 7, 8, 11 and 12 (309; 317-322). Most 

mutations were found on only one allele, suggesting an autosomal dominant mode of 

inheritance. There is no reported distinction between familial and de novo mutations, nor 

is there a clear genotype-phenotype correlation within patients expressing these mutations 

(318). Since mature GDH is a homohexamer, effects of single allele mutations, probably 

reflect the activities of GDH hexamers comprised of both mutant and wildtype subunits, 

which may account for the variations in phenotype severity (323).  

Three-dimensional studies of human GDH based on the highly homologous 

bovine GDH have shown that these exons (6-8, 11 & 12) in which pathogenic mutations 

have been found encode areas important for allosteric regulation of the enzyme (324). 

Amino acid residues mutated in GLUD1-HI patients lie in close proximity to the GTP 

inhibitory allosteric site and are likely to interfere with GTP binding. In fact, when GDH 

activity from GLUD1-HI patients was measured in vitro, it was found to have reduced 

sensitivity to inhibition by GTP (309; 320). Other GLUD1-HI mutations resulted in 

decreased inhibitory response of GDH to ATP (317). Such regulatory GLUD1 mutations 

result in unrestrained activation of GDH by leucine, which accounts for the leucine 

sensitive hyperinsulinism seen in GLUD1-HI patients. Leucine is the only amino acid 

that does not require glucose to stimulate insulin secretion (325) and is believed to be the 

amino acid sensor in the beta cell (316).  
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Patients with this GLUD1-HI often have clinical presentation that is different 

from HI associated with K-ATP channel mutations (320). Patients present with mild to 

severe hypoglycaemic symptoms that may not be apparent till later in infancy and can 

often be managed through a protein restricted diet or with diazoxide. Since most patients 

with GLUD1-HI respond to medical therapy, not much is known about the associated 

pancreatic histology. One GLUD1-HI patient who had a pancreatectomy was reported to 

have abnormal beta cells throughout the pancreas with an architecture that was distinct 

from both focal and diffuse disease seen in K-ATP-HI (326).  

Hyperammonaemia and leucine sensitive hypoglycaemia are distinguishing 

features of GLUD1-HI. Serum ammonia levels can be 2-10 times normal in GLUD1-HI 

patients and is typically asymptomatic. Hyperammonemia is usually unaffected by 

protein meals; a feature that distinguishes this syndrome from urea cycle defects (225). 

Although leucine sensitivity is a predominant feature of GLUD1-HI, several reports 

presented cases in whom leucine sensitive hypoglycaemia was associated with HI caused 

by a dominant mutation in the ABCC8 gene (271; 272). 

2.4.5.2 Glucokinase 

In 1998, Glaser et al. showed that a gain of function mutation of the glucokinase 

gene (GCK) could give rise to an autosomal dominant form of HI (327). Most patients 

with GCK-HI have a family history of mild to severe hypoglycaemia and typically 

present later in childhood, with symptoms of HI including nonketotic hypoglycaemia and 

hyperinsulinism that can be treated effectively with diazoxide. 

Glucokinase (GK), also known as hexokinase IV, is a 50kDa monomeric enzyme 

that plays a vital role in utilization and metabolism of glucose. It differs from other 

hexokinases in that it has a much lower affinity for glucose and lacks feedback inhibition 

by the end product of the reaction it catalyses. Glucokinase is expressed mainly in the 

liver and in pancreatic beta cells. In the liver, it participates in the control of glucose 

uptake. In the beta cell it catalyses the conversion of glucose to glucose-6-phosphate in 

the rate limiting step of glycolysis and acts as a glucose sensor for regulation of glucose 

stimulated insulin secretion (328).  

Mutations in GCK can cause either HI or diabetes depending on the nature of the 

impairment of enzyme activity. Dominant loss of function mutations in GCK are 

associated with maturity onset diabetes of the young (MODY-2) which is characterized 

primarily by decreased glucose phosphorylation, decreased cytosolic ATP:ADP ratios 
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and decreased insulin secretion (329; 330). Recessive loss of function mutations in this 

gene are associated with severe permanent neonatal diabetes (PND) (331). 

Gain of function GCK mutations associated with HI are believed to be rare. There 

are currently five GCK mutations associated with HI (214): T65I in exon 2, W99R in 

exon 3, Y214C in exon 6, V455M (327) and A456V (332) both in exon 10. The Y214C, 

V455M and A456V are the most characterized. Y214C has been associated with severe 

clinical presentation; hypoglycaemia in the affected patient was unresponsive to 

diazoxide, and persisted after a subtotal pancreatectomy. Cardiomyopathy, hepatomegaly, 

mental retardation and epilepsy were also seen in the proband, who died at 29 years of 

age (333). In vitro expression of V455M demonstrated an increased affinity of mutant 

glucokinase for glucose. A456V mutants also showed an increased affinity for glucose 

(about 3 fold higher) and had a low Hill coefficient (a measure of the effect of the 

interaction between glucokinase and its substrate on enzyme activity). An increase in the 

enzyme’s affinity for glucose results in a higher rate of glycolysis even at low glucose 

concentrations, which in turn leads to a higher rate of insulin secretion even at low 

plasma glucose concentrations. Although, early studies by Glaser et al. (327) showed that 

a glucose threshold of 2-2.5mM was enough for the secretion of insulin in most infants. 

A relationship between the increased affinity for glucose of mutant GK and the 

consequent secretion of insulin is further supported by the finding that variation of insulin 

secretion was proportional to changes in plasma glucose concentrations (327). Since the 

K-ATP channel in these cases is unaffected structurally, diazoxide is effective in 

controlling the secretion of insulin in most cases.  

Structural analysis of both V455M and A456V mutants by Christesen et al. (332) 

further revealed that the mutations are located at a circumscribed domain of the enzyme. 

The putative domain is not part of the glucose or Mg2+ADP binding sites. The affected 

site is believed to be an allosteric activator domain (332), and although such a site has not 

been elucidated in this enzyme, experiments by Zhang et al. (334) did reveal that 

glucokinase is composed two domains; the active site for phosphorylation that is located 

in the deep cleft between these two domains, and an allosteric site for activator binding 

on the back of this cleft.  

The clinical manifestations of HI in individuals with GCK mutations are varied. 

Interestingly, severity of symptoms can be markedly different between an affected 

individual and carrier parent. It was hypothesized that factors relating to adipose tissue 

mass (a varying degree of obesity was also observed between affected off-spring and 
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their parents) may increase pancreatic GCK expression in addition to augmentation of 

beta cell volume (332; 335; 336). The resulting exaggerated insulin secretion is difficult 

to compensate with normal counter-regulatory mechanisms and frequent meals. The 

variations in the clinical presentation also emphasise the difficulties of diagnosing the 

condition without genetic screening and the inability to differentiate between HI due to 

GCK mutations and HI due to K-ATP channel defects.  

2.4.5.3 HADH  

Inborn errors of metabolism related to fatty acid oxidation defects (FAOD) caused 

by deficiency of mitochondrial fatty acid oxidation enzymes typically present with 

hypoketotic hypoglycaemia. In 2001, Clayton et al.(337) described a patient with 

non-ketotic hypoglycaemia and hyperinsulinism, the patient presented at four months of 

age with symptoms of HI along with persistently elevated blood spot hydroxybutyryl 

carnitine concentrations. Other symptoms usually present in FAODs were absent in this 

patient. Hyperinsulinism and hypoglycaemia were controlled easily with diazoxide. 

Genetic analysis of the patient revealed a homozygous mutation in the HADH (formerly 

SCHAD) gene that encodes 3-hydroxyacyl CoA dehydrogenase (HAD) (formerly known 

as short chain L-3 hyroxyacyl CoA dehydrogenase). No mutation of this gene had 

previously been associated with human disease.  

HAD catalyses the NAD+ dependent conversion of L-3 hydroxyacyl-CoA to 3-

ketoacyl-CoA in the third of four steps in the repetitive cycle of fatty acid beta oxidation. 

The gene is expressed in most tissues, but its activity is particularly high in the islets of 

Langherhans (338). 

The proband described by Clayton et al. (337) was found to have hyperinsulinism 

and elevated serum C-peptide levels even during hypoglycaemia, as is common in HI 

patients. Additional studies showed that the patient intermittently had a non-esterified 

fatty acids (NEFA): 3-hydroxybutyrate ratio at the upper limit of normal whereas HI 

patients usually have low plasma concentrations of NEFAs and a normal NEFA:3-

hydroxybutyrate ratio. An examination of the acyl carnitine profile (as is common 

practice in elucidating specific enzyme defects in FAODs) revealed that blood spots from 

the patient had abnormal acylcarnitine concentrations. Acylcarnitine levels were higher 

than those found in normal subjects but not higher than patients with hyperinsulinism 

associated with other causes (not K-ATP, GLUD1 or GCK associated HI). Blood spots 

also showed raised hydroxybutyrylcarnitine levels. Blood concentration of D-3-
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hyroxybutyrate during hypoglycaemia was also atypical. The patient had an episode of 

hypoglycaemia following a glucagon provocation test that was not attributable to the 

hyperinsulinism, that suggested impaired fatty acid oxidation. HAD activity was 

measured in the patient’s fibroblasts and found to be lower than in normal controls (337).  

As a result of these clinical findings, the gene encoding HAD was analysed by 

Clayton et al. (337) who identified a homozygous proline to leucine substitution at codon 

258 (P258L). The mother of the proband was found to be heterozygous for the mutation, 

confirming a recessive pattern of inheritance. In vitro studies confirmed that the presence 

of the P258L mutation in exon 7 of the gene leads to loss of function of the enzyme (337). 

Molven et al.(339) also described a patient in who presented with hypoketotic 

hypoglycaemia and increased 3-hydroxybutyryl levels. Genetic analysis of HADH 

revealed a six base pairs (bp) deletion in the patient that resulted in removal of the splice 

site adjacent to exon 5 and to skipping of the exon during mRNA splicing. The mutation 

was homozygous in the proband affected and a sibling, while both parents were 

heterozygous for the mutation, further illustrating the recessive mode of inheritance of 

HADH-HI. This mutation led to dramatically decreased enzyme activity (<10% of 

controls). Both affected patients also showed evidence of accumulation of 3-

hydroxybutyryl carnitine in plasma.  

The precise mechanism for HADH related hyperinsulinism has not been 

elucidated yet. In an attempt to explain the connection between the HADH mutation and 

hyperinsulinism Clayton et al. take into account the fact that a shift from FA oxidation to 

esterification is a key event in the beta cells’ response to glucose as had been proposed 

earlier by Prentki et al.(340). They also accept the malonyl CoA – long chain fatty acyl-

CoA hypothesis of the K-ATP channel independent pathway (section  2.2.2.3) whereby 

the conversion of glucose to malonyl CoA inhibits CPT1 and can stimulate the secretion 

of insulin. They propose that loss of function of HADH leads to accumulation of short 

chain fatty acyl CoA esters in the mitochondria and causes insulin secretion by inhibiting 

CPT1. It is hypothesized that accumulation of L-3 hyroxybutyryl CoA in the cytosol 

inhibits CPT1. CPT1 exists in the outer mitochondrial membrane and is inhibited by 

malonyl CoA and short chain mono carboxylic CoA esters (341). Inhibition of CPT1 

would lead to fatty acid oxidation and consequently, stimulation of insulin secretion 

(Figure  2.7). However, the fact that the proband patient responded well to diazoxide 

appeared to oppose this theory. However, Clayton et al. argue that this response to 

diazoxide was due to the fact that diazoxide affects the K-ATP channel dependent 
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pathway and majority of insulin secretion only occurs when the K-ATP dependent and 

independent pathways are both active (340).  

Other hypothesis for the abnormal insulin secretion seen with HADH mutations 

include the idea that intra-mitochondrial L-3 hyroxybutyryl CoA could interfere with the 

α- ketoglutarate dehydrogenase – glutamate axis that is important in the control of the K-

ATP channel independent pathway. L-hydroxybutyrate, L-hydroxybutyryl CoA or L-

hydroxybutyryl carnitine could inhibit K-ATP channels, thus triggering insulin secretion. 

These compounds could also act on a recently described G protein receptor to stimulate 

insulin secretion (342).  

While the mechanisms for the role of these mutations in the progression of 

hyperinsulinism are not yet entirely clear, HADH has been recently added as a candidate 

gene for HI. The distinct clinical presentation of elevated plasma 3-hydroxybutyryl 

carnitine and presence of urinary 3 hyroxyglutaric acid (339) can aid to differentiate this 

form from the other genetic causes of HI. It should also be mentioned that these 

mutations may shed light upon pathways connecting fatty acid oxidation to glucose 

homeostasis and insulin secretion in ways that are not yet known, and outside the scope 

of this thesis.  

2.4.6 Hyperinsulinism of Infancy : a summary 
Hyperinsulinism of infancy is a metabolic syndrome of persistent 

hyperinsulinemia and hypoglycaemia in infants. Its causes are associated with regulation 

of glucose metabolism in the pancreatic beta cell and with processes linking glucose 

metabolism to the secretion of insulin. Abnormalities in five genes have been associated 

with HI to date. Mutations in ABCC8 and KCNJ11 that encode the subunits of the K-ATP 

channel are most common and are related to a severe disease phenotype that is likely to 

require surgery for treatment. There are at least three distinct modes of inheritance of 

ABCC8 mutations, that are each associated with a specific form of the disease. Mutations 

in the genes that encode the enzymes glucokinase (GCK) , glutamate dehydrogenase 

(GLUD1) and 3-hydroxyacyl CoA dehydrogenase (HADH) have also been linked to a 

metabolic form of the disease. Clinically, HI is a heterogeneous disease that can have 

serious repercussions if not controlled, but is often hard to manage.  

In the years since it was first described as a autonomous syndrome, understanding 

of the disease and disease process has increased significantly, however the molecular and 

genetic basis for the disease remains unknown in up to 50% of all patients clinically 
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diagnosed with HI (196). Deciphering the molecular and physiological aetiology of this 

disease will not only enable accurate and prompt diagnosis and treatment in affected 

infants but will also provide a valuable insight into the intricate mechanisms involved in 

the stimulation and regulation of insulin secretion. Better understanding of the role of the 

K-ATP channel in other tissues and impacts of loss of function may also result from a 

complete description of the aetiology of this disease. 

2.5 Molecular mechanisms of human disease - 

investigating codon usage and 

translational efficiency  
The central dogma of molecular biology is that genetic information flows from 

DNA to RNA, and RNA to protein. Simplistically, protein coding information is 

transcribed from DNA into RNA, the RNA acts as a template for translation of the 

genetic information into a protein, whereby each codon specifies a particular amino acid 

(343). Many genetic disorders are caused by gene mutations that affect protein coding 

regions. Mutations within exons affect the amino acid sequence or structure of the protein 

while intronic mutations generally affect pre-mRNA processing or regulation (344). 

Dysregulation of gene expression at the level of transcription is a mechanism of human 

disease that is less common (345). Recently, mutations that cause disease through 

increased or decreased efficiency of mRNA translation have been described, thus 

defining translational pathophysiology as a novel mechanism of human disease (346). 

Translational efficiency is controlled by a number of factors including availability of 

translational factors, ribosomes and tRNA as well as by codon choice. In this section the 

role of synonymous codon choice in relation to tRNA pools and translational efficiency 

in the phenotypic expression of hyperinsulinism of infancy is discussed.  

2.5.1 Role of tRNA in translation 
In 1958, Francis Crick (347) proposed that during protein formation, the amino 

acid is carried to the growing template by an adapter molecule made of nucleotides. In 

the same year, P. C. Zamecnik and colleagues (348)characterized amino acid-tRNA 

complexes confirming the existence of tRNA molecules. The translation of a sequence of 
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nucleotides in mRNA into the correct sequence of amino acids is now known to require 

the accurate recognition of codons by iso-accepting aminoacyl-tRNA.  

Transfer RNA (tRNA) molecules play a vital role in polypeptide chain elongation 

during codon specific translation. tRNAs are ribo-nucleic acid molecules that are 

transcribed by specific genes within the human genome, and contain nucleotide triplets 

called anticodons that base pair with codons in the mRNA during translation. Prior to 

their involvement in translation, tRNA molecules are ‘activated’ by attachment of an 

amino acid to form aminoacyl-tRNAs by a group of specific enzymes, the aminoacyl 

tRNAs synthetases. Aminoacyl tRNA act as substrates for polypeptide synthesis on 

ribosomes with each tRNA recognizing a particular mRNA codon (that corresponds to 

the amino acid linked to the tRNA molecule). Polypeptide chain elongation is a three step 

process involving three distinct tRNA recognition sites on the ribosome. In the first step, 

an aminoacyl tRNA enters and becomes bound to the aminoacyl (A) site of the ribosome 

with specificity provided by the mRNA codon in the A site. The growing polypeptide 

chain is then transferred from the tRNA in the polypeptide (P) site to the tRNA in the A 

site. The departing tRNA is translocated to the exit (E) site and the next codon occupies 

the A site (Figure  2.12) (343) . 

 

 
Figure  2.12. Elongation of polypeptide chains during translation. 

The role of activated tRNA in chain elongation during translation. Activated tRNA enters the 
aminoacyl site as determined by the mRNA codon occupying the A site.  
(www.swbic.org/products/clipart/clipart.php) 

 

The translation of a sequence of nucleotides in mRNA into the correct sequence 

of amino acids requires the accurate recognition of codons by aminoacyl-tRNA. Due to 

degeneracy of the genetic code, several different tRNAs recognize the different codons 

specifying a given amino acid i.e. the anticodon of a tRNA is able to base-pair with more 

than one codon for a given amino acid. This theory was proposed by Francis Crick in a 
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landmark paper that described the “Wobble Hypothesis” (349). The hypothesis propose 

that bonding between base pairs in the anticodons of tRNA and the codons of mRNA 

follow the conventional base pairing rules (G-C, A-T) only for the first two bases of the 

codon; the base pairing involving the third base of the codon is less stringent, allowing 

for a “wobble” at this site. On the basis of molecular distances and steric considerations, 

Crick proposed that ‘wobble’ would allow some, but not all types of base pairing at the 

third base of the codon in the codon-anti codon interaction (Table  2.5). Experiments 

involving trinucleotide activated ribosomes have provided evidence for this hypothesis, 

and it is accepted by most life scientists (343).  

Table  2.5: Wobble base pairing.  
Base in Anticodon (tRNA)  Base in Codon (mRNA)  
G U or C 
C G 
A U 
U A or G 
I A or U or C 

Wobble base pairing as proposed by F. Crick. G- guanine, C – cytosine, A – adenine, U – uracil, I – 
inosine. (349) 

2.5.2 Codon selection  
The universal genetic code is highly degenerate, there are 64 codons that encode 

the 20 basic amino acids. There are 1-6 alternate codons for each amino acid, for example: 

there are four codons that all encode for alanine. Codons that encode for the same amino 

acids are termed synonymous. Early neutral evolutionists suggested that in the absence of 

mutational bias, synonymous codons are used randomly (350). Their hypothesis has since 

been disproved, and it is now accepted that codon usage is not random. Several studies 

have shown that amongst synonymous codons, some codons are used preferentially (351-

353).Based on this observation, Grantham et al. (353) put forward the ‘Genome Theory’ 

which proposes that “the codon usage pattern of a genome was a specific characteristic of 

an organism”. As the expanse of genetic sequence information of organisms increases, 

this theory has been proven in several organisms. It has been shown that even taxa differ 

in their codon usage, for example various species of Drosophila each have their own 

particular codon biases (354; 355). In fact, recent studies have reported systematic 

differences in synonymous codon usage between genes selectively expressed in certain 

adult human tissues (356).  

When Grantham’s genome theory was proposed in 1980 (353) it was suggested 

that the observed variation in codon usage might be correlated with variations in iso-



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY    

74  

accepting tRNA abundance. This continues to be the dominant theory for the codon bias 

observed especially in eukaryotic invertebrates like E. Coli and Drosophila as well as in 

some small mammals (357-359). Ikemura et al.(354; 357; 360; 361) demonstrated in the 

1980s that bias in codon usage was correlated to the abundance of iso-accepting tRNA in 

E. Coli and S. cerevisiae. A strong relationship was also established between the copy 

number of proteins and the frequency of codons whose cognate tRNA was most abundant, 

based on this observation it has been proposed that the bias in codon usage might 

modulate gene expression (352; 361). In support of this proposition, experiments have 

been performed to show that when non-mammalian genes are expressed in mammalian 

cells; expression is increased when rare mammalian codons are replaced with more 

commonly used synonyms (362-364).  

An optimal codon is generally defined as the codon translated by the most 

abundant iso-accepting tRNA (361) – while there has been some debate regarding this 

definition, it is accepted for the purpose of this thesis. Systematic bias of degenerate 

codon usage (choice of optimal codons) appears to be under selective pressure at different 

levels of genetic organization. Translational efficiency is one such genetic event that 

could exert a selective pressure for the choice of optimal codons. Translational efficiency 

is affected by three main parameters. i) maximum turnover of ribosomes, ii) efficiency of 

aminoacyl tRNA matching and iii) concentration of ternary complexes (elongation factor 

Tu-aminoacyl-tRNA-GTP) (365). If this model were true, the most efficient rate of 

translation would be the assignment of a specific tRNA for each codon or amino acid. 

Sorensen et al.(359) demonstrated that optimal codons are translated 3-6 fold faster that 

their synonyms in E Coli. In fact, Curran et al.(366) showed that the initial recognition of 

an optimal anticodon can be up to 25 fold faster than its non-optimal synonym in E. Coli. 

However, some researchers believe that it does not necessarily follow that genes that 

contain a high proportion of optimal codons have higher yields in vivo (367).  

Translational accuracy is another selective pressure for observed codon biases. 

Parker et al. (368-370) showed that the non-optimal Asparagine codon AAU can be mis-

translated 8-10 times more often than the optimal codon AAC in E. Coli. The non-

optimal phenylalanine codon UUU is also frequently mis-read as a leucine codon 

(UUA/UUG). The selection of optimal codons for translational efficiency and accuracy is 

further supported by the widespread observation that some common codons are 

preferentially used in highly expressed genes while their non-optimal counterparts are 

almost absent (357). 
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While an assortment of evidence has shown codon selection for translational 

efficiency in invertebrate eukaryotes, little evidence for such selection has been 

confirmed in mammals. Instead, mammalian genomes exhibit large scale variations in G 

+ C content in both coding and non coding regions of genes. Codon usage variations in 

mammalian genomes are widespread and are believed to be correlated with the general 

phenomenon of G+C content variations. Codon bias in the human genomes have been 

attributed to mutation bias (371) and gene conversion (372) rather than selection (373).  

Recent studies have shown significant differences in codon usage patterns 

between genes that are selectively expressed in several human tissues. The genes studied 

by Plotkin et al.(356) exhibit characteristic codon usage that distinguishes the genes 

expressed in one tissue from those expressed in another tissue. The tissue-specific codon 

usage patterns suggest that differential codon usage can impact tissue-specific modulation 

of protein at several levels. Differences in codon usage in mammals is believed to have 

dramatic effects on translation rate, especially during cell differentiation (362-364). The 

existence of such systemic tissue-specific codon usages raise the possibility that human 

tissues may differ in relative tRNA abundances and this phenomenon might modulate 

expression of proteins (356).  

Differential synonymous codon usage in humans may have further biological 

consequences because of methylation. Methylation of cytosine residues (especially in 

CpGs) in DNA frequently result in transcriptional silencing (374). Synonymous codon 

choice may also have implications on mRNA and pre-mRNA modifications and folding 

that are prevalent in humans. Such mRNA modifications are often base-specific (375) 

and might be affected by the base composition as determined by codon bias in the 

specific gene. RNA transport, protein recognition of palindromic sequences and 

translational efficiency modulated by tRNA abundance or secondary structure of mRNA 

are all impacted by differences in the codon usage of an mRNA (356).    

2.5.3 Silent Mutations in diseases 
Genetic variations within coding regions of genes that do not affect the amino 

acid sequence transcribed by the gene are referred to as silent mutations or 

polymorphisms. For many years it was believed that these could not have any phenotypic 

impact and thus were ignored by geneticists. There is however, increasing evidence that 

these translationally silent polymorphisms exert their effects on human disease by 

affecting pre-mRNA modifications such as splicing and folding (376; 377). For example, 
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experiments have shown that a synonymous polymorphism in MCAD exon 5 inactivates 

an exonic splicing silencer and makes splicing immune to deleterious mutations (377). 

Acharya et al. recently reported a silent mutation in the OPTC gene to be associated with 

altered mRNA secondary structure (in silico) and reduced levels of protein expression (in 

vitro) (378).  
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2.6 Hypothesis 
Studies into the molecular mechanisms of HI have continued to reveal that there 

is much that is not yet understood about the disease. There is no confirmed correlation 

between the phenotype and genetic aberrations in the candidate genes. The genetic basis 

of HI in up to 50% of diagnosed patients continues to be elusive, and management and 

treatment of the disease continues to pose challenges to clinicians, patients and families.  

In the course of this thesis, an attempt is made to elucidate the molecular genetics 

of the disease in an Australian cohort, and to correlate these findings to their phenotype 

and treatment options. Genotyping the geographically isolated cohort provides further 

insight into the aetiology of this disease. Investigations into the molecular basis of this 

disease also shed light upon the processes of glucose-sensing and insulin-secretion that 

could have widespread implications in the understanding of hyperinsulinism and other 

hyperglycaemic disorders.  

The thesis also investigates and challenges some of the widely accepted theories 

regarding the phenotypic expression of genetic mutations. It is commonly accepted that a 

disease phenotype is seen when a base change in the DNA results in changes of the 

protein sequence and structure. By investigating the role of a silent polymorphism in this 

patient cohort, an alternative theory of mutation expression is proposed.  

In the chapters ahead, details of the experimental methods used for these 

investigations, the results obtained and their implications are be discussed. 
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 A scientist in his laboratory is not only a technician: he is also a 
child placed before natural phenomena which impress him like a 
fairy tale.  

- Marie Curie 
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3.1 Subjects 
Patients who were diagnosed with HI according to clinical criteria for HI in 

Australia were collected as part of a study at the Mater Children’s Hospital, Brisbane. 

Ethical permission for clinical and scientific research was obtained from the Mater 

Hospital at commencement of the study by Dr. R Greer. This study was approved by the 

ethics committee of the Mater Children’s Hospital and additionally by the ethics 

committee of each institution that had cared for study participants. Informed written 

consent was obtained from the parents/guardians of the participants prior to the 

commencement of this study. Of the 62 patients recruited in the study; 38 were 

genetically analysed as part of this thesis, patients were excluded only due to withdrawal 

of consent, or unavailability of sample.  

3.1.1 Diagnostics and Grouping Criteria 
Patients recruited in the study were initially diagnosed to have neonatal or 

infantile persistent hyperinsulinaemic hypoglycaemia by their respective paediatric 

endocrinologists. Upon recruitment in our study, the diagnosis was re-confirmed in some 

cases and accepted as recommended by the clinician in others. The patients had been 

treated as determined by the treating clinician in each case. The general treatment plan 

involved the use of glucose and glucagon infusions combined with frequent feeding, 

followed by medical treatment with diazoxide or other hypoglycaemic drugs. Partial or 

sub-total pancreatectomy was performed in cases where hypoglycaemia was severe 

and/or unresponsive to medical therapy at maximal doses. For the purposes of this study, 

the patients were segregated retrospectively based on the treatment protocol that had 

proved most effective. Patients who did, or seemed to respond well to medical treatment 

and were not operated on formed the “medical” cohort. Patients who failed to respond to 

medical treatment and had at least one surgery formed the “surgical” cohort. The surgical 

patients were further classified on the basis of histological findings of pancreatic sections 

from surgeries, as well as histological observations of Dr. John Bell (Mater Pathology 

Services, Histology) as part of a study undertaken by the Mater Children’s Hospital (379). 

Patients were classified as having focal, diffuse or focal/diffuse disease (details of 

histological architecture discussed in section  5.1).  
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3.1.2 Surgical Patients 
There were 35 patients who had not responded to medical treatment and had 

undergone surgery on atleast one occasion to control hypoglycaemia. Table  3.1 

summarises patient histories and clinical information of the surgical cohort of patients. 

Female to male ratio was 1.5:1, with 20 females, and 13 males in the cohort. Average 

gestational age was 38.5 weeks, average birth weight was 3819g and the mean Z score 

index was 1.29. In this cohort, 29 patients had unrelated parents, four had related parents, 

one had a family history of HI, four had a family history of type 1 diabetes, and seven 

had a family history of type 2 diabetes. Age of presentation was between 1 day and 5 

months. At time of diagnosis, 25 patients had suffered from at least one seizure.  

All but one patient had been initially treated with diazoxide (6.7-34 mg/kg/day) 

and glucose infusions of (7-24 mg/kg/min). Glucagon and octreotide infusions were also 

utilised in some cases, along with other drugs including chlorothiazide and 

hydrocortisone. Most patients were treated successfully after the first operation, and 

could maintain euglycaemia after a four hour fast. Nine patients required at least two 

operations and one underwent four operations before hypoglycaemia could be managed. 

After the last operation on record, all but two patients had less than 5% of the pancreas 

remaining. At their last check up nine patients were diagnosed with pancreatogenic 

insulin dependent diabetes, 11 patients were determined to have neurological impairment 

that ranged from mild learning difficulties and developmental delay to severe mental 

retardation and cortical blindness.  

3.1.3 Medical Patients.  
There were 27 patients diagnosed with HI and recruited in the study who had 

responded to various means of medical therapy. Table  3.2 summaries patient histories 

and clinical information for the medical cohort of patients. The male to female ratio was 

1:1, there were 13 males and 14 females with an average gestational age of 37 weeks, and 

an average birth weight of 3368 g with a mean Z score index of 0.39. One patient had 

consanguineous parents (nature of the relationship unknown), seven had a family history 

of HI, two had family history of type 1 diabetes, and nine had a family history of type 2 

diabetes. One, (M18) had some physical features of Beckwith Wiedemann syndrome at 

diagnosis, but was later determined to not have the syndrome. At time of presentation, 

between 1 day – 4.25 years, 21 patients had history of a seizure disorder.  
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All but two patients were initially treated with diazoxide (7.5-16.6 mg/kg/day) 

and glucose infusions (5-11 mg/kg/min). Two patients who were not initially treated with 

diazoxide were managed with regular feeding and corn starch; however one of them later 

required diazoxide therapy. Glucagon and hydrocortisone were used to supplement 

diazoxide therapy for some patients. Of the 25 patients who underwent long term 

diazoxide therapy (0.5-15 years), 13 exhibited side effects associated with prolonged 

administration of diazoxide including hirsutism, vomiting and feeding problems. In spite 

of prolonged medical therapy, seven patients continued to display symptoms of 

hypoglycaemia, including prolonged seizure disorder but had no surgery. At the last 

medical check up on record 13 patients showed signs of neurological impairment ranging 

from mild learning and physical disabilities to severe mental retardation. 

At a follow up visit, during the course of this PhD, it was found that patient M06 

had continued to experience hypoglycaemic episodes in spite of diazoxide therapy and 

had undergone two pancreatectomies, resulting in the near total removal of the pancreas. 

The patient had presented at 2 days post birth, and was treated with diazoxide for two 

years before surgery became necessary. Histological classification for the patient was not 

available from clinical records.  
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Table  3.1 : Surgical HI patients  
HI 
Study 
Code 

Sex 
Birth 
Weight 
(g) 

Birth 
Weight - Z 
score* 

Age at 
Presentation 
(Days) 

Fasting 
glucose at 
Dx (mmol/l) 

Number of 
Surgeries 

Age 1st 
Operation 
(days) 

Neurological 
Impairment# Histology† 

S01 F 2690 -1.20 1 1 1 18 no Focal 
S02 M 3400 -0.25 2 1.8 1 14 severe Atypical 
S03 F 4880 3.23 1 0.5 4 33 no Diffuse 
S04 M 4460 2.92 1 1.7 1 16 no Diffuse 
S05 F 5300 4.21 1 1.5 1 11 no Focal 
S06 F 4550 2.45 1 1 1 60 mild unknown 
S07 M 4444 2.20 2 0.8 1 60 no Focal 
S08 M 4270 1.51 1 1.4 1 90 no unknown 
S09 F 4500 2.38 1 unknown 1 41 no unknown 
S10 F 3900 1.62 1 4.7 1 26 no Diffuse 
S11 F 3511 0.01 60 1.4 2 180 moderate Focal 
S12 M 2464 -2.45 210 1.5 2 1550 no no data 
S13 F 3350 1.89 1 1.9 2 40 severe unknown 
S14 M 3900 1.06 1 2.2 1 14 no unknown 
S15 M 4380 unknown 2 unknown 2 5 moderate unknown 
S16 F unknown unknown 3 0.4 2 28 no Focal 
S17 M 3455 0.58 143 1 1 315 no unknown 
S18 unknown unknown unknown Unknown unknown 1  no unknown 
S19 M 4580 2.52 3 1.6 1 120 severe unknown 
S20 M 3511 unknown 3 1 2 34 no Diffuse 
S21 M unknown unknown 1 1 1 270 no unknown 
S22 F 3150 1.51 1 2 3 32 no Diffuse 
S23 unknown unknown unknown Unknown unknown 1 180 no unknown 
S24 F 2189 -3.09 90 1.2 1 257 severe no data 
S25 F 2700 -1.17 1 1.5 3 25 mild Diffuse 
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S26 F 3060 -0.33 60 1.6 1 435 severe Diffuse 
S27 M unknown unknown 2 3.8 1 12 no Diffuse 
S28 F 3400 -0.51 35 unknown 1 300 severe Diffuse 
S29 F 4925 3.33 7 unknown 1 300 no Focal 
S30 F 3825 0.48 2 unknown 1 255 no Atypical 
S31 F 3160 0.18 1 1.2 1 25 mild Focal 
S32 M 4500 6.81 1 1.7 2 7 mild Diffuse 
S33 F 4190 2.33 1 unknown 1 27 no unknown 
S34 F 3800 2.75 1 unknown 1 22 no unknown 
S35 F 3160 unknown Unknown unknown 1 26 no Diffuse 
 

S01-S35 are all patients diagnosed with HI and recruited in our study who had at least one surgery. Data “unknown” due to lack of information from primary 
care physicians and clinical records. Dx = diagnosis, *Birth weight Z score index calculated based on Australian averages as described growth rate charts used at 
the Mater Hospitals from Pfizer, Australia (380). #Neurological impairment from severe-mild as determined by primary care physicians, and upon follow up 
investigations. †Histology as determined by Dr. J Bell, Mater Health Services, Brisbane based on formalin fixed samples from first surgery only. Where 
“unknown”, section not available to this study group.  

 
  
Table  3.2 : Medical patients diagnosed with HI. 

HI 
Study 
Code 

Sex Birth 
Weight (g) 

Birth 
weight Z 
scores* 

Age at 
Presentation 
(Days) 

Fasting 
glucose at 
Dx (mmol/l) 

Ammonia 
(μmol/L) 

Diazoxide 
Therapy 

Max Dose 
(mg/kg/day) # 

Neurological 
Impairment† 

M01 F 3250 -0.86 2 1.2 24 yes unknown mild 
M02 M 3490 0.87 270 unknown 25 yes unknown moderate 
M03 M 3430 -0.18 180 0.8 150 yes 8.3 no 
M04 M 3060 -1.05 90 1 unknown yes 12 severe 
M05 F unknown unknown 2 1.3 unknown yes 15 no 
M06 M 4346 2.66 2 2.1 unknown yes unknown mild 
M07 F 3180 0.50 1 1.7 unknown yes 8.8 mild 
M08 F 3550 0.80 900 1.6 37 no** unknown no 
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M09 F 2805 -1.65 420 1.9 unknown yes 10 no 
M10 F 3880 0.88 240 1.9 unknown no** unknown no 
M11 F 3470 -0.09 2 2.2 unknown yes 12 no 
M12 M 3910 0.95 173 1.7 unknown yes unknown severe 
M13 M 3110 unknown 2 0.4 unknown yes 7.5 no 
M14 M 4635 3.33 6 unknown unknown yes unknown no 
M15 F 3741 0.55 90 1.6 49 yes 10 mild 
M16 F 3290 -0.77 21 unknown unknown yes unknown severe 
M17 M 3250 0.11 90 1.4 82 yes unknown severe 
M18 F 3450 0.06 14 unknown unknown yes unknown severe 
M19 M 3145 -0.14 105 1.9 unknown yes unknown moderate 
M20 F 3760 0.33 150 1.6 unknown yes unknown no 
M21 M unknown unknown 2 unknown unknown yes unknown no 
M22 F 3310 -0.46 1 1.6 unknown yes 6 severe 
M23 M unknown unknown 240 1.9 unknown yes 10 mild 
M24 F unknown unknown 60 1.9 unknown yes 11 no 
M25 M unknown unknown 240 unknown unknown yes 10 no 
M26 F 3853 1.51 1550 1.9 unknown yes 16.6 no 
M27 F 3567 0.84 390 3.2 unknown yes 10 no 

 
M01- M27 are all patients diagnosed with HI who responded or were believed to respond to medical treatment at time of diagnosis. Data “unknown” due to lack 
of information about patients from primary care physicians. Dx= diagnosis, * Birth weight Z score calculated based on Australian averages as described in 
clinical growth rate charts [Pfizer, Australia, (380)]. # Doses of diazoxide assumed to be maximal where unspecified. †Neurological impairment from severe-mild 
as determined by primary care physicians. ** - patients treated with diet and cornstarch, patient M10 was later switched to diazoxide therapy.  
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3.2 Materials 

3.2.1 Materials and Reagents Used 
Table  3.3 : List of Reagents Used.  
Reagent Supplier 
[35S] - Methionine Amersham, New Jersey  
2- Mercaptoethanol Sigma, St Louis, USA 
2mM dNTPs (nucleotide tri-phosphates) Fischer Biotech, Perth, Australia 
Acetic Acid Univar, Sydney Australia 
Acrylamide Sigma, St Louis, USA 
Agarose (Low melting point) Sigma, St Louis, USA 
Agarose (Molecular Biology Grade) BioRad, Hercules, USA 
Ammonium Persulphate Sigma, St Louis, USA 
Amplisize Molecular Ruled (50-2000 bp Ladder) BioRad, Herculese, USA 
AMPLITAQ gold Applied Biosciences, Worington, USA 
Antibody diluent DAKOcytomation, Carpinteria, USA 
BCIP/NBT Substrate System DAKOcytomation, Carpinteria, USA 
BidDye Terminatory Cycle Seqeuncing Kit 
(v1.1/v2.1/v3.1) Applied Bioscience, Worington, USA 

Bovine serum albumin Promega, Madison, USA 
Brilliant-Blue (concentrate) Sigma, St Louis, USA 
Bromophenol Blue Sigma, St Louis, USA 
Citric Acid Sigma, St Louis, USA 
Coomasie Blue Sigma, St Louis, USA 
DAB+ Chromogen - Liquid DAB+ substrate 
chromogen system DAKOcytomation, Carointeria, USA 

Diazoxide Sigma, St Louis, USA 
DNA Wizard Clean Up Kit DAKOcytomation, Carpinteria, USA 
EnVision Doublestain System DAKOCytomation, Carpinteria, USA 
Ethanol (Molecular Biology Grade) Univar, Sydney, Australia 
Ethidium Bromide Progen, Darra, Australia 
Ethylenediamine tetra-acetic acid (EDTA) Sigma, St Louis, USA 
Expand High Fidelity PCR System Roche, Mannheim, Germany 
GC Rich PCR System Roche, Mannheim, Germany 
Gel Loading Dye Sigma, St Louis, USA 
Gel Loading Dye (6X) Sigma, St Louis, USA 
Glacial Acetic Acid Univar, Sydney, Australia 
Glycerol Sigma, St Louis, USA 
Glycine (eletrophoresis grade_ Sigma, St Louis, USA 
Goat-Anti Rabbit – HRP tagged antibody Sigma, St Louis, USA 
High Pure PCR product purification Kit Roche, Mannheim, Germany 

HyBond ECL Nitrocellulose Membrane Amersham Bioscience, Freiburg, 
Germany 

Hydrochloric Acid BDH, Westchester, USA 
Hydroquinone Sigma, St Louis, USA 
Igepal Sigma, St Louis, USA 
IGEPAL Sigma, St Louis, USA 

Insulin antibody (mouse monoclonal) Novacastra, New Castle Upon Tyne, 
England 

Kir6.2 Antibody (H-55 sc-20809) (rabbit polyclonal) Santa Cruz Antibodies, Santa Cruz, USA 
Low Melting Point Agarose Sigma, St Louis, USA 
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LSAB detection kit DAKOCytomation, Carpinteria, USA 
Magnesium Chloride (PCR grade) Fischer Biotech, Perth, Australia 
Methanol (HPLC grade) Merck, Kilsyth, Australia 
N'N' Methylene Bis Acrylamide Sigma, St Louis, USA 

p57 – Kip 2 antibody (mouse monoclonal) Novocastra, New Castle Upon Tyne, 
England 

Page Ruler - Prestained Protein  Fermentas, Burlington, Canada 
PageRuler prestained protein  Fermentas, Burlington, Canada 

PBS pH 7.2 (1X) Froniner Lab Supplies, Riverstone, 
Australia 

Ponceau S Sigma, St Louis, USA 
Potassium Acetate Sigma, St Louis, USA 
Potassium Phosphate - MonoBasic Sigma, St Louis, USA 
Primers (ABCC8/GCK/GLUD1/HADH/AR/STRs) Invitrogen, Aukland, New Zealand 
Primers (KCNJ11) Gibco, Aukland, New Zealand 
Proteinase K Qiagen, Hilden, Germany 
QIAquick Gel Extraction Kit Qiagen, Hilden, Germany 
RNAse Out Invitrogen, Aukland, New Zealand 
Skim Milk Powder Diploma, Rowville, Australia 
Sodium Acetate Sigma, St Louis, USA  
Sodium Bisulfite Promega, Madison USA 
Sodium Chloride Univar, Sydney, Australia 
Sodium Dodecyl Sulphate (SDS) ICN Biochemicals, Solon, USA 
Sodium Hydroxide Sigma, St Louis, USA 
Sodium Phosphate Dibasic Sigma, St Louis, USA 
Sodium Phosphate Monobasic Sigma, St Louis, USA 
Super Signal West pico  Pierce, Rockford, USA 
TaqF2 PCR system Fischer Biotech, Perth, Australia 
TEMED (N,N,N',N'-Tetramethylethylenediamine) Sigma, St Louis, USA 
TNT Coupled Reticulocyte Lysate System Promega, Madison, USA 
Trichloroacetic Acid (TCA) Sigma Diagnostics, St Louis, USA 
Tris/Borate/EDTA buffer mix (10X) ICN Biomedicals, Solon, USA 
Tris-Base Promega, Madison, USA 
TRS Buffer DAKOCytomation, Carpinteria, USA 
Tween 20 BioRad, Hercules, USA 
Unstained Protein Molecular Weight Marker Fermentas, Burlington, Canada 
Unstained Protein molecular weight marker Fermentas, Burlington, Canada 
Wallac Scintillation cocktail Millipore, Billerica, USA 
Water for Injections (PCR grade) Astra Zcaneca, North Ryde, Australia 
X – Ray Film Agfa, Mortsel, Belgium 
Xylenes (Histological Grade) Sigma, St Louis, USA 
Zymed Cas Blocking Solution Zymed, San Francisco, USA 
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3.2.2  Equipment Used 
Table  3.4: List of Equipment Used.  
Equipment Used 
AND weighing scales 
Applied Biosystems 2720 Thermal Cycler 
BioFuge Pico - Haraeus 
BioRad Mini TRANS blot 
BioRad Mini Sub Gel Tank 
BioRad Mini-PROTEAN 3 
BioRad PowerPack 200 
BioRad PowerPack 300 
BioRad Wide Mini Sub Gel Tank 
Eppendorf Centrifuge 5415C 
GeneQuant - Pharmacia Biotech 
Konica-Minolta SRX – 201 
Microwave - 800W - Kambrook 
Perkin Elmer GeneAmp PCR system 2400 
Platform Rocker - BioLine 
POLAROID DS-34 Direct Screen Instant Camera 
Sigma 3K1 
Thermocyline Maxi Mix  
Thermoline DryBlock Heater 
UltraLum electronic Transilluminator 
Wallac Trilux Liquid Scinitllation and Luminesence 
Counter.  

 

3.3 Methods : Genetic Analysis  

3.3.1 Rationale and Introduction  
Since it was first discovered that mutations or aberrations in gene sequences could 

result in human disease, there has been a plethora of research into diseases with genetic 

origins. Advances in technology and increasing knowledge about the human genome 

continue to drastically affect the tools available to molecular biologists in their quest to 

analyse and understand genetic diseases.  

The identification of pathogenic mutations in genes that are linked to a disease is 

a vital step in ascertaining genotype-phenotype correlations for diseases. There are 

several methods that can be employed to screen DNA for mutations including single 

strand conformation polymorphism (SSCP), denaturing HPLC (dHPLC), real-time PCR 

and more recently developed high volume Gene Chip based assays. A through 

examination of the genes associated with the disease (ABCC8, KCNJ11, GLUD1, GCK & 

HADH), a direct PCR and sequencing approach was chosen. In spite of modernization 
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and developments in gene analysis techniques, Sanger based direct sequencing continues 

to be the gold standard in detection of unknown point mutations. 

The polymerase chain reaction (PCR) is a method of enzymatically synthesising 

targeted sequences of DNA that is best described in the words of Kary Mullis, the 

founder of PCR, who wrote: “Beginning with a single molecule of the genetic material 

DNA, the PCR can generate 100 billion similar molecules in an afternoon. The reaction is 

easy to execute. It requires no more than a test tube, a few simple reagents, and a source 

of heat”. The reaction uses two oligonucleotide primers that hybridise to regions on 

opposite strands which flank the target DNA sequence to be amplified. The elongation of 

the primers requires a heat stable DNA polymerase and nucleotides. A repetitive series of 

cycles involving template denaturation, primer annealing and extension of the annealed 

primers by the polymerase results in the exponential accumulation of the specific DNA 

fragment.  

DNA sequencing is a process by which the nucleotide order of a particular DNA 

fragment can be determined. The method used most commonly is a variation of Frederick 

Sanger’s chain termination method, a technique that uses sequence specific termination 

of an in vitro DNA synthesis reaction using modified dideoxynucleotides. Each of these 

dideoxynucleotide chain-terminators is labelled with a separate fluorescent dye, which 

fluoresces at a different wavelength during automated analysis. 

 Genotyping Strategy  

In order to genotype the HI patients in this study, each of the five candidate genes 

currently associated with the disease were analysed separately. Amplification and 

sequencing was targeted for the coding regions and splice sites of each gene except 

GLUD1 and HADH. Only exons 6-12 that encode the allosteric regulatory domain in 

which mutations have been reported were targeted for GLUD1. Exons 5 and 7 in which 

mutations have been found and associated with HI were selectively targeted for HADH. 

Patients in the surgical cohort were assumed to have a more severe phenotype associated 

with K-ATP-HI, thus ABCC8 and KNCJ11 were analysed first, the other genes only 

genotyped if no mutations were identified in the K-ATP channel genes. In the medical 

cohort of patients, who were assumed to have the metabolic, less severe form of the 

disease, the genes GLUD1, GCK and HADH were sequenced first. Where no mutations 

were identified, ABCC8 and KCNJ11 were sequenced. In cases where mutations were 
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identified, parents’ DNA (when available) was genotyped specifically for the mutation in 

order to determine the parental origin, and inheritance of the mutation.  

3.3.2 Methods : PCR and Sequencing 
PCR was carried out on leukocyte derived DNA, the DNA was first extracted 

from whole blood, then amplified by PCR. PCR products were run on agarose gels for 

confirmation, and then purified before sequencing. The methods are detailed in this 

section.  

3.3.2.1 Sample Collection and DNA Extraction 

Blood samples were collected in EDTA tubes from patients at or around time of 

diagnoses and recruitment in the study (1997-1999). DNA was extracted from whole 

blood at Mater Health Services, Pathology by the salting out method based on protocols 

described by S. A. Miller in 1988 (381).  

DNA was reconstituted in ddH20 after extraction for quantitation and storage. 

DNA was quantified by measuring absorbance (A) at 260nm using a spectrophotometer. 

Purity of the sample assessed from A260/A280 ratio calculations. DNA concentration 

was calculated using the formula C = ε.A (where C= concentration, ε is the absorbance 

constant, 50 for DNA and A is the absorbance). A sample with an A260/A280 ratio of 

between 1.7 and 2.1 was considered pure enough to use for further experiments. An 

aliquot of DNA was diluted to 25ng/μl as needed in PCR, and the remaining sample 

stored at -70oC.  

3.3.2.2 Polymerase Chain Reaction 

PCR amplification was carried out by hot start PCR using primers, reagents and 

conditions as outlined below on Perkin Elmer GeneAmp System 2400 and Applied 

Biosciences 2700 thermal cycler.  

 Primer Design 

Forward and reverse primers for the amplification and sequencing of the 39 exons 

of ABCC8 (gene ID: 6388, NC_000011.8) were designed using Primer 3 (382). Primer 

binding sites were 80-100 bases from the intron-exon boundary and included splice sites 

at 3’ and 5’ ends of the exon. When selecting primers, care was taken to avoid mis-

priming, self complementarity and to obtain a GC content of approximately 50%. Primer 
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sequences and conditions for PCR of ABCC8 are summarized in Table  3.5 . Primers used 

for sequencing were the same as those used for PCR.  

Overlapping primers for the nested PCR and sequencing of KCNJ11 were 

selected (gene ID: 3767, Genbank XM006398) in order to incorporate the entire coding 

region, as well as the 3’ and 5’ UTR’s of the intronless gene. Primer sequences and 

specific conditions for PCR are summarized in Table  3.6. Additional nested primers for 

sequencing this region had also been designed to completely sequence the target region 

(Table  3.10) (as sequencing reactions often have a range of only 300-400bp).  

Primers for amplifying exons GLUD1- exons 6, 7, 8, 11 and 12 (gene ID : 2746, 

NC_000010.9) were targeted for the coding region as well as the 3’ and 5’ splice sites of 

each exon analysed (Table  3.7). Primers used for sequencing were the same as those used 

for PCR.  

Primers for amplification of the 10 exons of GCK (gene ID: 2654, NC_000007.12) 

(including all three alternative exon 1 transcripts) were designed using Primer 3 (382). 

Primers were designed to include 50-70 bases at the intron-exon boundary and splice 

sites at 3’ and 5’ ends of each exon. Primer sequences and specific conditions for PCR 

summarized in Table  3.8. Primers used for sequencing were the same as those used for 

PCR.  

Primers for amplifying exons 5 and 7 of HADH (gene ID: 3033, NC_000004.10) 

were used as modified by Molven et al. from Vredendall et al. (339; 383). Primers were 

targeted to gene regions in which HI associated mutations had been identified by Molven 

et al. Primer sequence and conditions for PCR summarized in Table  3.9. Primers used for 

sequencing were the same as those used for amplification.  

Primer binding sites on the gene sequence of each gene analysed are shown in 

appendix 1.  

The author would like to acknowledge Y. Jeske for design of selected KCNJ11 

primers, and I. McGown for design of GLUD1 primers.  

 PCR optimization  

Where necessary, PCR conditions were optimized by titrating MgCl2 

concentration, dNTP concentration, primer concentration, annealing temperature and 

cycle numbers in order to obtain a single distinct band of the expected size for the target 

region. In some cases such as the ABCC8 exon 1, where the base composition at the 
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target region had a high GC content, a GC rich kit (Roche) was used. Optimization of 

PCR reactions was carried out using freshly extracted normal control DNA. 

 PCR of ABCC8 

 Table  3.5 shows the primer sequences and PCR conditions used in the 

genotyping of ABCC8. TAQF2 Polymerase with 10X PCR buffer, 25mM MgCl2 and 

2mM dNTP mix were used. PCR grade water was used as a negative control and normal 

DNA used as a positive control. Each 50μl PCR reaction contained 1X PCR buffer, 

0.2mM dNTPs and 50ng DNA. Primer concentration per reaction was 0.2 μM unless 

otherwise specified. MgCl2 concentration was 1.5mmol/50μl unless otherwise stated.  

Cycling conditions for all reactions (except exon 1) were : 95oC for 5 min.(initial 

denaturation) followed by 35 cycles of 94oC -1 min, Ta for 1 min. (Table  3.5) and 72oC 

for 1min and a final extension at 72 oC 5 min.. 

 

Table  3.5 : Primers and PCR conditions for genotyping ABCC8. 

Primer Primer Sequence 5’-3’ Expected 
Size Ta (oC) 

 1F GGCGGAGCTGCAAGGGAC* 
 1R GCGCAGCGCCTCCTCCTC* 232  62* 

 2F CATGCACCCTCTTCCTCCTC 
 2R TCAGGAAGTACCCTGGAGCA  259  60 

 3F GCCTGGGCTGCTCTATTG 
 3R CTGAAGAAATGAATGAAGGTAC  237  60 

 4F CTCTGCCACATACTTGCACAC 
 4R TCAGTTTGGCTGAGAAGCAGG  350  65 

 5F GGGAGTGGTGAGAAGTTGGA 
 5R CCCTAAACCAGAAGGCAGTG  347  65 

 6F GTGAATTAGCCCTCAGGCAC 
 6R CTCACACACATTGGCCTGTT  322  65 

 7F CTACGGTGGTCATTTTGCTG 
 7R GAGGATGAATAACACTCATGG  299  65 

 8F TGGTGATGATGATGAGAATG 
 8R TCTGGTTGTGTGTCCTGCTG  263  60 

 9F GCACCTCCTGGCAGGGCAACC 
 9R TGGCCTACTCAAAGTCAAAGTC  313  65 

 10F TGACACTCAGGCCTTCCTCT 
 10R TGACACCCTCTCCTTGCATGT  298  62 

 11F TCTCCATGTGTAGCTGTCACG 
 11R CTGTGCAGAAAGGCCAAATC  191  65 

 12F CTTCCAGTGCTGAGCGTTTC 
 12R ACAGCTGTGGTTTGGCCATC  315  65 

 13F GGCCTGAGATCCTGCTCAG 
 13R AAAAGGCAGAAGTCCGACAC  327  65 

 14F TCCCTTCCCTACACAGCTC 
 14R AGCTTTCTGGCTTTCCAGG  251  62 
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 15F  GGGAACTGGCTGCCTTTCTG 
 15R  GAGTAGGTGCTCAATAAATGC 

 228 60 

 16F GTCTGTCTTTCTGGGTAATGG 
 16R CCTCAACTGAGGAGGATGGT  246  65 

 17F GGGATTGCTTCTCCCCTAAG 
 17R CATTACCCACCCACAAGTCC  208  62 

 18F GATCTTCCTGGAGGATATGGT 
 18R AGAGCACCCTGGAGGGAGTTG  155  60 

 19F CTTGCCTCCATCTGAGCCAT 
 19R GTAAGCACCTGGGGAGTGAG  319  65 

 20F CTAATGACCCTCTGCAAGTGC 
 20R GTGTCTCAGGGCATGGTAGGT  222  65 

 21F AGGACAGTGTCTCCTGAATGG 
 21R GAGGGAGATTGTTGGATGATG  241  60 

 22F TAATGGGTTTTATACTCATTGTC 
 22R AGACAACGGATTGGTTCCTG  303  60 

 23F TGGTGGCCATTTGTAGTGAG 
 23R AGACAACGGATTGGTTCCTG   303  60 

 24F TCCCTCAGGCAGGGACAAAG 
 24R GGCACACTACTGCACCACAC  325  65 

 25F TGATTCACCCTCAGAGGGAT 
 25R ATTTGGAGTTCCAGGGTGC  337  62 

 26F ATGGCAGAGGTTGGGAGTG 
 26R GGAAGACTAAGGCTCAGAGAAC  370  65 

 27F GATGCCAGACCCATGAATGAC 
 27R CCAGCCTCAGACAGGAGAAG  226  65 

 28F GCGGCCAGTAGCACTCTAAAC 
 28R AAACTGCACATTGCAAAGCA 278  65 

 29F ATTCACCCACACAGCGGTA 
 29R ACTAAATCTCATGGCCTGTG   256  60 

 30F CCTAGGAGCTATGTGGACCA 
 30R ATCCTCTCTTTCATCCCCAG  248  60 

 31F GTAGAACAGGGGCCTGTGGC 
 31R TGTCTCCAGTGACGAAGGTG  250  62 

 32F TGGTGGCTGAGGACAGAACT 
 32R ATGGGCCACAGCTAGTATCCG  283  65 

 33F GGGTGGCACTTTCGGATACT 
 33R CATCCCCTGCTCACGCCTGT  230  65 

 34F CCCTGTGACCTCCCACACT 
 34R ACTGCTGGCCTCCTGTCAT  276  65 

 35F GGTCAGACATGACAGGAGG  
 35R GATCTGATGGAACTGAGCC   219  62 

 36F GCTCTCGCTCACTGCCCTC 
 36R GCCATCCTTACAGGGTCCTT  250  65 

 37F ATCCCATCTGCTCCACTCAC  
 37R ATCCCACTAAACCCTTTCCAG   256  62 

 38F CCAGGCCAGACCCCATCCAC 
 38R GCCTGCTTCAGGGTTCTTTC  249  62 

 39F CCACATGCCTCATCCTCCTC 
 39R CCCTGCCCACCAGACTTAGG 358  60 

Primer sequences from 5’-3’. Primers named as exon numbers, F=forward (5’ to 3’) primer, R = 
reverse primer. Expected product size calculated to include primer binding region. Ta = Annealing 
temperature, in oC. * Due to the high GC content of the region surrounding the binding sites for 
primer 1, Roche’s GC rich kit was used for its PCR. Cycling conditions for exon 1 : 95oC – 5 min, 
35 cycles of 95oC , 62oC and 72oC each for 30 sec and a final annealing at 72oC for 7 min.  
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 PCR of KNCJ11  

Table  3.6 shows the primer sequences and PCR conditions used in the genotyping 

of KCNJ11. TAQF2 Polymerase with 10X PCR buffer, 25mM MgCl2 and 2mM dNTP 

mix were used. PCR grade water was used as a negative control and normal DNA as a 

positive control. Total PCR reaction volume was 50μl, each reaction contained 1X PCR 

buffer, 0.2mM dNTPs, 0.5μM primer, 1.5mmol MgCl2 and 50ng DNA. The cycling 

conditions used were : 95 oC for 5 min.(initial denaturation) followed by 36 cycles of 94 
oC for 1 min, Ta for 1 min. (Table  3.6) and 72 oC for 1min with a final extension at 72 oC 

for 5 min. . 

Table  3.6 : Primer sequences and PCR conditions for genotyping KCNJ11 

Primer Primer Sequence 5’-3’ Expected 
Size Ta (oC) 

1 GAGAGGACTCTGCAGTGAGG 70 
6 GGGCCACCAGGAAGATGCTGTT  820 70 
5 CATGAAGACTGCCCAAGCC 67.5 
9 CCTGGCTGGGTCACATACC  720 67.5 

Primer sequence 5’to 3’. Expected size of product calculated to include primer binding region. 
KIR6 and KIR9 are the reverse primers. Ta = Annealing temperature, in oC. 

 PCR of GLUD1  

Table  3.7 shows the primer sequences and PCR conditions used in the genotyping 

of GCK. AMPLITAQ gold Taq Polymerase with the corresponding 10X PCR buffer 

(containing 500mmol KCl, 100mmol Tris (pH9.0), 0.1% gelatine), 25mM MgCl2 and 

2mM dNTP mix were used. PCR grade water was used as a negative control and normal 

DNA as a positive control. Total PCR reaction volume was 50μl. Reactions contained 1X 

PCR buffer, 0.2mM dNTPs, 0.5μM primer, 1.5mmol MgCl2 and 50ng DNA.  

 The cycling conditions used were: 95oC for 12 min.(initial denaturation) followed 

by 35 cycles of: 94 oC for1 min, Ta for 1 min. (Table  3.7) and 72 oC for 1min with a final 

extension at 72 oC for 7 min. 
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Table  3.7 : Primer sequences and PCR conditions for genotyping GLUD1 

Name Primer Sequence 5’-3’ Expected 
Size (bp) Ta oC 

EX6A TTCCTTCAACAGAGAAATTGGA  
EX6B  CTCTGAAAACCACCACTCTAAAA  372  58 

EX78A CTCTTGCTGCTCATACCAGG 
EX78B CCCTTACGTCATTCACATTGA 477  58 

EX11A TGTAGTGTCTGTTCAAGAGAG 
EX11B ACACACATGTCAACGCACTTAC 231  58 

EX12A ACAGGGACACAAAGCAGGTC 
EX12B ACAGTCTGGCGGCTGAGATAG 202  58 

Primer sequence 5’to 3’. Expected size of product calculated to include primer binding region. F= 
forward primer, R =reverse primers. [MgCl2] in mmoles. Ta = Annealing temperature, in oC  

 PCR of GCK  

Table  3.8 shows the primer sequences and PCR conditions used in the genotyping 

of GCK. TAQF2 Polymerase with 10X PCR buffer, 25mM MgCl2 and 2mM dNTP mix 

was used. PCR grade water was used as a negative control and normal DNA as a positive 

control. Total PCR reaction volume was 50μl. Each reaction contained 1X PCR buffer, 

0.2mM dNTPs, 0.5μM primer and 50ng DNA. MgCl2 concentrations and annealing 

temperature are as in Table  3.8 below. The cycling conditions used were : 95oC for 5 

min.(initial denaturation) then, 34 cycles of: 94 oC for 1 min, Ta for 1 min. and 72 oC for 

1min with a final extension at 72 oC for 5 min.  

 

Table  3.8 : Primer sequences and PCR conditions for genotyping GCK. 

Primer  Primer Sequence Expected 
Size (bp) Ta (oC) [MgCl2] 

(mmol) 

1F GCGGAGAAGCCTTGGATATT 
1R CCTTCTCAAAGAGCCTGTGC 139 60  1.5 

1bF CCAACTGCTACTTGGAACAA 
1bR GCTGAGGAGAGGAAGAGAAG 209 60 1.5 

1cF CTGCCTCCCAAAGCATCTAC 
1cR CCCAGTGCAAAGTCCCTAAC 124 65 2 

4F GTGTGCAGATGCCTGGTGA 
4R ACAGCTGCTTCTGGATGAGG 292 63 1 

5F GTCCCTGAGGCTGACACAC 
5R CTGGGCCCTGAGATCCTG 250 65 2 

6F TGAGGAATAGCTTGGCTTGA 
6R CCCTCATCTGCCTTCTGC 245 63 2 

7/8 F AGCCACGCGGCCTATCTCT 
7/8 R TGTACACAGGGAGCCTCAG 

392 65 2 

9F GGACTCCTGTGGGCAGGAAC 
9R AATGGCCCGGCTCCCATC 338 63 1  

10F TCGTGCCTGCTGATGTAATG 
10R CTTTGCACCCACCCTCCTC 223 69 2  

11F ACTCAGCGACCGCCCTAC 358 60 3 
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11R GAAATCTTGGAGCTTGGGA 
12F GGCAGCCCTGCTTCTCTTC 
12R ATGGAGCCTGGGTGCTGTG 228 71* 2 

Primer sequence 5’to 3’. Expected size of product calculated to include primer binding region. F= 
forward primer (5’- 3’), R = reverse primers. Ta = Annealing temperature, *= cycle number for 
exon 12 amplification was 29.1a, 1b, 1c denote alternative sequences of exon 1, transcribed in the 
pancreas and the liver.  

 

 PCR of HADH  

Table  3.9 shows the primer sequences and PCR conditions used in the genotyping 

of HADH. AMPLITAQ gold Taq Polymerase (Applied Biosystems) with 10X PCR 

buffer, 25mM MgCl2 and 2mM dNTP mix was used. PCR grade water was used as a 

negative control and normal DNA as a positive control. Total PCR reaction volume was 

50μl. Reactions contained 1X PCR buffer, 0.2mM dNTPs, 1.5mmol MgCl2, 0.5μM 

primer and 50ng DNA. Annealing temperatures were as in Table  3.9 below. The cycling 

conditions used were : 95oC for 12 min.(initial denaturation), then 35 cycles of: 94 oC for 

45sec, Ta for 45 sec and 72 oC for 1min, with a final extension at 72 oC for 7 min. 

 

Table  3.9 : Primer sequences and PCR conditions for genotyping HADH 

Name Primer Sequence 5’-3’ Expected 
Size  Ta(oC) 

5f CCGAAGTTGCTTGCTGAC 
5r GGACCCTGACTTGTTCCTG  205  56 

7f GTGATAGGGAGAATTCAAGG 
7r GACCTTCCAAAATCCTGC  293  56 

Primer sequence 5’to 3’. Expected size of product calculated to include primer binding region. F= 
forward primer, R =reverse primers. Ta = Annealing temperature  

3.3.2.3 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to verify that the PCR reactions were 

successful. 2% agarose gels were made using molecular biology grade agarose, 0.5X 

TBE buffer with 0.5μg/ml Ethidium Bromide. 5μl of the PCR reaction product was 

mixed with 6X Gel loading dye for application on the gel. The gel was electrophoresed at 

100V-130V for 35-45 min. (till the samples had migrated at least half way down the gel). 

A 50 – 2000bp ladder was used as a molecular weight marker and for determining the 

size of the band, and estimating quantity of product. Gels were visualised using a UV 

light transilluminator and photographed using a Polaroid camera for record. Experiments 
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that yielded no bands, faint bands or had non-specific amplification were re-optimised 

and repeated.  

3.3.2.4 PCR product purification 

PCR products were purified before sequencing using the Boeringher Mannheim 

“High Pure PCR Product Purification Kit” as per manufacturers’ instructions. The 

purified PCR product was eluted from the High Pure column in 50μl ddH2O. Agarose gel 

electrophoresis was carried out to confirm no loss of sample had occurred during the 

clean up process. Samples were stored at –20oC.  

3.3.2.5 Sequencing 

Purified PCR products were sequenced using the ABI PRISM BigDye Terminator 

Cycle Sequencing Ready Reaction Kit (Perkin Elmer) as per manufacturers’ instructions. 

(Version 1.1 was used for KCNJ11 sequencing in the surgical patients, version 2.1 was 

used for sequencing certain exons of ABCC8 in the surgical patients, version 3.1 was 

used for all other sequencing) Each sequencing reaction contained 4μl of Big Dye 

Sequencing Ready Reaction Mix, 0.25X BigDie reaction buffer, 0.32μM sequencing 

primer and 3-5μl of the purified PCR product (10-30ng DNA/ul). Reactions were set up 

independently for the 5’ to 3’ and the 3’ to 5’ directions using the forward and reverse 

primers to obtain sequences in both directions. Primers for sequencing ABCC8, GLUD1, 

GCK and HADH are as described above. The additional primers used for the sequencing 

reactions of KNCJ11 are shown in Table  3.10.  

 

Table  3.10 : Sequencing primers for KCNJ11. 
 Primer Name 5’-3’ sequence 
KIR1 GAGAGGACTCTGCAGTGAGG 
KIR2 ATGTTCTTGTGGGCCACGTT 
KIR3 ACAAGAACATCCGGGAGCAG 
KIR4 CGCATGCTTGCTGAAGATGA 
KIR5 CATGAAGACTGCCCAAGCC 
KIR6 GGGCCACCAGGAAGATGCTGTT 
KIR7 GGCAACAGCATCTTCCTGGTGGCCC 
KIR8 AGAGACCATGGCTCAGGACA 
KIR9 CCTGGCTGGGCTACATACC 
KIR10 GTTACTCTGTGGACTACTC 

Primers used for sequencing of KCNJ11. Primers 1, 5,6&9 as used for PCR.  
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Sequencing reactions were carried out on the Perkin Elmer GeneAmp System 

2400 using the cycling parameters : 96oC for 5 min. and then 25 cycles of 96oC for 10 sec, 

50oC for 5 sec and 60oC for 4 min. 

DNA from sequencing reactions was purified by ethanol precipitation using 

EDTA and sodium acetate as per instructions in the BigDye v3.1 Terminator Cycle 

Sequencing Ready Reaction Kit. The dry pellet was sent to the Griffith University 

Sequencing Facility, Nathan for further analysis.  

3.3.2.6 Data Analysis 

Sequencing chromatograms obtained were analyzed using Chromas Pro 

(Technelysium Pty Ltd) and Seqeuencher (Gene Codes). Raw data files were edited 

where necessary and then compared to their respective consensus sequences obtained 

from NBCI (ABCC8 - NM_000352, KCNJ11- XM_006398, GLUD1 -NM_005271, GCK 

- GCK isoform 1, -NM_00016.2, isoform 2 - NM_33507.1 and isoform 3 - NM_033508.1, 

HADH - NM_005327).  

3.3.2.7 Methylation Specific PCR 

 Introduction  

A methylation specific PCR based assay was set up to explore the presence of 

mutations of the ABCC8 gene that were silenced due to imprinting. The assay was based 

on a method described by Herman et al.(384). The method involves the treatment of 

genomic DNA with sodium bisulfite (NaHSO3) which converts un-methylated cytosine 

residues to uracil. In the bisulfite reaction, cytosine bases are first sulfonated and then 

deaminated, thus converting them to uracil sulphonate. Subsequently, desulphonation at a 

basic pH completes the conversion from cytosine to uracil. C5-methylcytosines are not 

modified under the conditions used. After the bisulfite treatment, the gene of interest is 

amplified by PCR using specific primers for the bisulphate treated DNA and the products 

are sequenced. Only methylcytosines are detected as cytosines in the sequencing reaction, 

whereas all unmethylated cytosines appear as thymidines (385). 

The Androgen Receptor (AR) gene located on the X chromosome at Xq11-q12 

was used as a positive control to set up and optimize the assay. A gene on the X 

chromosome was chosen as one copy of the gene is certain to be methylated (in the form 
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of Barr bodies) in any normal female DNA. The gene is mutated in the androgen 

insensitivity syndrome. 

 Bisulfite treatment of DNA  

DNA from a normal control female was used as a positive control. 0.2M Sodium 

Hydroxide (NaOH) per microgram of DNA was added to control DNA, made up to 50μl 

with water and then incubated at 37oC for 10 minutes. The solution was then made up to 

600μl with 0.5mM Hydroquinone and 2.6M Sodium Bisulfite, pH5 and incubated at 50oC 

for 2-16 hrs. The bisulphate reaction was stopped with the addition of 0.3M NaOH. The 

incubation time, bisulfite concentration and amount of DNA used were varied for 

optimisation. Bisulfite treated DNA was run on an agarose gel for confirmation of 

preservation of DNA.  

The bisulfite treated DNA was the purified using the Wizard DNA Clean-Up 

System as per manufacturers’ instructions. The purified product was run on a 2% 

Agarose gel to check for the presence of DNA. 

 Primer Design for MS-PCR 

Regular and methylation specific primers were designed for amplifying exon 8 of 

the AR. The primers for normal (un-treated) DNA were as routinely used at Mater Health 

Services, Pathology by I McGown. Methylation specific primers were designed using the 

internet based program MethPrimer (386). PCR conditions were 96oC for 4 min. and then 

34 cycles of 94oC for 1 min, 60oC for 1min and 72oC for 1 min, and a final extension at 

72oC for 7 min. Primer sequences are as in Table  3.11 below.  

PCR products were visualised by agarose gel electrophoresis.  

 
Table  3.11 : Primer Sequences for MS-PCR.  

Name Primer Sequence 5’-3’ Expected Size  

AR-F  GAGGCCACCTCCTTCTCAACCCTG 289 
AR - R  GGAGTAGTGCAGAGTTATAAC   
met AR F  TTGTTAATTAAGTTATATATGGTG  107 
met AR R  TAAATAAACTTAACTTTCCCAAAA   

F and R for forward and reverse directions of the primers. Met primers are for methylation specific 
PCR. Expected size calculated to include primer binding sites.  
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3.3.2.8 STR Marker Analysis 

 Introduction and Rationale 

Eukaryotic genomes contain numerous repeated DNA sequences. DNA regions 

with repeat units that are 2-6 bp in length are called short tandem repeats (STRs). STRs 

are commonly used DNA repeat markers as they are easily amplified by PCR. The 

number of repeats in STR markers is highly variable among individuals, which makes 

them effective for human identification purposes in forensics and science.  

In the surgical cohort, one patient (S11) had an unaffected twin with an identical 

genotype. In order to confirm that they were monozygotic twins, three common STRs 

were amplified and analysed in patient S11 and her twin. Due to time and resource 

limitations, only three common STRs were chosen for analysis. They were : TH01, 

TPOX and CSF1P0 and the sex marker Amilogenin. CSF1PO is a simple tetranucleotide 

repeat of AGAT found in the c-fins proto-oncogene for the CSF-1 receptor on the long 

arm of chromosome 5. TPOX is a tetranucleotide repeat of AATG found in intron 10 of 

the human thyroid peroxidase gene on the short arm of chromosome 2. TH01 is a 

tertanucleotide repeat of a TCAT found in intron 1 of the tyrosine hyroxylase gene on the 

short arm of chromosome 11 (387).  

 Methods 

FAM5 labelled primers (Table  3.12) for TH01, TPOX, CSF1P0 and amilogenin 

were kindly donated by the Griffith University Nathan Campus, BBS teaching laboratory.  

The discordant twins, their parents and a male sibling were analyzed for the 

chosen markers. 

A single multiplex PCR reaction was set up using 50ng of DNA with 10X Buffer, 

25mM MgCl2, 2mMdNTP mix, 10mM primer mix and Taq 2 Polymerase in a total 

reaction volume of 20μl. Reagents used same as mentioned in section  0. The cycling 

conditions used were: 96oC for 10 min, followed by 32 cycles of 96oC , 66oC and 77oC 

for 1 min. each, and a final annealing of 60oC for 30 min.  
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Table  3.12 : Primers used for STR marker analysis  
Marker Reverse Primer 
TH01 – f GTGGGCTGAAAAGCTCCCGAT 
TH01 – r ATTCAAAGGGTATCTGGGCTCTGG 
TPOX – f ACTGGCACAGAACAGGCACTTAGG 
TPOX – r GGAGGAACTGGGAACCACACAGGT 
CSF1P0 – f AACCTGAGTCTGCCAAGGACTAGC 
CSF1P0 – r TTCCACACACCACTGGCCATC 
Amelogenin - f CCCTGGGCTCTGTAAAGAATAGTG 
Amelogenin - r ATCAGAGCTTCCACTGGGAAGCTG 

Primers used for PCR – STR analysis of patient S11 and her twin. f – forward primers (5’ 3’), r – 
reverse primers. Primers were designed and kindly donated by Mr. Perry Plummer from the 
Griffith University Teaching Labs.  

 

The PCR reactions were visualized on a 2% agarose gel. The PCR product was 

sent to the Griffith University Sequencing facility for Fragment Analysis using the 

Applied Biosystems 3130xl Capillary Electrophoresis (CE) Genetic Analyser using the 

Applied Biosystems GeneMapper Software.  

3.3.2.9 Sequenom Autoflex Mass spectrometry  

 Introduction 

Short Nucleotide Polymorphisms (SNPs) are naturally occurring gene variants 

that are found throughout the genome and may be associated with disease phenotypes, 

even though they are also found in the normal population. An assay was set up to 

compare the frequency of selected polymorphisms of the KCNJ11 gene between our 

patients and the normal Australian population. 100 random controls, believed to be 

normal at the time of sample collection were genotyped for these KCNJ11 

polymorphisms by MassExtend and Sequenom Autoflex Mass Spectrometry at the 

Australian Genome Research Facility (AGRF), Brisbane. The mass spectrometer analysis 

enables different SNPs to be identified with a high level of sensitivity. 

Novel putative mutations were identified in the course of genotyping the ABCC8 

gene in HI patients. To evaluate the occurrence of these base changes in the normal 

population and to eliminate the possibility that these mutations were rare polymorphisms, 

the genotype at the site of mutation was determined in 100 normal controls. 96 controls 

were analysed using MassExtend and Sequenom Autoflex Mass Spectrometry at AGRF, 

Brisbane. Four were genotyped using PCR and direct sequencing as descried in section 

 3.3.2.  
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 Sample preparation and data analysis 

Control DNA from leucocytes had been extracted at the Mater Health Services, 

Pathology in 1997 as part of another PHHI related study and stored at -70oC. Samples 

were diluted to 1μg/μl in a round bottom 96 well PCR plate and sent to AGRF, Brisbane 

along with sequences of the target region. 

The AGRF custom SNP genotyping service utilised the MassExtend (hME – 

single base extension) on the Sequenom Autoflex Mass spectrometer. SNP assays were 

designed by scientists at AGRF, PCR oligonucloetides obtained and then processed in 

multiplex format, following the PCR on a mass spectrometer.  

3.3.2.10 Site specific : Restriction enzyme digests 

 Rationale and Introduction 

There have been over 20 mutations in gene GLUD1 (OMIM # 138130) reported 

to be associated with the HI-HA syndrome. On the basis of clinical findings (elevated 

plasma ammonia levels at time of diagnosis), six patients in the medical cohort of 

patients were suspected to have mutations of the GLUD1 gene. The sequence 

chromatograms of these patient were found to repeatedly be “unreadable” near sites of 

previously reported mutations. Thus, due to the recurring ambiguity of sequence 

chromatograms in the regions of interest, mutations could not be confirmed or 

disqualified with certainty. Site specific restriction digests were used to validate the 

genotyping results in these patients. The amplicon from the PCR products of the 

respective exons were treated with specific restriction enzymes that cleave DNA at the 

site of the mutation.  

Restriction enzymes are endonucleases that cleave double stranded DNA at 

specific sequences. Table  3.13 lists the mutations investigated and the respective 

restriction enzyme used in its analysis.  
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Table  3.13 : Restriction enzymes used for analysis of GLUD1 mutations.  

Mutation Restriction 
Enzyme 

R256K1 Mnl I 
E296A 1 Mbo II 
G446S/G446D2 Mnl I 
S448L3 EcoR V 
H454Y3 Apa L I 

Mutations of the GLUD1 gene analysed by restriction enzyme digestion and the respective 
enzymes used. 1 - Miki et al. 2 - Stanley et al. 3 - Stanley et al. (309; 318; 388). All enzymes 
obtained from NewEngland Biolabs, Ipswich, USA. MboII, ECoR V & MnlI cut at the mutant 
sequence while ApaL I cut at the normal wildtype sequence.  

 Method  

DNA of selected patients with the ambiguous sequence at the site of the mutation 

was amplified by PCR for the specific exon. PCR products were purified using the 

HighPure PCR purification kit and then run on a 2% agarose gel to confirm specific 

bands of the target region were present. 5ul of the purified PCR product were incubated 

with 4 units of each enzyme, BSA and appropriate enzyme buffer added as indicated by 

the manufacturer. Reactions were made up to 20μl with water, and incubated at 37oC for 

2 hours. Reactions were stopped by heating to 90oC.  

After the digest was complete, 10μl of the reaction mix was run on a 2% Agarose 

gel with 1μl 6X loading dye at 100V for 70 min. Gels were visualized using a U.V. 

transilluminator and photographed using a Polaroid camera.  
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3.4 Immunohistochemistry 

3.4.1 Rationale 
In this section of the study, pancreatic sections from surgical HI patients were 

stained by immunohistochemistry for insulin and p57. All sections studied were also 

stained with Haematoxylin and Eosin (H & E) for confirmation of architecture and 

histological classification.  

Somatic loss of maternal 11p15.11 is associated with focal HI. p57-Kip2, is 

located in the minimally lost region is lost within the focal lesions, thus, p57 staining 

would be absent from focal lesions, but present in diffuse lesions (389). The Mater 

Children’s hospital PHHI research group proposes that a histological form of HI, with the 

presence of both focal and diffuse lesions exists. In patients with this focal-diffuse 

histology p57 would be expressed in abnormal, diffuse islet cells and absent from the 

focal lesions within the same pancreas. Immunohistochemical analysis was carried out in 

situ using p57 as a marker, to investigate the histological phenotype associated with the 

proposed focal – diffuse disease. 

At the beginning of this thesis in 2003, 10 patients had been classified at focal-

diffuse, as published by Jack et al. (215). A summary of selected original findings is 

included in Table  5.1. Since then, the histology has been revised and only patients S02 

and S30 continue to be classified at “atypical”.  

3.4.2 Introduction to IHC  
Immunohistochemistry (IHC) is a process by which proteins within cells in 

preserved tissue can be localised in situ based on the principles of antibodies binding 

specifically to antigens. Antibodies recognise and bind to antigens to form precipitates 

that can be visualised microscopically. Antibody specificity is determined by the cell in 

which the antibodies are produced. Monoclonal antibodies are the product of an 

individual clone of plasma cells, they are thus immunochemically identical, and react 

with a specific epitope on the antigen against which they are raised. Polyclonal antibodies 

are produced by different cells, and as a consequence, they are immunochemically 

dissimilar. They may react with various epitopes on the antigen against which they are 

raised.  
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Tissue samples that are preserved in a formalin-fixed paraffin embedded medium 

may incur loss of immunoreactivity of antigens as a result of physiological and 

pathological changes during fixation. Immunoreactivity is restored to most epitopes in the 

process of heat induced epitope retrieval (HIER). Antigen retrieval consists of application 

of heat to FFPE tissue sections in an aqueous medium that may contain additional 

proteases and enzymes. Optimal temperature is believed to be near the boiling point of 

water. Different methods of antigen retrieval have varying effects on the 

immunoreactivity of the target antigen, and thus on the success of tissue staining. 

Affinity of an antibody for its antigen is an important component of IHC. The 

strength of an antibodies’ affinity is also affected by the net negative electrostatic charge 

present on the tissue. Low formalin fixing times and heat retrieval enable the scientist to 

maintain optimum electrostatic charge in the tissues during experiments. In ideal 

conditions the antibody-antigen reaction occurs quite rapidly, however this reaction may 

take up to 48 hours in some cases, and must be optimised for each tissue sample type and 

antibody used.  

Antibody-antigen complexes can be visualised by various staining and labelling 

methods, including the use of enzymes, gold and fluorescence labels. Immunoenzymatic 

staining methods utilize enzyme-substrate reactions involving the conversion of 

chromogens to coloured products. The enzymes most commonly used are peroxidase and 

alkaline phosphatase that have been used since the 1960s (390; 391). Horseradish 

peroxidase (HRP) forms a complex with hydrogen peroxide and hyrdrolyses it to water 

and oxygen. HRP can be attached to other proteins by one or two step conjugation 

protocols in the presence of glutaraldehyde. The Labelled Streptavidin Biotin (LSAB, 

DAKO) reagents used in this study contains HRP conjugated to streptavidin using a two 

step procedure. The substrate most commonly used with HRP is 3-3’ 

diaminobenzidinetrahydrochloride (DAB), which produces a brown end-product which is 

soluble in organic solvents. Oxidation of DAB causes polymerisation that increases 

staining intensity.  

Calf intestine alkaline phosphatase (AP) hydrolyses phosphate groups from 

organic esters, and is used in IHC in the form of alkaline phosphatase-antialkaline 

phosphatase (APAAP) as recommended by Mason et al.(392). In staining methods 

utilizing AP, the enzyme hydrolyses naphthol phosphate esters, which act as substrates to 

phenolic compounds and phosphates. The phenols couple to colourless diazonium salts to 
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produce insoluble coloured azo dyes. The chromogens Fast Red TR and Fast Blue BB 

produce a red or blue product that is soluble in organic solvents and insoluble in water.  

3.4.3 Methods 

3.4.3.1 General Method - p57 staining 

The following general protocol was followed for the staining of tissue samples. 

Protocol based on routine immunohistochemical methods used as the Mater Pathology 

Services, Histology laboratory.  

 

• Pancreas sections of patients and controls were fixed in neutral buffered formalin at 

time of surgery. After fixing tissue samples, the fixation medium was replaced by 

wax for storage at the collecting facility. 

• FFPE tissue section was cut into 4 micron sections, mounted onto SuperFrost slides 

and dried 1-2 hrs at 65oC (by Mr. G. Bowlay). 

• Sections were ringed with a diamond pen to contain liquid applications.  

• De-waxing was carried out by immersing the section in two successive xylene 

baths, a 1:1 xylene & ethanol bath followed by two successive 100% ethanol baths 

for 1 minute each. Section was then kept hydrated in dH2O throughout the 

experiment.   

• Antigen retrieval was carried out by immersing tissue sections in retrieval media 

and heating as appropriate. A citrate buffer (10mM), pH 10.0 and a TRS buffer 

(DAKO) were trialled for antigen retrieval. Experiments for optimisation of antigen 

retrieval technique included – pressure retrieval (125oC/15 psi) for 30sec – 2min. 

Sections were allowed to cool to RT in dH2O.  

• Once cooled to RT, excess water was removed from the slide. Tissue sections were 

then treated with 3% hydrogen peroxide for 3-5 minutes. Then washed thoroughly 

with PBS (pH7.2) 

• Where indicated, antigen blocking was carried out using 5% w/v skim milk powder 

in PBS/0.05% Tween 20 for 10-30 min. or Zymed Cas Blocking solutions for 5-15 

min. Then washed thoroughly with PBS.  

• Excess liquid was removed from the section surface before the appropriate dilution 

of primary antibody was applied to the tissue section. (Antibodies were diluted in 
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DAKO antibody diluent or in PBS/0.05% Tween) Care was be taken to cover the 

entire section. Incubation times were varied from 10 min. – 90 min. for 

optimisation. For incubations longer than 60 minutes, slides were placed in a humid 

chamber to minimise evaporation. After incubation, slides were wash thoroughly 

with PBS.  

• Link antibody (DAKO LSAB detection kit or DAKO EnVision) was applied for 

15-30 minutes, at room temperature. Slides were washed with PBS after incubation 

and excess liquid removed as before.  

• Streptavidin Peroxidase was applied to the tissue section in excess for 15-30 

minutes. Slides were washed with PBS after incubation.  

• Section was then covered in freshly prepared DAB chromogen for 1-5 minutes. 

Reaction was stopped by thorough washing with dH20.  

• Sections were then counterstained for visual clarity using Gills haematoxylin for 

30-45 seconds or Mayers haematoxylin for 10- 20 sec and then washed thoroughly 

in running water.  

• Tissue sections were then dehydrated in 5 step alcohol to xylene dilutions (reverse 

of rehyrdation described above). 

• Coverslips were attached on stained section with Eukitt mounting glue.  

3.4.3.2 Insulin-p57 double staining 

The detection of more than one antigen in a single tissue section is a valuable tool 

to study the co-localisation of different proteins within a cell or tissue. Co-staining of 

Insulin and p57 in pancreatic sections from HI patients allowed the confirmation of p57 

staining in beta cells.  

The Dakocytomation Envision Doublestain system was used with antibodies for 

insulin and p57 (Novacastro). A sequential method was selected using immunoenzymatic 

chromogens- HRP based brown DAB and AP based blue/purple BCIP/NBT substrate 

system.  

Pancreas sections were re-hydrated in xylene and ethanol baths as described 

above. Staining protocol was carried out as outlined by the manufacturer. Antigen 

retrieval was carried out at 98oC in 10mM Citrate Buffer, pH 6.0 for 40min. Sections 

were stained with insulin first. Tissue sections were blocked initially for 20 min, 

incubated with insulin antibody (1:200) for 30 min. and stained with DAB. Following a 

through wash of the section, staining for p57 involved blocking for 30 min, incubation 
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with p57 antibody (1:100) for 1 hour, and then stained with blue BCIP/NBT. Dual stained 

sections were dehydrated and mounted as described above.  

 

3.5 In vitro Transcription-Translation and 

Protein Analysis.  

3.5.1 Rationale and Introduction 
In the course of investigating the KCNJ11 genotype in HI patients, an observation 

was made regarding the differential distribution of A190A, a silent polymorphism at 

codon 190 of the gene (Figure  4.32) between our patient cohorts. The GCC variant was 

more prevalent in the surgical cohort than the medical and normal groups.  

In order to investigate the possible mechanism of a phenotypic impact of this 

polymorphism, the transcription, translation and post translational modification 

mechanisms were examined. It was found that there is a significant imbalance in the 

expression of tRNA molecules specific for each codon translating to alanine. There are 

28 tRNAs in the human genome that are specific to the wild-type GCT codon, where as 

none encode the polymorphic GCC codon. This association between codons for alanine 

and their iso-accepting tRNA counterparts is summarised in Table  3.14.  

 

Table  3.14: Alanine codons and their respective tRNA counterpart populations. 
 

Codon (ala)  No. of specific tRNA  
GCT* 28 
GCC# 0 
GCG 5 
GCA 9 
Total 42 

Codons that translate to alanine and the respective tRNA molecule population. The anticodons of 
each (i.e. the specific sequence the tRNA recognises) would be AGC, GGC, CGC and TGC 
respectively. * is wild-type in KCNJ11, #variant form seen in KCNJ11. (393) 

 

It was hypothesised that the presence of the GCC variant resulted in a lower rate 

or reduced efficiency of translation of the Kir6.2 subunit of the channel, thus possibly 

exerting a phenotype effect in HI patients.  
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 Experimental Strategy 

The translational efficiency the variant and wildtype genotype was compared by 

expressing KCNJ11 in an in vitro transcription-translation system (Promega's TNT® T7 

Coupled Reticulocyte Lysate System). DNA samples from patients and patients with the 

targeted genotype were used for expression instead of cDNA, since KCNJ11 is an intron-

less gene. Samples from patients who were wildtype, homozygous and heterozygous for 

the A190A polymorphism were used for the experiments. The chosen patients were 

identical for all other gene variants of the KCNJ11 gene. In order to express the gene a T7 

promoter was ligated at the 5’ end of the gene by PCR. Expression was carried out as 

described by the manufacturer with careful optimization for and rigorous controls for 

each experiment. The protein produced was analyzed by denaturing SDS-PAGE as well 

as by quantitaion of incorporation of radiolabelled [*S35]-methionine ([*S35]-met).   

3.5.2 Methods 

3.5.2.1 DNA template preparation 

 PCR 

The KCNJ11 gene was amplified using primers 1 and 9 as in Table  3.6. The T7 

promoter (TAATACGACTCACTATAGG) was ligated to the 5’ end of primer 1. PCR 

was carried out using the Expand High Fidelity PCR system with 10μM primer, 3mM 

MgCl2 and 0.5mM dNTPs. Cycling conditions were : 94oC - 1 min, 17 cycles of 94oC – 

45 sec, 68oC – 1 min, 72oC - 3 min ; 22 cycles of 94oC – 45 sec, 68oC – 1 min, 72oC -8 

min. and a final elongation at 72oC for 8 minutes. PCR products were run on an agarose 

gel as described in section  3.3.2.  

 DNA template purification 

In order to separate the target region from any non-specific amplification, PCR 

products were separated on a low melting point agarose gel, and the target region excised 

and purified.  

50μl of the PCR product was loaded on to a 1% low melting point agarose gel 

with 5μl of 6X loading dye. The gel was electrophoresed on ice at 80V for 70min. The 

gel was then carefully transferred to a transilluminator. Bands of the target region 



CHAPTER 3 : MATERIALS AND METHODS 

   109 

(expected size – 1.6kb) were excised from the gel, while ensuring minimum exposure of 

the DNA to the UV radiation.  

DNA from the excised bands was purified using the QIAquick Gel Extraction Kit 

from Qiagen as per manufacturers instructions. DNA was eluted in water and quantitated 

by measuring absorbance at 260nm using a spectrophotometer and the diluted to 1μg/μl. 

Success of the ligation of the T7 promoter was confirmed initially at the time of 

experimental optimisation by sequencing final purified PCR product.  

3.5.2.2 In vitro expression  

Purified DNA was introduced into the TNT transcription-translation system as per 

the manufacturers’ instructions. Half reactions were used as suggested by the 

manufacturer, with excess amino acid mix, polymerase and DNA added in order to not 

limit protein production.  

Radioactive assays were set up using [*S35]-met. and used to study incorporation 

by radioactivity measurement (beta counting) and by autoradiography. Non-radioacitve 

assays were set up using two of the provided amino acid mixtures and analysed by SDS-

PAGE and western blotting.  

An assay was set up to examine the impact of diazoxide on the rate of translation 

and the amount of protein expressed in the presence and absence of the A190A 

polymorphism. Negative controls with no DNA, and positive controls with luciferase 

DNA as supplied by the manufacturer were set up with each experiment. A generalised 

reaction set up is shown in Table  3.15.  

Transcription/Translation reactions were incubated at 30oC for 60-180 min. 

Reactions were stopped by heating to 98oC.  
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Table  3.15 : In vitro transcription-translation assay set up.  

Reagent/Assay Radioactive Assay Non-Radioactive 
Assay Diazoxide Assay 

Rabbit Reticulocyte 
Lysate 12.5μl 12.5μl 12.5μl 

Reaction Buffer 0.9 μl 0.9 μl 0.9 μl 
T7 RNA Polymerase 0.8 μl 0.8 μl 0.8 μl 
Amino acid mix - met 1 μl - - 
Amino acid - leu - 1 μl 1 μl 
Amino acid mix - cys - 1 μl 1 μ 
*S-35 Met 2 μl - - 
RNAse Out 1 μl 1 μl 1 μl 
DNA template 10 μl 10 μl 10 μl 
Diazoxide - - 300μM 
Nuclease Free Water Up to 25μl Up to 25μl Up to 25μl 
Total Volume 25 μl 25 μl 25 μl 

General reaction set up for in vitro transcription and translation. Reactions shown are for 
patient/control DNA. Additional positive controls were set up using 2μl of manufacturer provided 
Luciferase DNA template and adjusting total volume with water.  

 

3.5.2.3 Protein Analysis 

Kir6.2 produced in the in vitro experiments was qualitatively and quantitatively 

analysed. Non-radioactive assays were analysed by denaturing and non-denaturing 

polyacrylamide gel electrophoresis (PAGE) as well as western blotting. Radioactive 

assays were analysed by autoradiography and measuring radio-activity by beta counting.  

 Polyacrylamide gel electrophoresis 

Biorad’s mini-PROTEAN 3 cell system was used for PAGE. Gel and buffer 

formulations based on the Laemmli SDS-PAGE Buffer System (394) as described in the 

BioRad mini PROTEAN 3 instruction manual. For gel preparation, reagents were 

combined as indicated in Table  3.16 and degassed for 10-20 min. Freshly prepared 10% 

APS (ammonium persulphate) and TEMED were added prior to pouring the gel.  

 

Table  3.16 : SDS-PAGE formulations  

Percent Gel ddH2O 
(ml) 

30% A/B 
(ml) 

Buffer 
(ml) * 

10%SDS 
(μl) 

10% APS 
(μl) 

TEMED 
(μl) 

4% (stacking)  6.1 1.3 2.5 100 50 10 
8% 4.7 2.7 2.5 100 50 5 
10% 4.1 3.3 2.5 100 50 5 
12% 3.4 4.9 2.5 100 50 5 

Gel formulations for denaturing SDS-PAGE with formulations for 10ml monomer solutions. 4% 
gel above is the stacking gel, 8-12% are resolving gels. *Stacking gel buffer – 1.5M Tris-HCl, 
pH6.8; Resolving gel buffer – 1.5mM Tris-HCl, pH8.8.  
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Samples were diluted 1:2 with Laemmli’s sample buffer and heated at 98oC for 4-

10 mins prior to loading on gels. Sample buffer was made with 5% β-mercaptoethanol. 

15μl of sample was loaded into the wells, and the gel run at 200v for 30-40 mins.  

  GGeell  SSttaaiinniinngg  

Selected SDS-PAGE gels were stained to observed protein staining patterns. Gels 

were stained in coomasie blue (coomasie brilliant blue 0.25% (w/v) in 45% methanol / 

9% acetic acid) for 30-40min and then detained in 40% methanol / 7% acetic acid.  

Silver Staining was carried out where increased staining sensitivity was needed by 

fixing gels in 20% TCA and 40% (v/v) methanol-10% acetic acid. Gels were then placed 

in a sensitising solution (30% ethanol, 6.8% (w/v) sodium acetate, 0.2% (w/v) sodium 

theosulphate, 0.125% (v/v) glutaraldehyde. Staining was carried out using a solution of 

0.2% (w/v) Silver Nitrate) and a developing solution of 2.5% (w/v) sodium carbonate 

with 0.0074% formaldehyde. Staining was stopped with 5% acetic acid.  

Gels were scanned or pictured, and preserved where necessary in 1-2% (v/v) 

glycerol. 

  WWeesstteerrnn  BBlloottttiinngg  

Products of the in vitro transcription-translation experiments were separated on a 

12% SDS gel and electro-blotted into Hybond nitrocellulose using the BioRad Mini-

Trans blot electrophoretic transfer cell. Transfer was carried out in a 25mM Tris Buffer 

pH 8.3 with 192mM glycine, 20% methanol and 0.1% SDS for 60 min. at 80V. A 

prestained ladder was run on the polyacrylamide gel, and transferred with the samples to 

confirm success of transfer. Locations of the transferred bands on the nitrocellulose 

membrane were identified with 0.1% (w/v) Ponceau S in 5% (v/v) acetic acid. 

Membrane was blocked over-night in 5% Skim Milk in PBS-0.01%Tween. 

Membrane was incubated in primary antibody (SantaCruz Antibodies) diluted 1:500 in 

PBS-0.01% Tween for 2-4hrs. Blot was washed 3 times with PBS- 0.01%Tween between 

steps. HRP tagged secondary antibody (Goat, Anti Rabbit - HRP) diluted 1:5000 in PBS-

0.01% Tween; was applied for 40 – 60 min. and developed with a ECL agent (Super 

Signal West pico). All incubations were carried out with rocking at room temperature.  

Blot was exposed to film (Agfa) for 30sec – 5min developing at 37oC , with a 90 

second exposure. Film was scanned and integrated density of bands evaluated using 

ImageJ (395).  
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  [[**SS3355]]--mmeett  iinnccoorrppoorraattiioonn  ssttuuddiieess  ––  AAuuttoorraaddiiooggrraapphhyy  

Autoradiography was used visualize protein production where [*S35]-met was 

used for in vitro translation experiments. Samples were separated on an 8% SDS-PAGE 

gel as described above. After electrophoretic separation, gels were soaked in 7% acetic 

acid, 7% methanol, 1% (v/v) glycerol for preservation, where indicated gels were dried at 

80oC onto Whatman filter paper. Gels were exposed to X-Ray film for 6-15 hrs at room 

temperature using a non-phosphorimaging screen.  

X-Ray film was scanned and integrated density of bands evaluated using ImageJ 

(395), where indicated.  

  **[[**SS3355]]--mmeett  iinnccoorrppoorraattiioonn  ––  bbeettaa  ccoouunnttiinngg  

[*S35]-met incorporation during in vitro translation was examined using 

scintillation counting. A radioactive assay was setup as described in Table  3.15. 

Following in vitro transcription-translation, 2.5μl of the reaction mix from each sample 

was transferred to a 5mm filter paper disk and allowed to dry at room temperature (in 

duplicates). Protein in the sample was precipitated by TCA precipitation. Filter paper 

disks with the dried sample were incubated in 1ml 10% (v/v) TCA for 2 min, then 

washed 3 times in 95% ethanol and dried in air.  

The filter paper disks were transferred to a 96 well plate, and 200μl of Wallac 

SuperMix Scintillant was added. Plate was read for β radiation, including a blank and a 

total count using the Wallac TriLux, Liquid Scintillation and Luminescence Counter. 

Calculations were carried out in Microsoft Excel.  

3.6 Data Analysis and Bioinformatics 

3.6.1 Introduction 
Bioinformatics involves the application of techniques such as applied 

mathematics, informatics and statistics to solve biological problems, usually at the 

molecular level in silico. Such tools are especially valuable in sequence alignments, 

protein and DNA structure predictions etc.  

Tools that enable analysis of mathematical data are vital for interpreting and 

presenting mathematics based data from scientific experiments.  
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3.6.2 Programs used 
Sequence data for each gene analysed was obtained from The National Centre of 

Biotechnology Information - NCBI (http://www.ncbi.nlm.nih.gov) and the Ensemble 

Gene Browser (396) (http://www.ensembl.org).  

Chromas Pro (Technelysium Pte. Ltd.) was used for editing sequence 

chromatograms. Editing involved cleavage of leader and trailing sequences outside the 

target areas and confirming the automated identification of bases (especially ambiguous 

or heterozygous peaks). Chromatogram peaks that were ambiguous were compared 

between the forward and reverse chromatograms. Within Chromas Pro, Clustal W (397) 

was used for aligning multiple sequences. Seqeuencher (Gene Codes Cooperation) was 

used for viewing and aligning multiple sequence chromatograms.  

Clustal W and NCBIs BLAST function (398) were used for sequence 

comparisons and alignments of gene sequences. 

The web based programs PSIPRED (399) and RCSB Protein Data Bank (400), 

were used for protein structure predictions. mRNA and pre-mRNA structure predictions 

were based on RNADraw (401).  

Microsoft Excel, SPSS and R (402) were used for statistical calculations and for 

creating graphs.  

 



 

 

Chapter 4  
 
Results :  
 
Genetic Analysis of 
Australian HI Patients  

 

 

 

 

 

Genes are nothing more (or less) than instructions to make 
proteins…In this case they are rather like the keys of a piano, 
each playing a single note and nothing else. Combine the genes, 
as you would combine piano keys and you can create chords and 
melodies of infinite variety. Put all the genes together and you 
have the great symphony of existence known as the human 
genome.  
                        - Bill Bryson, A Short History of Nearly Everything.  
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4.1 Introduction  
In the years since the completion of the human genome project, understanding of 

the relationship between human genetics and diseases has increased dramatically. There 

are now several genetic diseases in which the precise genetic irregularities have been 

identified; a phenomenon that has aided in the understanding of disease acquisition and 

progression and improved diagnosis and treatment of the disease. However, there remain 

many monogenic and polygenic diseases in which we have only just begun to understand 

the relationship between the genome and the disease. Today, there are numerous different 

tools available to the molecular geneticist for analysing DNA sequences in the study of 

genetic diseases. However, direct PCR amplification and sequencing remains the gold 

standard for such analysis, as its specificity and sensitivity has not been matched in other 

methods as yet.  

Alterations of protein coding nucleotide sequences in genes can have phenotypic 

impacts that ultimately lead to human diseases by various mechanisms. These alterations 

may be nucleotide substitutions, deletions or insertions that lead to mis-sense or frame 

shift mutations or polymorphisms. Other alterations in nucleotide sequences outside the 

coding regions can affect the splicing, regulation or expression of the gene. Many terms 

are used to describe such genetic alterations, for the purpose of clarity, some commonly 

used terms to describe sequence variations discussed in this thesis are defined below as 

used (403; 404).  

 

• Genetic Variation: The differences in gene sequence between parents and their 

offspring or among individuals in a population.  

• Polymorphisms: Base changes that are naturally occurring variations in gene 

sequences and have been identified in a percentage of the general population at a 

frequency of 1% or higher but are not directly associated with a pathogenic effect.  

• SNP : Single Nucleotide Polymorphism – a polymorphism that affects a single 

nucleotide. 

• Mutation: Permanent and heritable change in the nucleotide sequence of a 

chromosome that leads to a change in or loss of the normal function of the gene 

and/or product, usually associated with a pathogenic effect.   
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• Compound Heterozygote : an organism that is heterozygous for two different 

(disease) alleles at a single locus i.e. the presence of two different disease 

associated alleles at a single locus. 

 

In this thesis, nomenclature for sequence variations (mutations or polymorphisms) 

is used as recommended by Dunnen and Antonasrkis (405). Nucleotide numbering is 

used as recommended by Dunnen and Antonasrkis, where the A of the ATG translation 

initiation codon is nucleotide 1, nucleotides 5’ of an exon start site are -1 onwards, and 

nucleotides 3’ of an exon end site are +1 onwards. ABCC8 nucleotide and codon 

positions are according to the full-length human cDNA sequence of SUR1 incorporating 

the alternative spliced exon 17 (NM_000352). KCNJ11 nucleotide and codon numbers 

are according to the full length human cDNA sequence (XM_006398). GLUD1 

nucleotide and codon numbers are according to the full length human cDNA sequence 

(NM_005271), where the A of the translation initiation codon ATG, is designated -53. 

GCK nucleotide and codon numbers are according to full length human cDNA sequence 

of GCK isoform 1, most commonly expressed in the pancreas (NM_00016.2). Alternative 

isoforms 2 and 3, with variant exons 1b and 1c respectively were also sequenced 

(NM_33507.1 & NM_033508.1) and this work incorporates all three alternative 

sequences for exon 1 (exons 1a, 1b and 1c). HADH nucleotide and codon numbers are 

according to the full length human cDNA sequence (NM_005327).  

 

4.2 Genetic analysis of ABCC8 

4.2.1 Results : PCR  
DNA samples from surgical and medical patients were amplified by PCR as 

described in section  0. PCR products were run on a 2% agarose gel to ensure that the 

PCR reaction was successful and that a product of the expected size had been obtained.  

Figure  4.1 below shows a sample agarose gel from a PCR of exons 1-39 of 

ABCC8 from a control DNA sample.  
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A  

B  

C  

Figure  4.1. Agarose gel electrophoresis of ABCC8 PCR – exons 1-39.  
A – PCR product for amplification of exons 1-13. (lane 1, 15 – 50bp ladder. Lanes 2-14 – exons 1-
13 respectively.  
B – PCR product for amplification of exons 14-26. (lane 1, 15 – 50bp ladder. Lanes 2-14 – exons 
14-26 respectively. 
C – PCR product for amplification of exons 27-39. (lane 1, 15 – 50bp ladder. Lanes 2-14 – exons 
27-39 respectively. 

4.2.2 Results : Sequencing  
Results of the sequencing reaction were obtained in the form of a chromatogram. 

Forward and reverse sequences of each exon were aligned and compared to the consensus 

sequence of ABCC8 using the program Chromas Pro (Figure  4.2). A gene sequence 

variation would be visible as a mismatch. 
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Figure  4.2. Representation of sequence alignment of ABCC8.  

Example of alignments used in analysis of sequences obtained. Row 1 (uncoloured) shows the 
consensus sequence, the chromatogram on top is the reverse sequence and the chromatogram on 
the bottom is the forward sequence. The third row depicts editing changes made to the sequence (if 
necessary). Dis-similarities would be apparent as a mis-match between any two of the sequences. 
(sequence used, exon 36 from patient S05).  
 

4.2.3 Results : Genotyping 
Of the 35 surgical patients recruited in this study, DNA samples and consent for 

genetic analysis were obtained from 21 patients. The genetic finding for this cohort of 

patients is summarised in Table  4.1 below. Several SNPs were identified in this cohort, 

these are listed in appendix 2. At least one mutation in the ABCC8 gene was identified in 

17 patients; of these nine mutations had been reported to be associated with HI previously, 

and 11 were novel putative mutations. No ABCC8 mutations were identified in four 

patients.  

Of the 27 patients recruited in the medical cohort, DNA was available for genetic 

analysis in 17 patients. Table  4.2 below summarises the genetic findings in this cohort. 

SNPs identified are listed in appendix 2. One patient was found to carry a novel putative 

mutation on ABCC8, but this patient was later re-classified as surgical since he continued 

to suffer hypoglycaemic episodes and underwent surgery two years post-diagnosis. No 

other mutations were identified in this cohort of patients.  
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Mutations were identified by examining sequence chromatograms, and comparing 

mismatches to a consensus sequence. Where genetic variations were identified, the PCR 

and sequencing reactions were repeated for confirmation. Parental origins of mutations 

were established by sequencing the affected regions in DNA from both parents where 

available.  
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Table  4.1 : Genotyping results of ABCC8 in surgical patients.  
Thesis 
study 
code 

Sex Histology Mutation 1 Mutation 2 Number of 
SNPs † 

S01 F Focal None 3133-3152 del 26 
S02 M Atypical None none 21 
S03 F Diffuse 3992-9 A>G R1494W  4 
S04 M Diffuse R1421C  R168C  7 
S05 F Focal None L1544P  19 
S07 M Focal None D1472N  21 
S10 F Diffuse R837Stop, D1472N * none 2 
S11 F Focal None 3992-9 G>A 16 
S12 M normal 4123-19 T>C# none 0 
S16 F Focal None 3577-3578 del G  16 
S20 M Diffuse L1521P  none 16 
S22 F Diffuse R1436Q  M1V  18 
S25 F Diffuse None 2559+3-2559+16 del 16 
S26 F Diffuse None none 25 
S27 M Diffuse None G228D  9 
S28 F Diffuse None none 23 
S29 F Focal None E946Stop  19 
S30 F Atypical G1401R# none 21 
S31 F Focal None M80R  19 
S32 M Diffuse None none 19 
S35 F Diffuse D1406H  none 12 

Genotyping results of the gene ABCC8 in the cohort of surgical patients. “None” – implies no 
mutations were identified in the regions analysed.. Mutation 1 is of maternal origin unless 
otherwise indicated. Mutation 2 is of paternal origin unless otherwise indicated. *- both mutations 
are of maternal origin. # - mode of inheritance not identified due to unavailability of DNA sample. 
Novel putative mutations are in bold. †- number of SNPs that are within 20bp of the splice sites. 
Detailed list of the SNPs identified in appendix 2. Details of histological classifications are in 
section  5.1.  
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Table  4.2 : Genotyping results of ABCC8 in medical patients.  
Thesis 
study 
code 

Sex Mutation 1 Mutation 2 SNPs (no of)* 

M03 M None none 1 
M06 M L1391H # none 2 
M07 F None none 1 
M09 F None none 1 
M10 F None none 1 
M14 M None none 3 
M15 F None none 4 
M16 F None none 0 
M17 M None none 5 
M18 F None none 0 
M20 F None none 4 
M21 M None none 2 
M22 F None none 1 
M24 F None none 3 
M25 M None none 2 
M26 F None none 2 
M27 F None none 2 

Genotyping results of the gene ABCC8 in the cohort of medical patients. “None” – implies no 
mutations were identified in the regions analysed.. Mutation 1 is of maternal origin unless 
otherwise indicated. Mutation 2 is of paternal origin unless otherwise indicated. # - mode of 
inheritance not identified due to unavailability of DNA samples. Novel putative mutations are in 
bold. *- number of SNPs that are within 20bp of the splice sites. Detailed list of the SNPs 
identified in appendix 2. 

 

4.2.3.1 Mutations of the ABCC8 gene 

Genetic variations identified during sequencing of ABCC8 were apparent on 

chromatograms as ambiguous peaks, that did not match with the consensus sequence. 

Variants were classified as mutations or putative mutations based on literature searches 

and in some cases the analysis of normal control DNAs. The mutations identified in the 

ABCC8 gene are described here with the corresponding chromatograms. 

An A to G transition at the first codon of the ABCC8 gene that leads to the 

substitution of the translation initiation residue, methionine for valine was identified in 

patient S22 (Figure  4.3). The mis-sense mutation was heterozygous in the patient (two 

peaks are seen at the same location in the chromatogram), and was found to be paternally 

inherited in the patient, who had no family history of the disease. 

 

 



CHAPTER 4 : RESULTS -GENETIC ANALYSIS 

122   

     
 Figure  4.3. Sequence chromatogram M1V 
 
 A section of the chromatograms of exon 1 from, patient S22 
showing the heterozygous A to G base change (depicted as N). 
(2 separate reverse chromatograms are shown as the mutation 
was less obvious in the forward direction) The codon affected 
is circled. Chromatogram colours : A: Adenine, C: Cytosine, 
G : Guanine, T : Thymine. 

  

 

 

A nucleotide change from ATG to AGG resulting in the substitution of 

methionine for arginine at codon number 80 was identified in patient S31 (Figure  4.4). 

This heterozygous mis-sense mutation at codon 80 in exon 2 was found to be paternally 

inherited in this patient.  

 

Figure  4.4. Sequence chromatogram of M80V. 
  
A section of the forward (bottom) and reverse (top) 
sequence chromatograms for exon 2, patient S31. The 
heterozygous mutation is depicted by N. The codon 
affected is circled. Chromatogram colours : A: Adenine, C: 
Cytosine, G : Guanine, T : Thymine. 

 

 

 

 

An arginine to cystine substitution, the result of a CGC to TGC transition at 

nucleotide 502 was identified in patient S04 (Figure  4.5). This heterozygous mutation 

was found to be paternally inherited in the patient and is one of two mutations identified 

in the patient.  

 
 
Figure  4.5. Sequence chromatograph of R168C.  
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 4, patient S04. The heterozygous base 
change is depicted by N. The affected codon is circled. 
Chromatogram colours : A: Adenine, C: Cytosine, G : Guanine, 
T : Thymine. 
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The G228D mutation, identified in patient S27 is the result of a heterozygous 

transversion from GGC to GAC at nucleotide 683, in exon 5 (Figure  4.6). The glycine to 

aspartate substitution, was paternally inherited in the patient.  

 

Figure  4.6. Sequence chromatograph of G228D 
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 5, patient S27. The heterozygous base 
change is depicted by N. The affected codon is circled. 
Chromatogram colours : A: Adenine, C: Cytosine, G : 
Guanine, T : Thymine.  

 

 

 

A heterozygous CGA to TGA nucleotide change at codon 2509 in exon 21 of the 

gene was identified in patient S07. The mutation R837STOP (Figure  4.7) was found to be 

maternally inherited in the patient.  

 

Figure  4.7. Sequence chromatograph of R837STOP 
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 21, patient S07. The heterozygous base 
change is depicted by N. The affected codon (as reverse 
complement) is circled. Chromatogram colours : A: Adenine, C: 
Cytosine, G : Guanine, T : Thymine. 

 

 

 

A heterozygous deletion of 13 bases (GAGTGCAAGTTCC) at the exon 21-intron 

21 splice site (2559+3 – 2558+16 del) was identified on one allele in patient S25 (Figure 

 4.8). The mutation was found to be paternally inherited in this patient.  
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Figure  4.8. Sequence Chromatogram of 2559+3-2559+16del 

A section of the forward(bottom) and reverse(top) chromatographs of exon 21, patient S25. The 
deleted region is boxed. Region of heterozygous deletion in each direction is preceded by distinct 
peaks (boxed in purple) . Ambiguous bases are depicted by N. Chromatogram colours : A: Adenine, 
C: Cytosine, G : Guanine, T : Thymine. 

 

A putative mutation resulting in the introduction of a STOP codon was identified 

on one allele at codon 946 in patient S29. The GAG to TAG nucleotide change in exon 

24, results in the substitution of glutamate encoding codon by a STOP codon. The 

heterozygous mutation was found to be paternally inherited (sequence shown in Figure 

 4.9). 

 

Figure  4.9. Sequence Chromatogram of 
E946STOP 
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 24, patient S29. 
Heterozygous base change is depicted by N. 
Affected codon is circled. Chromatogram colours : 
A: Adenine, C: Cytosine, G : Guanine, T : Thymine. 
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A heterozygous deletion of 20 base pairs (CCTGCAGCCAGGAACTGCTC) 

from nucleotide 3133 (codon 1045) to n3152 in exon 25 (Figure  4.10) was identified in 

patient S01. The deletion was paternally inherited in the patient.  

 
Figure  4.10. Sequence chromatogram of 3133-3152 del 

Figure shows a section of the forward(top) and reverse(bottom) chromatographs of exon 22, patient 
S01. The deleted bases are boxed in orange Region of heterozygous deletion in each direction is 
preceded by distinct peaks (boxed in purple). Ambiguous bases are depicted by N. Chromatogram 
colours : A: Adenine, C: Cytosine, G : Guanine, T : Thymine. 

 

A heterozygous deletion of a guanine nucleotide at n3577-n3578 was identified in 

patient S16 (Figure  4.11). The parental origin of the mutation in exon 29 was not 

determined due to sample unavailability. 

 
Figure  4.11. Sequence chromatogram of 3577-3578del.  

A section of the forward (bottom) and reverse (top) chromatographs of exon 29, patient S16. The 
deleted base is boxed and can be seen in the reverse direction, and is absent in the forward 
directions. Region of heterozygous deletion in each direction is preceded by distinct peaks (boxed 
in purple). Ambiguous bases are depicted by N. Chromatogram colours : A: Adenine, C: Cytosine, 
G : Guanine, T : Thymine. 
 

A heterozygous nucleotide substitution of adenine for guanine at nucleotide 3992-

9, near the intron 32-exon 33 splice site was identified in patient S03. The mutation was 

also detected in patient S11 who has an unaffected monozygotic twin. The mutation was 

maternally inherited in patient S03 and paternally inherited in patient S11. Figure  4.12 

shows sections of the respective sequence chromatograms carrying the mutation. 
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A          B   

Figure  4.12 Sequence chromatograms for 3992-9G>A. 
A section of the forward(bottom) and reverse(top) chromatographs of exon 33, patient S03(17a) 
and S11(17b). Heterozygous base change is depicted by N. Chromatogram colours : A: Adenine, C: 
Cytosine, G : Guanine, T : Thymine. 

 

A heterozygous thymine to cystine substitution was identified 19 nucleotides 

upstream of the exon 34 splice site at nucleotide 4123-19 in patient S12 (Figure  4.13). 

This mutation is commonly associated with HI (406; 407). Due to the unavailability of 

parental samples, the mode of inheritance could not be determined in this patient.  

 

 

 

Figure  4.13. Sequence chromatogram of 4123-19 
T>C 
A section of the forward(top) and reverse(bottom) 
chromatographs of exon 34, patient S12.). Heterozygous 
base change is depicted by N. Chromatogram colours : A: 
Adenine, C: Cytosine, G : Guanine, T : Thymine. 

 

 

 

L1391H is a heterozygous mis-sense mutation that was identified in patient M06 

(Figure  4.14). The CTT to CAT transition at codon 1391 in exon 34 results in the 

substitution of the amino acid residue leucine by histamine. The parental origin of the 

mutation could was not identified due to sample un-availability.  

 

Figure  4.14. Sequence chromatogram of L1391H. 
A section of the forward(top) and reverse(bottom) 
chromatographs of exon 34, patient sm6.Heterozygous base 
change is depicted by N(W- A or T).. Affected codon is 
circled. Chromatogram colours : A: Adenine, C: Cytosine, G : 
Guanine, T : Thymine. 
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A mis-sense mutation, G1401R was identified in patient S30. The glycine to 

arginine substitution was a result of a heterozygous GGG to AGG codon alteration at 

nucleotide 4201 in exon 34 (Figure  4.15). Parental origin of the mutation is not known.  

 

Figure  4.15. Sequence chromatogram of G1401R.  
A section of the forward(bottom) and reverse (top) 
chromatographs of exon 34, patient S30). Heterozygous 
base change is depicted by N. The affected base “N” is the 
last base of the exon, and forms a complete codon with the 
first 2 bases of the next exon. Thus the G and T peaks after 
the N are not part of the affected codon. Chromatogram 
colours : A: Adenine, C: Cytosine, G : Guanine, T : 
Thymine. 

 

 

A single heterozygous mis-sense mutation, D1406H was identified in patient S35 

at codon 1406 in exon 35. A GAT to CAT sequence change resulted in the amino acid 

substitution of histidine for aspartate. The mutation was found to be maternally inherited 

in the patient. Figure  4.16 below shows a section of the sequence chromatogram where 

the mutation is located. 

 

 
Figure  4.16. Sequence Chromatogram of D1406H 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 35, patient S35. Heterozygous base 
change is depicted by N. Affected codon is circled. 
Chromatogram colours : A: Adenine, C: Cytosine, G : 
Guanine, T : Thymine. 
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The mis-sense mutation R1421C, an arginine to cystine substitution resulting 

from CGC to TGC transition in exon 35 was identified in patient S04 (Figure  4.17). It 

was maternally inherited in the patient. 

 

 

 
Figure  4.17. Sequence Chromatogram of R1421C 
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 35, patient S35. Heterozygous 
base change is depicted by N. Affected codon is circled. 
Chromatogram colours : A: A: Adenine, C: Cytosine, G : 
Guanine, T : Thymine. 

 

 

 

An arginine to glutamine substitution resulting from a CGG to CAG transversion 

was identified at the terminal end of exon 35 in patient S22 (Figure  4.17). It was found to 

be maternally inherited in this patient. 

 

 
Figure  4.18. Sequence chromatogram of R1436Q 
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 35, patient S22. Heterozygous 
base change is depicted by N. Affected codon (in reverse 
complement) is circled. Chromatogram colours : A: 
Adenine, C: Cytosine, G : Guanine, T : Thymine. 

 

 

 

 

A heterozygous mutation, D1472N was identified patients S07 and S10. The 

aspartate to asparagine substitution is the result of a GAT to AAT change at nucleotide 

4414 in exon 36 of the gene. The mutation was found to be paternally inherited in both 

patients (Figure  4.19). 
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Figure  4.19. Sequence chromatogram of D1472N (pt S07 & S10) 

A section of the forward(bottom) and reverse(top) chromatographs of exon 36, patient S07(24a) 
and S10(24b). Heterozygous base change is depicted by N. The affected base “N” is the last base of 
the exon, and forms a complete codon with the first 2 bases of the next exon. Thus the G and T 
peaks after the N are not part of the affected codon. Chromatogram colours : A: Adenine, C: 
Cytosine, G : Guanine, T : Thymine. 

 

R1494W, an arginine to tryptophan substitution is the result of a CGG to TGG 

transition was identified in patient S03. The heterozygous mutation at nucleotide 4480 in 

exon 37 (Figure  4.20) was found to be paternally inherited in the patient. 

 

 

Figure  4.20. Sequence chromatogram of R1494W.  
 
A section of the forward (bottom) and reverse (top) 
chromatographs of exon 37, patient S03. 
Heterozygous base change is depicted by N. 
Affected codon is circled. Chromatogram colours : 
A: Adenine, C: Cytosine, G : Guanine, T : Thymine. 

 

 

 

 

A leucine to proline substitution, the result of a CTC to CCC base change at 

nucleotide 4562 was identified in exon 38 of patient S20 (Figure  4.21). The heterozygous 

mutation was found to be maternally inherited in this patient. 
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Figure  4.21. Sequence chromatogram of L1521P. 
 
A section of the forward(bottom) and reverse(top) 
chromatographs of exon 38, patient S20. 
Heterozygous base change is depicted by N. 
Affected codon is circled. Chromatogram colours : 
A: Adenine, C: Cytosine, G : Guanine, T : Thymine. 

 

 

 

A CTG to CCG mutation at nucleotide 4631 on exon 39 that results in a leucine to 

proline substitution was identified in patient S05 (Figure  4.22). The heterozygous 

mutation was paternally inherited in the patient. 

 

 

Figure  4.22. Sequence chromatogram of L1544P 
 
A section of the forward(bottom) and reverse(top) 
chromatographs of exon 39, patient S04. Heterozygous base 
change is depicted by N. Affected codon is circled. 
Chromatogram colours : A: Adenine, C: Cytosine, G : 
Guanine, T : Thymine. 

  

 

4.2.3.2 Polymorphisms of the ABCC8 gene  

Genetic analysis of ABCC8 in 21 surgical and 19 medical patients revealed 

several genetic variations (SNPs and insertion/deletion polymorphisms) in the coding and 

intronic regions of the gene. The total number of polymorphisms identified in each is 

included in Table  4.1& Table  4.2, while a complete list of the polymorphisms is included 

in Appendix 2. Gene variants identified more than 25 bp away from the intron-exon 

boundary are not included in this list (due to high degree of variability in intronic 

regions).  

Fifty-six genetic variants were identified in the 43 HI patients analysed. Of the 

polymorphisms identified, four were found in the medical cohort alone (n413-14 A>G, 

n3565+4C>T, pI1451I & pL1555L), three in both the medical and the surgical cohorts 

(pL830L, pR1274R & pS1369A) and 53 were present only in the surgical cohort. None 



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY        

   131 

of the polymorphisms identified in this study were novel. Patients in the surgical cohort 

had between 0-25 polymorphisms (mode = 19), whereas patients in the medical cohort 

had 0-5 polymorphisms (mode =1). The occurrence of polymorphisms was 1 per 407 

bases in the surgical cohort, but was 1 per 3504 bases in the medical cohort. The 

polymorphisms identified, and the number and surgical and medical patients carrying 

each polymorphism is shown in Table  4.3. Topological locations of these along the gene 

is shown in Figure  4.25.  

 

Table  4.3. ABCC8 Polymorphisms identified in surgical and medical HI patients  

Polymorphism no. in surgical no. in medical total in HI 
patients 

1419 1 0 1 
1012-1013 del 5 0 5 
1332+14-1332+15 ins 1 0 1 
148+14 - 148+16 ins 1 0 1 
1817+16 - 1817+17 del 7 0 7 
2040+14 - 2040+15 del  1 0 1 
2117-3 C>T 5 5 10 
2223-18 - 2223-19 del 20 0 20 
2223-7 - 2223-8 del 21 0 21 
2258+17 - 2258+18 del 3 0 3 
2294+10 - 2294+11 del 4 0 4 
2295-12 T>C 4 0 4 
2295-19 T>C 2 0 2 
2394-7 T>A 3 0 3 
2478+19 - 2478+20 del 2 0 2 
290+11 - 290+12 del 8 0 8 
3560+10 - 3560+11 del 8 0 8 
3565+4 C>T 0 1 1 
3871-13 - 3871-14 ins 1 0 1 
4122+11 A>C 3 0 3 
4122+6 - 4122+7 del 5 0 5 
413-14 A>G 0 9 9 
4201+15 -4201+16 del 1 0 1 
4310+6 - 4310+7 del 8 0 8 
579+10 - 579+11 del 8 0 8 
579+15 C>T 7 0 7 
579+20 - 579+21 ins 9 0 9 
580-17 - 580 -18 ins 9 0 9 
A110A 2 0 2 
A1172A 15 0 15 
A29V 1 0 1 
G163A 2 0 2 
G906G 3 0 3 
H547H 1 0 1 
H562H 6 0 6 
H580H 1 0 1 
I1415I 0 1 1 
I423I 1 0 1 
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K649K 9 0 9 
L1171L 15 0 15 
L1555L 0 5 5 
L157F 14 0 14 
L197V 2 0 2 
L830L 4 2 6 
P1360L 0 1 1 
P1419R 10 0 10 
P225L 15 0 15 
P69P 17 0 17 
Q1179Q 1 0 1 
R1274R 5 7 12 
R1411A 11 0 11 
S1370A 11 8 19 
T760T 2 0 2 
V1173I 15 0 15 
V141V 1 0 1 
V1573I 4 0 4 
V256A 15 0 15 
Total 330 39 369 

 

4.2.4 Analysis of Genetic Variations Identified 
The genetic analysis of 30 patients diagnosed with HI revealed 11 novel putative 

mutations and 8 previously reported mutations were identified. Figure  4.23 and Figure 

 4.24 below show the topographical locations of the mutations along the gene and the 

SUR1 transcript in the patients genotyped in this study. The effects of the mutations on 

the protein structure, function and disease phenotype are discussed later in section  7.1.1.  
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Figure  4.23 : Schematic representation of the ABCC8 gene showing locations of the mutations identified.  

Figure adapted from Aguilar-Bryan 1999(204) shows the arrangement of exons of the ABCC8 gene and the locations of the mutations identified in the cohort 
analysed. The first line shows the arrangement of the SUR1 protein. The filled boxes are the transmembrane domains, the clear boxes NBF1 and 2. A and B 
depict the Walker A and Walker B motifs in each NBF. Locations of mutations are approximations.  
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Figure  4.24 : Topographical model of SUR1 showing HI associated mutations.  

Topographical locations of mutations along SUR1. TDM0,1,2 are the transmembrane regions, 
NBF1&2 – nucleotide binding folds. Novel putative mutations are as orange circles (   ). Previously 
reported mutations are as blue squares (    ). Intronic mutations are shown in the figure near the 
regions most affected by them – represented as triangles (    /   ). Transmembrane topology based 
on Tusnady et al.(236). 
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Figure  4.25 : Schematic representation of the ABCC8 gene showing locations of the polymorphisms identified. 
Arrangement of exons of the ABCC8 gene and the locations of the polymorphisms identified in HI patients analysed. Polymorphisms above the exon map are 
intronic, while exonic ones are below. Polymorphisms identified in the surgical cohort are in blue, and polymorphisms identified in the medical cohort are in 
green. Locations of mutations are approximations. Figure adapted from Aguilar-Bryan (204) 

 

 

 



CHAPTER 4 : RESULTS -GENETIC ANALYSIS 
 

136   

4.2.4.1 STR analysis  

 Background 

Genetically, focal HI is associated with a single paternally inherited ABCC8 

mutation, coupled with a somatic LOH at maternal 11p15.1. Diffuse HI is generally 

associated with either a dominant ABCC8 mutation, compound heterozygous ABCC8 

mutations, or mutations in another gene. The proposed ‘focal-diffuse’ histology has no 

known inheritance pattern to date. Surgical patient S11 was initially classified as having 

‘focal-diffuse’ histology. Atypical beta cells and pale centroacinar cells were seen in the 

pancreas sections, outside the focal adenomatous region (215). The patient, who 

presented with severe disease has an unaffected twin (with an identical genotype). 

Discordance between monozygotic twins provides an excellent platform for investigating 

inheritance of the disease.  

In order to further analyse the genetic findings in patient S11 STR copy number 

analysis was carried out to demonstrate monozygocity. Patient S11, her twin, their 

parents and an unaffected sibling were analysed for the markers THO1, TPOX and 

CSF1P0 and Amilogenin.    

  Results : STR genotyping 

STR genotyping is a useful tool in identification of individuals due to the natural 

variation in STR copy-numbers amongst persons in a population. STR typing is 

performed by comparison of sample data to allelic ladders run alongside the samples. 

Allele frequency tables (408) are used to calculate the expected frequency of the allele 

size obtained using principles of Hardy-Weinberg equilibrium. Table  4.4 below 

summarises allele frequencies in the family analysed.  
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Figure  4.26. STR copy number analysis of patient S11 and her twin 

STR markers seen in patients S11 (top) and her twin (bottom). TH01, TPOX and CSF1P0 copy-
number are identical. (red peaks are the Tamara size marker used to determine copy number) 

 

Table  4.4 : STR frequency of patient S11 and family  
Sample Amilogenin TH01 TPOX CSF1P0 Occurrence 
Twin 1 (S11) X/X 0.219 0.558 0.154 1/54 
Twin 2* X/X 0.219 0.558 0.154 1/54 
Mother X/X 0.219 0.299 0.155 1/99 
Father X/Y 0.219 0.558 0.315 1/26 
Sibling X/Y 0.770 0.558 0.190 1/23 

Summary of allele frequencies of the examines STR markers in the pair of discordant twins and 
their family. * indicates the un- affected twin. Occurrence is the probability of another individual 
having the same genotype, i.e. an occurrence of 1/54 implies one individual in 54 may have the 
same markers as the twins.  

 

STR analysis of patient S11 and her twin confirm that they are offspring of the 

same parents. The allele frequencies of THO1, TPOX and CSF1P0 in the twins show that 

there is a 1 in 54 chance of an unrelated member of the population carrying the same 

alleles.  

4.3 KCNJ11 

4.3.1 Results : PCR 
The intron-less gene KCNJ11 was amplified with the use of two PCR reactions. 

PCR products were run on an agarose gel for confirmation of reaction success. When 

clear bands such as in Figure  4.27 were obtained, the PCR products were purified and 

sequenced.  
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Figure  4.27. Agarose gel electrophoresis of Kir6.2 PCR. 

2% agarose gel electrophoresis of PCR product from the amplification of KCNJ11. Lane 1 product 
of PCR using primers kir1 and 6 lane 2 product of PCR using primers kir5 and 9. lane 3 – 50 bp 
ladder. (Sample - normal control DNA)  

4.3.2 Results : Sequencing 
Due to the length of KCNJ11, nested primers were used in a set of ten overlapping 

sequencing reactions to completely sequence the gene. Sequence chromatograms were 

assembled for each patient and compared to the consensus sequence to identify 

mismatches and gene sequence variations. Figure  4.28 shows the alignment of the 10 

sequence reactions that are used to cover the entire gene.  

 

 
Figure  4.28 : Alignment of sequences for genotyping KCNJ11 

Figure shows the ‘contig’ view of all 10 sequences used to completely sequence KCNJ11. The line 
marked ‘kir mRNA’ is the consensus sequence (5’  3’). Each sequence is labelled with the 
primer used for the sequencing reaction as in Table  3.6 above.  
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4.3.3 Genotyping results  
The single exon of the KCNJ11 gene and its splice sites were genotyped in 25 

surgical patients and 18 medical patients. No previously reported or putative mutations 

associated with disease were identified in either cohort. Six SNPs were observed in both 

cohorts. Genetic finding in the analysis of this gene are summarised in Table  4.5.  
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Table  4.5 : Genetic results of KCNJ11 analysis in surgical and medical cohorts  

Patient Sex Mutation E23K S148I A190A L270V I337V L381L 
S01 F None a/g t/t c/c - a/g - 
S02 M None a/g t/t t/c - a/g - 
S03 F None - t/t t/c - - - 
S04 M None - t/t t/c - - a/g 
S05 F None - t/t - - - - 
S07 M None - t/t c/c - - - 
S10 F None - t/t c/c - - - 
S11 F None - t/t - - - - 
S12 M None a/g t/t c/c - a/a - 
S16 F None a/a t/t c/c - g/g - 
S20 M None - t/t c/c - - - 
S22 F None a/g t/t t/c - a/g - 
S25 F None a/g t/t t/c - a/g - 
S26 F None a/a t/t c/c - g/g - 
S27 M None a/a t/t c/c g/c g/g - 
S28 F None - t/t c/c - - - 
S29 F None a/g t/t t/c - a/g - 
S30 F None - t/t t/c - - - 
S31 F None a/g t/t t/c c/g a/g - 
S32 M None a/g t/t t/c c/g a/g - 
S35 F None a/g t/t t/c - a/g - 
M03 M None a/g - t/c - g/g - 
M06 M None a/g - t/c - a/g - 
M07 F None a/g - c/c - g/g - 
M09 F None a/g - t/c - g/g - 
M10 F None a/g - - - a/g - 
M14 M None a/g - - c/g a/g - 
M15 F None a/g - - c/g a/g - 
M17 M None g/a - - - a/g - 
M18 F None a/g - t/c - g/g - 
M20 F None - - - - - - 
M21 M None a/g - - g/c g/g - 
M22 F None a/g - - - g/g - 
M24 F None a/g - t/c - a/g - 
M25 M None a/g - t/c - a/g - 
M26 F None a/g - t/c - a/g - 
M27 F None a/g - t/c - g/g - 

Six SNPs were found throughout the patient cohorts, the genotype of each is shown here. - implies 
the genotype was the wild type. In E23K a/g is the heterozygous genotype, a/a is the homozygous 
genotype and the wildtype genotype is g/g. In S148I t/g is the heterozygous genotype, t/t is the 
homozygous genotype and the wildtype genotype is g/g. In A190A. c/t is the heterozygous 
genotype, c/c is the homozygous genotype and the wildtype genotype is t/t. In L270V c/g is the 
heterozygous genotype, g/g is the homozygous genotype and the wildtype genotype is c/c. In 
I337V a/g is the heterozygous genotype, g/g is the homozygous genotype and the wildtype 
genotype is a/a.. In L381L a/g is the heterozygous genotype, g/g is the homozygous genotype and 
the wildtype genotype is a/a. Parental origin was not determined 
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4.3.4 Polymorphisms in KCNJ11 
Six SNPs were identified upon genotyping KCNJ11 in both cohorts of patients. 

The distribution of E23K (rs5219), S1481I, A190A (rs5218) and I337V (rs5215) differed 

between the medical and surgical cohorts (p<0.005 for each SNP), but there was no 

difference in the frequency of the L270V (rs1800467) and L381L (rs8175351) 

polymorphisms between the two groups (Figure  4.30). Chromatograms shown in Figure 

 4.29. Figure  4.30 shows the topological locations of these SNPs. 

 

 
Figure  4.29. Sequence chromatograms of five SNPs for KCNJ11.  

Examples of sequence chromatograms for 5 SNPs identified in the gene KCNJ11. 29A : E23K, 
heterozygous, 29B : S148I, homozygous (variant T is circled in pink). 29C: A190A heterozygous, 
29D: L270V heterozygous. 29E : I337V, heterozygous. Heterozygous bases are labelled N. 
Chromatogram colours : A: Adenine, C: cytosine, G : guanine, T : Thymine 
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Figure  4.30 : Topological location of KCNJ11 SNPs. 

The putative topological location of the five KCNJ11 SNPs investigated. Locations are based on 
membrane topology information from Antcliff et al (240) 

 

In order to further examine the significance of the differential distribution of the 

SNPs between our patient cohorts, 98 normal controls were genotyped for the E23K, 

S1481I, A190A, I337V and L270V SNPs. L381L was excluded as was identified in only 

one patient and its impact and distribution on these patient groups could not be examined 

further. Table  4.6, Table  4.7 and Table  4.8 detail the allele frequencies, heterozygosity 

and occurrence of the SNPs in each cohort studied. The occurance (in percent) of 

heterozygous, homozygous and wildtype alleles are compared for each polymorphism in 

Figure  4.31. Allele frequencies of the variant alleles are compared in Figure  4.32 
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Table  4.6 : KCNJ11 SNPs in medical patients 

Nucleotide 
Change 

Effect of 
Base 
Change 

Allele Frequency 
(%) Medical Pts 
(n=18) 

No of 
Heterozygotes

No of 
Homozygotes 

No of 
Wild-types 

GAG to AAG Glu23Lys 63.80 % 17 0 1 
AGC to ATC Ser148Ile 0 % 0 0 18 
GCT to GCC Ala190Ala 30.50 % 9 1 8 
CTG to GTG Leu270Val 8.30 % 3 0 15 
ATC to GTC Ile337Val 63.80 % 9 8 1 
AAG to AAA  Lys381Lys 0 % 0 0 18 

 
Table  4.7 : KCNJ11 SNPs in surgical patients.  

Nucleotide 
Change 

Effect of 
Base 
Change 

Allele 
Frequency (%) 
Surgical Pts 
(n=25) 

No of 
Heterozygotes

No of 
Homozygotes 

No of 
Wild-types 

GAG to AAG Glu23Lys 38 % 10 4 11 
AGC to ATC Ser148Ile 98 % 0 23 2 
GCT to GCC Ala190Ala 74 % 13 8 4 
CTG to GTG Leu270Val 10 % 4 0 21 
ATC to GTC Ile337Val 38 % 10 4 11 
AAG to AAA  Lys381Lys 2 % 1 0 24 

 

Table  4.8 : KCNJ11 SNPs Normal Patients 

Nucleotide 
Change 

Effect of 
Base 
Change 

Allele 
Frequency (%) 
Normals 
(n=96) 

No of 
Heterozygotes

No of 
Homozygotes 

No of 
Wild-types 

GAG to AAG Glu23Lys 36.7 % 44 12 37 
AGC to ATC Ser148Ile 99.5 % 1 95 2 
GCT to GCC Ala190Ala 25.2 % 33 53 7 
CTG to GTG Leu270Val 2.5 % 3 1 96 
ATC to GTC Ile337Val 36.8 % 45 10 33 
AAG to AAA  Lys381Lys n.d n.d n.d n.d. 

E23K – n=93, S148I – n= 98, A190A – n=93, 3, L270V – n=100 i337v – n=88, 270 n=100, L381L 
– not determined (n.d) (Variations in total number of patients analysed due to variations in success 
of sequenom mass-spec analysis). 
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Figure  4.31. Genotype distribution of KCNJ11 polymorphisms 
Figures show the distribution of heterozygous, homozygous and wild type alleles of KCNJ11 
polymorphisms in the medical, surgical and normal populations. Occurance of heterozygotes (    ) 
homozygotes (     ) and wildtypes (      ) for each polymorphism is represented as a percentage (%)  
of the total population analysed. Total allele frequency (    ) is the allele frequency of the variant 
allele in each population.  
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Figure  4.32. Comparison of allele frequency between surgical, medical and normal cohorts. 
Comparison between the allele frequencies of KNCJ11 SNPs identified in the surgical patients, 
medical patients and the normal controls analysed. Allele frequencies as shown. 

 

The E23K polymorphism is the result of a GAG to AAG change at codon 23. It 

was seen in 17 of the 18 medical patients (23 of 36 alleles), 14 of 25 surgical patients (19 

of 50 alleles) and 55 of 98 control subjects (72 of 196 alleles). The allele frequency of 

E23K was over-represented in the medical patient group compared with the surgical 

group (64% vs. 38%, p<0.01) as well as the control group (64% vs. 38%, p<0.01), but 

there was no difference in the frequency between the surgical and control groups. 

The S148I polymorphism was not detected in any of the 18 medical patients 

analysed (0 of 36 alleles), but was present in 24 of 25 surgical patients analysed (49 of 50 

alleles) and 98 of 98 control subjects (196 of 196 alleles). The allele frequency of S148I 

was under-represented in the medical patients compared with the surgical group (0% vs. 

98%, p<0.001) as well as the control group (0% vs. 99.5%, p<0.001), but there was no 

difference in the frequency between the surgical and control groups. 

The A190A polymorphism was detected in 10 of the 18 medical patients (11 of 36 

alleles), 21 of 25 surgical patients (37 of 50 alleles) and 43 of 98 control subjects (54 of 

196 alleles). The allele frequency of A190A was over-represented in the surgical patients 
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compared with the medical group (72% vs. 30%, p=<0.001) and the control group (72% 

vs. 28%, p<0.001).  

The L270V polymorphism was seen in 2 of the 18 medical patients (2 of 36 

alleles), 4 of 25 surgical patients (4 of 50 alleles) and 4 of 98 control subjects (4 of 196 

alleles).  

The I337V polymorphism was seen in 17 of the 18 medical patients (23 of 36 

alleles), 14 of 25 surgical patients (19 of 50 alleles) and 56 of 98 control subjects (71 of 

196 alleles). I337V was over-represented in the medical group compared with the 

surgical group (62% vs. 38%, p<0.02)) and the control group (62% vs. 36%, p<0.01). 

4.4 GLUD1 

4.4.1 Results : PCR 
Exons 6, 7, 8, 11 and 12 of the GLUD1 gene were amplified by PCR and 

sequenced in all medical patients (n=19) and four surgical patients (S02, S26, S28, S32) 

in whom no ABCC8 mutation had been identified. PCR products were run on a 2% 

agarose gel to confirm success of the PCR reaction and then sequenced (Figure  4.33).  

 
Figure  4.33. Agarose gel electrophoresis of GLUD1 PCR – exons 6, 7, 8, 11 and 12. 

Sample 2% agarose gel of PCR products from PCR of exons 6, 7, 8, 11 & 12 of GLUD1. Lane 1 – 
50bp ladder, lane 2 – PCR of exon 6, lane 3 – PCR of exon 7&8, lane 3 – PCR of exon 11, lane 4 – 
PCR of exon 12.  
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4.4.2 Results : Sequencing 
Sequencing results were obtained in the form of a chromatogram. Forward and 

reverse sequences of each exon, for each patient were aligned and compared to a 

consensus sequence for GLUD1 using the program Chromas Pro.  

Figure  4.34 shows an example of such a comparison, showing alignment of 

consensus sequence with forward and reverse sequence chromatograms. A gene sequence 

variation would be visible as a mis-match.  

 
Figure  4.34. Sample chromatogram of alignment for GLUD1 exon 6 

Sample of alignment of forward and reverse sequences for a section GLUD1 exon 6 (pt M04).  
 

Upon sequencing of exons 6, 7, 8, 11 and 12 of GLUD1, no previously reported 

or novel putative disease associated mutation was identified in any of the patients 

analysed. A heterozygous silent polymorphism, L314L (rs9421572) was identified in 

seven medical patients and one of the four surgical patients sequenced (Table  4.9).  

Table  4.9 : Genetics results of GLUD1 analysis. 
Patient. 
ID No. Polymorphism Type of Mutations: 

Hetero/Homo 
M03 L314L het 
M10 L314L het 
M14 L314L het 
M17 L314L het 
M18 L314L het 
M21 L314L het 
M22 L314L het 
S26 L314L het 

Genetic variants identified upon sequencing of exons 6, 7, 8, 11 & 12 of the GLUD1 gene. Het = 
heterozygous.  
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4.4.3 Site Specific restriction enzyme digests 

4.4.3.1 Background and Rationale 

Restriction Fragment Length Polymorphism (RFLP) analysis uses the property of 

restriction endonucleases for digesting and cutting double stranded DNA at specific 

sequence sites. Five medical patients were found to repetitively have poor sequence 

quality in regions surrounding certain mutation sites. RFLP analysis was used to confirm 

absence of the mutations in these patients.  

4.4.3.2 Results : Site specific restriction digests 

Selected mutations associated with HI on the GLUD1 gene (R525K, E296A, 

G446S, G446D, S448L and H454Y) were analysed in patients M01, M02, M03, M17 & 

M18 by site specific RFLP. Table  4.10 below summarises the number of bands obtained 

after digestion and analysis using agarose gel electrophoresis (Table  4.10).  

Table  4.10 : Summary of bands observed after RE digestion.  

Mutation (codon 
number)  

Restriction 
Enzyme 

No of bands expected 
in presence of 
mutation 

No of bands 
observed 

R525K Mnl I 2 1 
E296A Mbo II 2 1 
G446S/G446D Mnl I 2 1 
S448L EcoR V 2 1 
H454Y Apa L I 1 2 

Table shows the number of bands seen after agarose gel electrophoresis of RE digest. All patients 
were found to have a normal genotype.  

4.5 GCK 

4.5.1 Results : PCR 
All 10 exons of the GCK gene (including three alternative transcripts of exon 1) 

were sequenced in 19 medical patients and four surgical patients in whom no mutations 

had been identified. After amplification, PCR products were run on a 2% agarose gel to 

ensure the reaction had worked before they were purified for sequencing (Figure  4.35).  
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Figure  4.35. Agarose gel electrophoresis of GCK  

2% gel electrophoresis of exons 1-10 of GCK. Lane 1, 13 – 50bp ladder. Lane 2- exon 1a, lane 3- 
exon 1b, lane 3 – exon 1c, lane 4 – exon 4, lane 5 – exon 5, lane 6 – exon 7&8, lane 7 – exon 9, 
lane 8 – exon 10, lane 9 – exon 11, lane 12 – exon 12. (sample – normal control DNA). 

4.5.2 Results : Sequencing 
Sequencing results were obtained in the form of a chromatogram. Forward and 

reverse sequences of each exon, for each patient were aligned and compared to a 

consensus sequence of GCK using Chromas Pro.  

Figure  4.36 shows an example of such a comparison, showing alignment of 

consensus sequence with forward and reverse sequence chromatograms.  

 

 
Figure  4.36 Sample chromatogram of alignment for GCK exon 4 

Sample of alignment of forward and reverse sequences for a section GCK exon 4 (pt M04). First 
row sequence is the consensus sequence.  

 
 

Genetic analysis of 19 medical patients and four surgical patients did not reveal 

any disease associated mutations of the GCK gene. One genetic variant, a putative 

polymorphism, n1020+8A>G was identified in patients M03, M09 and M14.  
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4.6 HADH 

4.6.1  Results : PCR 
Exons 5 and 7 of the HADH gene, in which mutations have been reported before, 

were sequenced in all the medical patients (n=19), and the four surgical patients in whom 

no mutation had been identified. PCR products for each were run on a 2% agarose gel for 

confirmation of successes (Figure  4.37) before purifying PCR products for sequencing.  

 

 
Figure  4.37. Agarose gel electrophoresis of HADH exons 5 and 7 PCR.  

2% agarose gel of PCR of exons 5 and 7 of HADH. Lane 1 – 50-2000bp ladder, lane 2 – exon 5 
PCR product, lane 3 – exon 7 PCR product.  

4.6.2 Results : Sequencing 
Sequencing results were obtained in the form of a chromatogram. Forward and 

reverse sequences for each patient were aligned and compared to a consensus sequences 

of exons 5 and 7 of the HADH gene using Chromas Pro.  

Figure  4.38 shows an example of such a comparison, showing alignment of 

consensus sequence with forward and reverse sequence chromatograms.  
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Figure  4.38. Sample chromatogram of alignment for HADH exon 5 

Sample of alignment of forward and reverse sequences for a section HAHD exon 5 (pt. M03)  
 

No genetic aberrations were identified upon sequencing of exons 5 and 7 of the 

HADH gene in the 19 medical patients and four medical patients in whom no mutation 

had been identified. 

4.7 Methylation Analysis 

4.7.1 Background 
Bisulfite treatment of DNA was used to investigate the possibility of mutations 

affected by methylation in HI patients. It is generally believed that patients with a diffuse 

histology carry two compound heterozygous mutations. 10 of the surgical patients in this 

study were histologically classified with diffuse-HI, but 5 were found to have only a 

single heterozygous mutation upon genotyping of ABCC8. None had a family history of 

HI. It had been speculated that a second disease associated mutation was masked by 

methylation in these patients.  

4.7.1.1 Trials  

Initial experiments were set up as reported by Herman et al.(384) and described in 

section  3.3.2.7 . First, DNA was incubated with Sodium Bisulfite for 16 hours, and DNA 

examined using agarose gel electrophoresis. No DNA bands were seen before or after 

purification with the Wizard DNA purification kit. DNA was present in the negative 
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control (where water was used in place of bisulphate) that had not been subjected to 

bisulfite treatment. Trials were carried out, varying incubation time from 1hr -16hrs and 

varying temperatures from 40-60oC, no DNA bands were seen upon gel electrophoresis 

in any of the trials.  

Concentration of bisulfite (1-3mM ) and DNA (0.5ng/ml-2.5μg/ml) were varied 

as suggested in personal correspondence by Dr. Simon D. Spivack (Human Toxicology & 

Molecular Epidemiology Wadsworth Centre, NYS Dept of Health). No DNA was 

detected in bisulfite treated samples upon gel electrophoresis in any of the trials. Figure 

 4.39 is an example of an agarose gel, when DNA samples were analysed after bisulfite 

treatment. Similar lack of results were seen when DNA samples were sheared 

mechanically or enzymatically (with BstU1) prior to bisulfite treatment.  

 

 
Figure  4.39. Agarose gel of bisulfite treated DNA.  

2% agarose gel containing 0.5ul/10ml EtBr. Lane ,1, 36 and 9, 50bp ladder. Lane 2, negative 
control- untreated DNA. Lane 4 – DNA treated with bisulfite – 8hrs at 60oC , lane 5 – DNA treated 
with bisulfite, 1 ht at 50oC .Lane 7 – purified product of lane 4. lane 8 – purified product of lane 5.  

 

Due to repeated failure in preserving DNA during bisulfite treatment, no MS-PCR 

could be carried out.  

 



 

 

Chapter 5  
 
 
Results :  
Immunohistochemical 
investigations of p57 in 
the HI Pancreas 

 

 

 

 

It is, I think, a generally acknowledged and undisputed fact that 
everything which happens in the body, assimilation, 
disassimilation, must ultimately be attributed to the cell alone; 
and furthermore, that the cells of different organs are 
differentiated from each other in a specific way and only perform 
their different functions by means of this differentiation. 
                                            - Paul Ehrlich, 1908, Nobel Prize lecture 
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5.1 Histological Classification of Patients 

 Background 

The term ‘nesiodioblastosis’ was first coined by Laidlaw in 1938 (197) to 

describe the histological anomaly of the pancreas associated with infantile 

hyperinsulinism. He defined a “diffuse and disseminated proliferation of islet cells 

budding off from pancreatic ducts”. Since the early description, two distinct histological 

abnormalities have been identified in pancreata of HI patients. Pancreatic lesions are 

classified as focal or diffuse based on pre-determined histological criteria. To universally 

standardise the classification of focal vs. diffuse disease, Sempoux et al.(409) recently 

published the criteria used in the histological diagnosis of focal-HI vs. diffuse HI. In focal 

lesions that are sometimes macroscopically visible, microscopically, there is a confluence 

of hyperplastic beta cells (beta cells tend to be small and have little cytoplasm) within 

normally structured islets. Islets outside the region of focal hyperplasia have a normal 

“resting” appearance, On the other hand, diffuse HI is not macroscopically discernable, 

microscopically, beta cells are large and have large nuclei which is the distinguishing 

factor. It should be noted that regions of normal islet cells have been seen in pancreata of 

both focal and diffuse patients. Suchi et al. (410) noted that there were some patients who 

had an ‘atypical’ histology that seemed to be abnormal but did not fulfil all the diagnostic 

criteria. 

Dr. M. Jack, and the PHHI research group at the Mater Hospital undertook a blind 

study involving the examination of pancreatic tissue sections of 34 surgical HI patients in 

2000 (215). Three random sections from each patient were examined by a trained 

histopathologist (Dr. J Bell, Mater Health Services, Histology). It was found that of the 

34 patients examined, three had a normal histology for age, diffused histology or 

neodysplasia was seen in 15 patients, a focal adenomatous lesion with no other 

abnormality was seen in two of the patients. A focal lesion was identified in one section 

and at least one other section had a diffused histology in nine of the patients. Resection 

nodules with focal adenomatous architecture were seen in 2 other patients. The finding of 

a focal lesion and diffuse dysplasia in the same patient led to the hypothesis of the 

presence of a focal-diffuse disease. Examination of sections from some patients described 

with focal-diffuse disease was carried out as part of the p57 immunohistological 

examinations in this study.  
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Patients involved in the blind study reported by Jack et al. 2000 (215), were 

recently re-classified according to universally accepted criteria (enlarged beta cell nuclei 

being the diagnostic criteria for diffuse disease) for an article published by the Mater 

Children’s Hospital PHHI research group in 2007 (411). Table  3.1 shows this most recent 

histological classification. However, some aspects of the research carried out in this 

section of the study is based on the classification included in Jack et al. 

5.2 Results : p57 Staining 

 Introduction.  

p57-KIP2, or CDKN1C is a tumour suppressor localized to 11p15.5, which is 

within the minimal region lost in the maternal LOH associated with BWS and focal HI 

(282). p57 is a potent tight-binding inhibitor of several G1 cyclin/Cdk complexes within 

the nucleus. Since it is silenced in focal HI, focal lesions will not express the protein, and 

the p57 stain would be negative within focal adenomatous regions. A positive stain for 

p57 is expected in pancreas sections of diffuse HI patients, and within normal areas of the 

pancreas. Pancreatic sections with the proposed ‘focal-diffuse’ HI, would have no p57 

staining within the focal lesion, but would have staining in abnormal islet cells outside 

the lesion as well as in normal islet cells.  

The patients examined were S01, S05 and S07. At initial histological examination 

S01 was classified with focal-HI, while S05 and S07 were classified as focal-diffuse. The 

pathology notes made by Dr. J R Bell during the blind study are summarized in Table  5.1 

below (215). All sections were collected after the first surgery and based on examination 

of H&E staining as well as immunological staining as described in Jack et al.(2000). 
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Table  5.1: Histological description of selected pancreas sections.  

Patient/ 
Section 

Section 
histology 

Overall  
histology  COMMENT 

S01-a1 normal focal/normal 
Well formed islets with a modest amount of small 
clustering; no big nuclei; within normal limits of age. 
 

S01-a2 focal focal/normal 
Di complexes; no big nuclei in focal areas; remainder 
of pancreas seems normal; no big nuclei. 
 

S05-a1 normal focal/diffuse 

Some pale cells; well formed islets with ribboning, no 
big nuclei, some clusters but probably within normal 
limits for this age. 
 

S05-a5 focal focal/diffuse 

Large confluent islets near periphery; no big nuclei in 
focal lesion; elsewhere are large islets with ribbons; 
di complexes, occasional big nuclei. 
 

S05-a7 diffuse focal/diffuse 

Big di complexes; plentiful mature islets with 
ribbons; no big nuclei, some small clusters but 
probably not excessive for age; pale cells. 
 

S07-a1 diffuse focal/diffuse 
Pale cells; good islets, mostly mature with ribbons; 
some clusters but seemingly ok for age; ? big nuclei 
 

S07-a2 focal focal/diffuse 

Pale h&e but pale cells are evident; focal lesion a bit 
hard to see but obvious on nsw; conglomerate of big 
irregular islet like structures; nuclei ok in rest but 
increased in focal area; rest ok. 

Summary of Dr. John Bell’s notes at time of diagnosis for patient S01, S05 and S07 who were 
believed to have a atypical form of HI. [Personal correspondence, and as reported in Jack et al 
(215)] 

 

 Immunohistochemical staining results  

Sections were cut from all available paraffin embedded blocks from patients S01, 

S05 and S07. Two blocks from patient S01 and S07 each and seven from patient S05 

were used for IHC. Consecutive sections from each block were used for H&E staining 

and for p57 IHC. Treated sections were examined for staining patterns and histological 

abnormalities with the kind help of Mr. G. Bowlay and Dr. J. Bell.  

Section S01-1 had apparently normal islet architecture and beta cells showed 

positive p57 staining. Section S01-2 contained the focal lesion. Large beta cells, with no 

p57 staining were visible. Acinar cells adjacent to the islets seemed to have abnormal 

architecture and organisation. A portion of a nerve within the section also stained positive 

for p57.  
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Section S05-1 contained islets with apparently normal architecture, nuclei of beta 

cells were stained positive for p57. Sections S05-2 to S05-4 all showed a similar pattern 

of staining. Islets were apparently normal, although most islets did display abnormal 

ribboning patterns. p57 staining was positive in islet cell nuclei from these sections. 

Section S05-5 contained the focal lesion, some enlarged beta cell nuclei were visible in 

H&E stained sections as well in sections not stained. No p57 staining was visible within 

the lesion. Section S05-6 also contained a segment of the focal lesion. Abnormal islet and 

beta cell architecture was evident, with absence of p57 staining. An apparently normal 

islet within the section was positive for the p57 stain. Islets within this region were not 

normal for age, but beta cells within the region did not have enlarged nuclei and did not 

fulfil criteria for diffuse disease. Section S05-7 contained apparently normal islets that 

stained positive for p57. Beta cells within this section were positive for the p57 stain. 

Some non specific staining was visible at the periphery of the section.  

Section S07 -1 appeared to contain no normal islets or islet cells. No nuclear stain 

for p57 was visible. Section S07-2 had a very similar staining pattern to section S07-1, no 

normal islet cells were visible and no p57 staining was seen. Disorganisation of the 

centro acinar cells was apparent. No other pancreatic samples from this patient were 

available.  

 Double staining with insulin and p57 for sections S01-2, S05-5 and S05-6 to 

confirm that regions within the focal lesions that were negative for p57, were indeed 

insulin secreting beta cells. Focal lesions in these sections stained positive for insulin, but 

negative for p57.  
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Figure  5.1 A-F : p57 staining of HI patients pancreata.  
A – 40X H&E stain of pancreas from patient S05(S05-a5). – islet –organised centro acinar cells – 
neither has a classically normal architecture, but do not meet to criteria for a diffuse disease either. 
B- 40X H&E stain of pancreas from patient S05(S05-a5) showing unorganised architecture of beta 
cells and centro acinar cell in the focal lesions. Beta cells also have large nuclei can be seen 
(circled)  
C – 40X p57 staining (DAB) of patient S05(S05-a5).1, islets have a positive nuclear stain for p57. 
2, centroacinar and other cells do not stain for p57.  
D – 40X p57 staining (DAB) of patient S05(S05-a5).Focal lesion, with enlarged nuclei(circled) , no 
p57 staining can be seen. 
E – 40X p57 staining (DAB) for patient S01 (S01-a2) showing disorganisation in focal lesion. No 
p57 staining in the lesion. 
F – 40X p57 staining (DAB) of patient S07 (S07-a2) showing focal lesion, a single enlarged beta 
cell nuclei is visible (arrow). No p57 staining in the lesion.  
 



 

 

Chapter 6   
 
 
In vitro Expression and 
Protein Analysis  

 

 

 

 

…it is therefore a natural hypothesis that the amino acid is carried 
to the template by an ‘adapter’ molecule, and that the adapter is 
the part that actually fits on to the RNA….what sort of molecules 
such adaptors might be is anybody’s guess.  
                                    - Francis Crick proposing the existence of 
tRNA in ‘On Protein Synthesis’, 1958.  



CHAPTER 6 : RESULTS –IN VITRO EXPRESSION STUDIES 
 

160   

6.1 Introduction 
In vitro experiments were set up to examine the possible impact of a silent SNP 

on the rate of protein synthesis that may be attributable to the relationship between the 

codon used and the pool of tRNA available for the codon.  

To re-iterate, the hypothesis presented in this section of the study was that the 

genetic variation that changed the alanine codon from the optimal codon the non-optimal 

codon would affect that efficiency of translation of the Kir6.2 subunit of the K-ATP 

channel. There are 28 iso-accepting tRNAs transcribed for GCT, the optimal codon that is 

wild-type in KCNJ11. There are no iso-accepting tRNAs for the non-optimal codon GCC 

that is the variant in A190A. 

6.2 In vitro transcription-translation 
The T7 promoter was ligated proximal to the KCNJ11 translation initiation codon 

by PCR. To confirm translation of KCNJ11, in vitro expression was carried out using 

incorporation of [*S35]-met into the translation product to test for production of protein. 

Figure  6.1 shows an image of the autoradiography of this experiment. Post-translation 

samples were loaded onto a 8% denaturing polyacrylamide gel and exposed to X-Ray 

film for 5 hours.  

 
Figure  6.1 Autogradiography image of proteins produced during in vitro translation 

Incorporation of [*S35]-met and production of protein during in vitro transcription-translation 
experiments. Lane 1 (No DNA) – no DNA was added to transcription-translation experiment. Lane 
2 (KCNJ11 DNA) – Control DNA (w/t for A190A) was used for translation-transcription 
experiment.  
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Autoradiography showed that when KCNJ11 DNA with the T7 promoter (T7-

KCNJ11) was introduced to the TNT translation-transcription system with *S-Met, 

protein was produced in which, the *S-Met was incorporated. Multiple bands are seen on 

the autoradiography image. In similar experiments, when no DNA was added, no bands 

were seen when the reticulocyte lysate was run on the gel image.  

6.3 SDS-PAGE  
Protein products obtained after in vitro transcription/translation experiments were 

analysed using SDS-PAGE. Figure  6.2 shows the SDS-PAGE of putative bands of Kir6.2 

for samples from a normal control population who were wildtype, heterozygous or 

homozygous for A190A. Amount of protein produced was estimated by measuring the 

integrated density of the bands believed to be Kir6.2 (by size estimation). The integrated 

density of the bands are ploted (in inverse) in Figure  6.3. 

 
Figure  6.2 SDS-PAGE of proteins during in vitro translation.  

SDS-PAGE of control DNA with homozygous GCT/GCT (lane 1), heterozygous GCT/GCC (lane 
2) and homozygous GCC/GCC (lane 3).  
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Figure  6.3. 1/integrated density plot of predicted Kir6.2 bands from SDS-PAGE 

 

Integrated density plot of the SDS-PAGE demonstrates that there was more 

protein of the expected size for Kir6.2 (40kDa) produced in DNA with the homozygous 

optimal codon GCT/GCT genotype than in the GCC/GCC and GCT/GCC genotypes.  

6.4 Western blotting 
In order to confirm production of Kir6.2 during in vitro translation western 

blotting was carried out using anti-Kir6.2 antibodies. Conditions were optimized by 

varying primary antibody concentrations and incubation times, as well as blocking times. 

Figure  6.4 is an example of the results obtained from a typical western blotting 

experiment with a heterozygous GCC/GCT, a homozygous GCC/GCC and a 

homozygous GCT/GCT DNA. The amount of protein produced was estimated by 

measuring the intensity of each band (Figure  6.5).  

 

 
Figure  6.4 Western Blot showing bands of Kir6.2  

Typical western blotting results from DNA with the genotypes GCC/GCT, GCT/GCT and 
GCC/GCC. No bands were seen in the translation product from the negative control experiments 
using no DNA. 
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Figure  6.5 1/Integrated density plot of bands observed by western blotting.  

The integrated density of each band was measured and compared using Image J. ID = integrated 
density. Density corrected from background colour of film.  

 

These results show that there was more Kir6.2 produced in vitro from DNA with 

the GCT/GCT genotype, than DNA with the GCC/GCT or GCC/GCC. Similar results 

were obtained when using normal control DNA. Fragmented products as seen in Figure 

 6.4 were commonly observed. No bands were seen in the negative controls. 

6.4.1 Effect of Diazoxide – study by western blotting 
In vitro expression was also carried out in the presence of diazoxide to investigate 

a possible impact on the rate of translation. The translation products of these experiments 

were also analysed by western blotting. Amount of protein produced was estimated by 

measuring integrated density (Figure  6.7) (note that integrated density is inversely 

proportional to intensity of the bands seen on the gel).  

Fragmented  Kir6.2 products were seen, as was also observed in other translation 

experiments. As with other experiments, there seemed to be more Kir6.2 produced in 

samples with GCT/GCT (optimal codon) genotype. No significant difference was seen in 

the amount of protein produced from DNA with the GCC/GCC genotype in the presence 

or absence of diazoxide.  
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Figure  6.6. Western Blot of translation in the presence of diazoxide.  

Western blot analysis of in vitro translation in the presence of diazoxide. Lane 1 – GCT/GCT, no 
diazoxide. Lane 2 GCC/GCC, no diazoxide, Lane 3 GCC/GCC, with diazoxide.  

 
 

 
Figure  6.7 Integrated Density of Diazoxide  

The integrated density of each band was measured and compared using Image J. Density corrected 
from background colour of film.  

 

6.5 Measurement of radioactivity 
In vitro in experiments where [*S35]-met was used to study incorporation of 

methionine during translation, the radioactivity was quantified in a sample of the 

translation product by measuring the beta count in a scintillation counter (Figure  6.8 and 

Figure  6.9).  
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Figure  6.8 Beta-counting to measure incorporation of *S-Met in in vitro expression 
experiments 

Measurement of *S-Met incorporation in normal control DNA with GCC/GCC and GCT/GCT 
genotypes. Samples analysed in triplicate. Actual mean CMP is shown under the graph.  
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Figure  6.9 Beta-counting to measure incorporation of *S-Met in in vitro expression 
experiments 

Measurement of *S-Met incorporation in HI patients’ DNA with GCC/GCC, GCT/GCC and 
GCT/GCT genotypes. Samples analysed in triplicate. Actual mean CMP is shown under the graph.  

 
 

The results of these experiments showed that there was a significant difference in 

the amount of [*S35]-met carrying protein produced with the GCT/GCT genotype than 

from the GCC/GCC genotype.  
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All aspects and characteristics of science can be understood 
directly when we understand that observation is the ultimate and 
final judge of the truth of an idea.  

Richard Feynman, The Meaning of it All (1999) 
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At birth, a neonate’s physiology undergoes several, often drastic changes as it 

adjusts to extra-uterine life. Adjustment of glucose sensing and insulin secretion 

pathways from foetal to neonatal mechanisms is vital for extra-uterine life. As the 

neonate adjusts to autonomic glucose homeostasis, development of certain pathways may 

be delayed or may be abnormal. Such anomalies in the various mechanisms involved in 

glucose homeostasis may manifest clinically with hyper or hypoglycaemia. Initial 

symptoms of hypoglycaemia may be mild and include lethargy, irritability and tremors. 

Such generalized symptoms may not be recognized as hypoglycaemia by clinicians or 

parents until they progress to more severe symptoms including seizures and loss of 

consciousness.  

In neonates and young infants, hypoglycaemia is common, and can present a 

perplexing problem for care givers. It is important to promptly treat hypoglycaemia, as 

the seizures that may develop can cause brain damage and have life long neurological 

implications for patients. If hypoglycaemia is left untreated, coma or even death may 

occur. Determining the underlying cause of hypoglycaemia is critical for treatment of the 

condition.  

Hypoglycaemia may be transient, and resolve as the neonate’s physiology adapts 

to extra-uterine life. Persistent hypoglycaemia is more likely to be the result of an 

underlying disease. The causes of persistent hypoglycaemia are diverse, and often include 

metabolic or hormonal disorders. The most common cause of persistent hypoglycaemia 

in neonates and infants is hyperinsulinism, which itself may be the symptom of an 

underlying disease or a syndrome on its own.  

Hyperinsulinism of Infancy is a metabolic syndrome of unregulated insulin 

secretion, accompanied by mild to severe hypoglycaemia. Patients usually present in the 

first 72 hours of life with symptoms of hypoglycaemia. Diagnosis of HI is usually based 

on findings of hyperinsulinism and associated hypoketotic hypoglycaemia. Treatment of 

the disease can be difficult, and employs glucose and glucagon infusions as well 

administration as drugs such as diazoxide and octreotide. However, patients who do not 

respond to medical therapy may require a radical pancreatectomy for disease 

management. The molecular aetiology of this syndrome is associated with defects of the 

pancreatic beta cell K-ATP channel, or with abnormal metabolism within the cell that 

affects function of the K-ATP channel. There are currently five candidate genes 

associated with the disease – ABCC8, KCNJ11, GLUD1, GCK and HADH.  
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Loss of function mutations in the genes ABCC8 and KCNJ11 that encode subunits 

of the K-ATP channel, are implicated in the channelopathic form of HI. Mutations in the 

genes GLUD1, GCK and HADH that encode the enzymes glutamate dehydrogenase, 

glucokinase and 3-hydroxyacyl-CoA-dehydrogenase, respectively are associated with a 

metabolic form of HI. Glutamate dehydrogenase catalyses the conversion of glutamate to 

α-keto glutarate, which is an essential component in the mitochondrial Krebs cycle. 

Glucokinase catalyses the conversion of glucose to glucose-6-phosphate in the first, rate 

limiting step of glycolysis and is the glucose sensor of the pancreatic beta cell. 3-

hydroxyacyl-CoA-dehydrogenase, catalyses the conversion of L-3 hydroxyacl-CoA to 3-

ketoacyl-CoA in the third step of fatty acid β oxidation. Increased activity of glucokinase 

and glutamate dehydrogenase, as well as decreased activity of 3-hydroxyacyl-CoA-

dehydrogenase will increase the secretion of insulin, regardless of plasma glucose 

availability. The genetic cause of HI remains unknown in up to 50% of patients 

diagnosed with the disease.  

No distinct genotype-phenotype correlation has been identified in this disease as 

yet. Currently, histological abnormalities of the pancreas are seen in most patients with 

K-ATP-HI. These lesions may be focal areas of adenomatous hyperplasia (Focal-HI) , or 

of diffused beta cell hyperplasia throughout the pancreas (Diffuse-HI). Some patients are 

believed to have both types of lesions concurrently (atypical or focal/diffuse-HI). Focal-

HI is generally associated with ABCC8 mutations that are paternally inherited and 

coupled with LOH of the maternal allele due to impriting. Patients with HI caused by 

GLUD1 or HADH mutations usually have distinct biochemical profiles. Elevated plasma 

ammonia and 3-hyroxybutyryl carnitine have been used to identify HI associated with 

GLUD1 and HADH mutations, respectively. 

In this study, the genetic basis of HI in a group of Australian patients was 

conducted retrospectively in order to determine the precise molecular abnormality in the 

patients and to further examine the aetiology of the disease by investigating it in a 

geographically specific population. 

In this chapter, the genetic and other findings in Australian HI patients are 

discussed in relation to HI and molecular mechanisms contributing to the disease process.  
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7.1 Genetic analysis 
Australian patients diagnosed with HI who were investigated in this study had 

been segregated into two groups : those treated medically (with diazoxide, octreotide or 

other medications) and those treated surgically with a pancreatectomy. Patients treated 

medically were presumed to have a milder form of the disease compared to the more 

severe form in patients who required surgery. The genes ABCC8 and KCNJ11 were 

sequenced in all patients. The genes GLUD1, GCK and HADH were sequenced in 

patients in the medical cohort as well as those in the surgical cohort in whom no ABCC8 

or KCNJ11 mutations were identified.   

7.1.1 Genetic analysis : ABCC8 
Mutations in the ABCC8 gene were identified in 17 of 21 patients (80.9%) in the 

surgical cohort. In the medical cohort, only one patient was found to have a mutation in 

the ABCC8 gene, however he was re-classified as a surgical patient in 2004. Of the 20 

different mutations identified, nine had been previously reported as pathogenic in HI, 

while 11 are novel putative mutations. One patient in whom an ABCC8 mutation was 

identified had an unaffected twin. In order to further analyse the genotype-phenotype 

discrepancy between these twins, STR analysis was undertaken to prove that they were 

monozygotic twins.  

Mutations in exons encoding for the NBFs of SUR1 have been reported to be 

most common. In the Australian HI patients examined in this study, four mutations are 

within TMD0, three are in NBF1, two are in transmembrane domains of TMD2 and 11 

are within NBF2. The proteomic and phenotypic effects of the mutations are often 

determined by the domain in which they are present, and the function of the affected 

domain. 

A number of SNPs and intronic insertion/deletion polymorphisms were also 

identified upon sequencing ABCC8 in the HI patients. 56 polymorphisms were in the 

coding regions or within 30bp of the splice sites, 21 were more than 30bp away from 

intron/exon boundaries. Interestingly, the topological distribution of the polymorphisms 

was different to that of the HI associated mutations, with polymorphisms being more 

common in TMD0 and 1, and less common in the NBFs. This may be due to the fact that 

genetic and proteomic changes in the NBFs are severe are likely to result in disease.  
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Normally, the N terminal of SUR1 (Figure  2.8) is associated with activation of the 

Kir6.2 subunit. Studies have shown that the chemical energy derived from nucleotide 

binding and hydrolysis at the NBFs is related to Kir6.2 through TMD0 (237). TMD0 also 

physically associated with Kir6.2 and is vital for correct and complete channel assembly 

as well as for trafficking of completely assembled channels to the cell membrane (251). 

Mis-sense mutations in this domain are likely to result in loss of channel expression at the 

cell surface, and may also affect channel function. Mis-sense mutations in this region that 

result in frame shifts are likely to be particularly severe as they are likely to cause 

termination distal to the NBFs of SUR1 that are vital for channel function and cell 

surface expression.  

NBF1 of SUR1 is a cytoplasmic loop that links TMD1 to TMD2. It can bind to 

ATP with high affinity and contains the highly conserved Walker A and B motifs. NBF1 

has been shown to be necessary for diazoxide binding (412). Mis-sense mutations in this 

region are likely to affect the channels ability to respond to diazoxide as well as 

intracellular ATP and Mg2+ADP (232). Frame shift mutations that cause truncation of 

NBF1 and proximal SUR1 domains are likely to result in severe HI associated with loss 

of K-ATP channel expression at the cell membrane and abolishment of channel activity.  

The transmembrane domains and the cytoplasmic loops between NBF1 and NBF2 

have important functions in the over all function of the channel complex, and its response 

to drugs that act on SUR1. Glibenclamide, a sulfonylurea that acts to reduce channel 

activity and is used in the treatment of diabetes is believed to bind at the 8th cytoplasmic 

loop of SUR1 (263). The channels response to glibenclamide and other sulfonlyureas is 

often used as an indicator of the channel function in vitro. 

NBF2, seems to be the most important functional domain of SUR1. It is the site at 

which Mg2+ADP and Mg2+ATP bind to the channel, the binding of Mg2+ADP at NBF2 is 

essential for channel activity. The binding of Mg2+ADP at NBF2 has also been found to 

be vital of stabilisation of the channel complex and is necessary for ATP binding at 

NBF1. Loss of NBF2 activity may be associated with either abnormal channel function or 

with abnormal assembly and trafficking of the channel to the cell surface. ADP 

sensitivity is usually lost and, ATP binding at NBF1 may also be affected.  

 The C terminal of SUR1, distal to NBF2 is also believed to be vital for channel 

trafficking, especially the terminal 25 amino acids (252).  
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7.1.1.1 Analysis of mutations identified 

  MM11VV  

The heterozygous change from ATG to 

GTG at the start codon leads to an amino acid 

substitution of Valine for Methionine which 

could result in loss of the translation initiation 

site of ABCC8 mRNA. M1V is a putative mutation that has not been reported in ABCC8 

todate. This genetic variation was not identified in 200 alleles of 100 normal control 

individuals genotyped, implying that it is unlikely to be a rare polymorphism. ATG is 

conserved as the translation initiation signal for ABCC8 in most mammals. The residue 

M1 is also conserved between human SUR1 and SUR2.  

Devidas and Guggio (413) reported a similar mutation at the translation initiation 

site of the cystic fibrosis transmembrane conductance regulator (CFTR) gene ABCC7 that 

was associated with Cystic Fibrosis, which is also a member of the ABCC super-family. 

They found that the first methionine is not unique for translation initiation in CFTR and 

that downstream codons can also function as translation initiation sites.  

An alternate initiation ATG codon is located 150 nucleotides downstream in exon 

1 of ABCC8. Utilization of this codon for initiation of translation would result in a frame 

shift, and introduce a premature STOP codon (TGA) at codon 38 of the mRNA (Figure 

 7.1). This would generate a drastically truncated protein if translated. Expression of a 

truncated, 38 residue SUR1 transcript would lead to complete abolishment of K-ATP 

channel activity. Channels expressing the mutant allele are likely to be retained in the 

rER and have a complete loss of function, accounting for the severe disease and the lack 

of diazoxide response observed in the patient carrying this mutation (S22), especially if 

the other allele also has a mutation.  

In ABCC8, apart from the loss of translation initiation site and possible structural 

changes to the protein, this mutation could also affect normal regulation of expression by 

the promoter on the translation initiation site.  
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Figure  7.1 Frame shift resulting from use of alternate translation initiation codon 

ATG (shaded) = site of the mutation M1V, DNA sequence is shown ‘in-frame’ for a normal 
translation. First line in the translation is the normal transcript, second line is Frame 2 and the last 
line is Frame 3, in which the first alternate methionine is expressed. * = stop codon introduced as a 
result of the frame shift.  

 

  MM8800RR  

A nucleotide change from ATG to AGG 

results in the substitution of methionine for arginine 

at codon 80. This putative mutation in exon 2 has 

not been previously reported in ABCC8. The 

mutation was not identified in 200 alleles of 100 normal control individuals tested, 

implying that it is unlikely to be a rare polymorphism.  

The mutation lies within a region that is not highly conserved. However the 

methionine residue itself is conserved in SUR1 of mammals. It is also conserved between 

ABCC8 and ABCC9, the gene that encodes SUR2.  

M80 is located in the second putative transmembrane segment (see illustration 

above) of SUR1 within a region that forms an alpha helix during secondary structure 

formation. Methionine is a non-polar neutral amino acid, whereas arginine is a polar, 

strongly basic amino acid. When the possible impact of the mutation on the secondary 

structure of the protein was examined in silico, no structural changes were predicted 

(399). However, the inclusion of a basic, polar amino acid in the transmembrane region 

of a channel protein may have an impact on the spatial alignment of SUR1. Additionally, 

the mutations lies in the transmembrane regions of SUR1 that are important for 
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association with Kir6.2 (255). Normal association between SUR1 and Kir6.2 is essential 

for normal function, abnormal channel assembly may result in the channel being retained 

in the rER. But if it is indeed expressed, channel activity would be reduced.  

  RR116688CC  

The arginine to cystine substitution, results 

from a CGC to TGC transition at nucleotide 502. 

R168C is a novel putative mutation that was not 

identified in 200 alleles of 100 normal control 

individuals tested, implying that it is unlikely to be 

a rare polymorphism. The amino acid arginine is conserved in SUR1 in mammals and 

between the human SUR1 and SUR2 transcripts.  

Arginine 168 is the first amino acid residue in an alpha helix of the fifth putative 

transmembrane segment (see illustration above). The substitution of a polar, basic amino 

acid for a polar, neutral amino acid which has a thiol group, could have an impact on the 

structure of folding of the protein. The inclusion of cystine in place of arginine is not 

predicted to have an impact on the secondary structure of the protein (399). However, it 

might have an impact on the native structure of SUR1 due to the tendency of cystine to 

form disulphide bonds with other cystine residues, for instance the proximate cystine 

residue at codon 170.  

 Two other mutations V187D and N188S in the same transmembrane region, 

which is vital for association with Kir6.2 (255) have been associated with HI (276; 278). 

V187D is a common mutation in Finnish HI patients and has been associated with severe, 

non diazoxide responsive HI (276; 278). Channel activity was found to be decreased 

when N188S was expressed in Cosm6 cells by Shyung et al.(414).  

  GG222288DD  

The novel putative mutation G228D 

results from a heterozygous transition from 

GGC to GAC at nucleotide 683, in exon 5. 

The glycine to aspartate substitution was not 

found in 200 alleles of 100 normal controls tested. The glycine residue is conserved in 

SUR1 in some mammals, but is not conserved between human SUR1 and SUR2; the 

latter expresses an alanine residue at codon 228.  
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The amino acid affected is located in the third putative cytoplasmic domain, near 

the terminal end of TMD0 in SUR1 (see illustration above). Glycine is a non-polar, 

neutral amino acid, whereas aspartate is a polar, acidic amino acid. In silico predictions 

revealed that the alpha helical secondary structure of this domain is not affected by the 

substitution (399). The amino acid substitution could however, result in loss of flexibility 

of the protein as it folds. Due to its polarity, charge and size the inclusion of aspartate in 

place of glycine could result in a higher level of stearic hindrance during tertiary folding 

and membrane localisation.  

  RR883377SSTTOOPP  

The mutation R837STOP results 

from a CGA to TGA nucleotide change 

at codon 2509 in exon 21 of the ABCC8 

gene. This mutation was first identified 

in HI patients of Mexican and Bedouin 

decent, by Aguilar-Bryan et al. (204).  

Functional studies showed that the mutation results in the expression of truncated 

SUR1. A complete loss of function of the K-ATP channel was observed when the 

mutation was expressed in Cosm6 cells (302). Aguilar-Bryan et al. found that the 

glibenclamide binding of SUR1 site was lost, and truncated channels were retained 

within the ER (302). These findings are as expected when portions of NBF1, TMD2, 

NBF2 and the C terminal of SUR1 are lost.  

  22555599++33--22555588++1166  ddeell  

The mutation n.2559+3 – 2558+16 

del, results from the deletion of 13 bases 

(GAGTGCAAGTTCC) at the exon 21-

intron 21 splice site of ABCC8. The novel 

putative mutation has not been associated 

with HI previously.  

The deletion of 13 base pairs results in a frame shift distal to the splice site of 

exon 21. Mutations at splice sites can result in the skipping of exons, retention of introns, 

or the introduction of an alternative splice site within the exon or intron (415). Although 

this mutation does not affect the physical splice site (AG), it has been proposed that 
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mutations which do not disrupt or create splice sites may activate pre-existing pseudo 

splice sites. Intronic pseudo splice sites are often difficult to identify because only the GT 

and AG dinucleotides at exon intron and intron exon boundaries, respectively and an A 

nucleotide at the branch point are universally conserved (415). Alteration of splice site 

activity, directly or indirectly might be the mechanism of pathogenicity of this mutation.  

The cytoplasmic region of NBF1 (see illustration above) encoded by exons 21 and 

22 is most likely to be affected by this mutation. Disruption of this region may have 

functional or structural implications in the SUR1 protein that affect its function by 

reducing or abolishing binding to Mg2+ADP and its ability to sense and hydrolyse ATP.  

  EE994466SSttoopp  

A novel putative mutation resulting 

in the introduction of a STOP codon was 

identified at codon 946 of SUR1. The 

heterozygous GAG to TAG transition in 

exon 24, results in the introduction of a 

termination codon in place of glutamate. The mutation was not identified in 200 alleles of 

100 normal control individual tested and is unlikely to be a rare polymorphism. 

Glutamate at codon 946 is conserved in SUR1 from some mammals, but is not conserved 

in the transcripts of human ABCC7, ABCC8 and ABCC9.  

 The introduction of a premature STOP codon in exon 24, could result in the 

expression of a truncated channel protein of only 945 amino acids (see illustration above). 

A similar mutation, Q954STOP, also in exon 24 was reported by Nestorowicz et al.(278), 

who showed an association of the mutation with severe HI and predicted that expression 

of the mutation would result in a SUR1 product that lacked NBF2 activity. Another 

mutation, S957F in the same region has also be associated with severe HI (204).  

  33113333--33115522  ddeell  

The deletion of 20 base pairs 

(CCTGCAGCCAGGAACTGCTC) from 

nucleotide 3133 to nucleotide 3152 in exon 

25 was identified in a patient with severe 

HI. The deletion is believed to be similar to 
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a 20bp deletion, 3130-3150 del reported by Fournet et al. (416), who demonstrated 

association of the mutation with both focal and diffuse HI.  

The deletion of 20 base pairs from within the coding region of exon 25 would 

result in a frame shift downstream of the mutation and lead to the introduction of a 

premature STOP codon at residue 1208 in exon 30 (Figure  7.2). The translation of SUR1 

expressing the putative mutation could result in the expression of a truncated SUR1 

protein lacking vital C terminal domains. ADP sensitivity may be lost due to lack of 

NBF2 activity. Truncation of C terminal domains of the SUR1 protein may also cause 

abnormal trafficking or ER retention as the C terminal domains are essential for 

trafficking and for association with Kir6.2.  

 
Figure  7.2. Frame shift as a result of 3133-3152 del 

Region of ABCC8 with translation affected by 3133-3152 del. Top frame shows the bases deleted 
(highlighted in grey) and in frame translation. Bottom frame shows the same region of the gene, 
where n3133-3152 are deleted, and the resulting frame shift that results in the introduction of a 
premature STOP codon.  

    

  33557777--33557788  ddeell  GG  

The deletion of a guanine residue at 

nucleotide number 3577 (codon 1193) in exon 

29 leads to a frame shift that results in the 

introduction of a premature STOP codon at 

codon 1208 (Figure  7.3). This mutation has 

been recently reported to be associated with HI by Gloyn et al. (417). The guanine 
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residue at nucleotide 3577 is conserved in ABCC8 in mammals, and is also conserved 

between human ABCC8 and ABCC9.  

Translation of the allele carrying the mutation would result in the expression of a 

truncated SUR1 product lacking four C terminal trans-membrane regions (see illustration 

above) and probably lacking in NBF2 activity. Loss of NBF2 activity results in loss of 

ATP reactivity of the SUR1 subunit. Additionally, loss of C terminal domains that are 

important for interaction with Kir6.2 could adversely affect channel assembly and 

trafficking.  

 
Figure  7.3. Frame shift as a result of 3577-3578 del 

Top frame shows gene sequence at n. 3577 – affected base is highlighted. Bottom frame shows the 
introduction of a premature STOP codon as a result of the deletion.  

  33999922--99  AA>>GG  

The mutation 3992-9 A>G results from a 

heterozygous substitution of adenine for guanine 

at nucleotide position 3992-9, at the intron 32-

exon 33 boundary. The mutation was initially 

described in a Saudi Arabian family with a 

history of HI by Thomas et al. (195). Along with the mutation delF1388, it is the most 

common pathogenic mutation in Ashkenazi Jews and accounts for HI in up to 88% of the 

population (277). Functional studies by Thomas et al. showed that expression of the 

mutation leads to skipping of exon 33 during pre-mRNA editing as well as destabilisation 

of ABCC8 mRNA by activation of a cryptic splice site (195).  

Homozygous and heterozygous inheritance of this mutation has been associated 

with a range of phenotypes, probably attributable to variance in mutation penetration. 

When expression of the mutation was studied in beta cells from three unrelated patients, 

K-ATP channel activity was either normal, absent or lower than normal (277). The 

expression of this mutation affects the function of the channel, but does not seem to affect 

trafficking or cell surface expression of the channel. Cartier et al. confirmed that cell 
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surface expression of the channel did not seem to be affected by the mutation, but 

expression of the mutation did yield non-functional channels (418).  

  44112233--1199  TT>>CC  

A heterozygous thymine to cystine 

substitution was identified 19 nucleotides 

upstream of exon 34 at nucleotide 4123-19. 

This mutation has been identified as being 

pathogenic in HI (406; 407).  

While there is no functional data authenticating the role of this mutation in HI, 

Fernández–Marmiesse et al. (407) identified the mutation in a patient with diffuse-HI. 

Biomolecular effects of this mutation are predicted to include abnormal control of the 

proximal splice site or regulation of intronic pseudo-splice sites (415). Abnormal 

transcriptional regulation is more likely to affect expression of exon 34, whose transcript 

forms a portion of the highly conserved NBF2.  

Another mutation in the same region, R1394H (n.4181) has been associated with 

severe HI, as is common in mutations that affect the C terminal of NBF2 of SUR1. 

Expression of R1394H was shown to completely abolish channel activity (414). 

  LL11339911HH  

The heterozygous CTT to CAT transition 

at codon 1391 in exon 34 leads to the 

substitution of leucine by histamine. Leucine is a 

non-polar, neutral amino acid, and its 

replacement by a basic, polar amino acid like 

histamine may affect the secondary and tertiary structure of the protein. However, 

theoretical in silico predictions did not reflect a structural change at the secondary folding 

level (399).  

L1391 lies within NBF2, which is vital for its nucleotide sensitivity. Mutations in 

this region may cause an alteration or abolishment of NBF2 activity, and may also affect 

normal channel assembly and trafficking. Other pathogenic mutations within this region 

such as K1385Q and R1394H have been shown to result in complete loss of K-ATP 

channel function and severe HI (414; 419).  
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  GG11440011RR  

The glycine to arginine substitution at 

codon 1401, results from a heterozygous GGG 

to AGG codon alteration at nucleotide 4201 in 

exon 34. The novel putative mutation was not 

identified in 200 alleles of 100 normal control 

individuals tested. The affected codon is conserved in SUR1 of mammals and between 

human SUR1 and SUR2. 

The substitution of a non-polar, neutral amino acid like glycine for a polar, 

strongly basic one, with a larger side chain like arginine is likely to affect the tertiary 

folding and spatial arrangement of the protein. The affected codon (no. 1401) is situated 

between the Walker A and the linker regions in NBF2. Like other mutations in this region, 

the mutation may lead to compromised ATP binding at NBF2 or abnormal binding to 

Kir6.2. A mutation G1401D, involving a different amino acid change at the same locus 

has been implicated in HI by Aguiliar-Bryan et al. (204). The mutation, R1419H in the 

same region has also been associated with HI. Expression studies involving R1419H 

revealed that mutant channels were retained within the ER, although the glibenclamide 

sensitivity was not lost (302). Retention of channels within the ER would result in severe, 

diazoxide un-responsive HI.  

  DD11440066HH  

A GAT to CAT sequence change results 

in the substitution of histidine for aspartate at 

n.4216 in exon 35. D1406H is a novel putative 

mutation, which was not found in 200 alleles of 

100 normal control individuals tested. 

Aspartate is a polar acidic amino acid, whereas histidine is a polar, basic amino 

acid. The differing properties of the variant amino acid, histidine can have important 

implications for the structure and function of the protein. 

 The aspartate residue at codon 1406 is located distal to the Walker A motif in 

NBF2 within a highly conserved region. Other mutations in this region, like G1401R and 

R1419H discussed above have been shown to hinder the nucleotide binding properties of 

NBF2 and to reduce overall channel expression and function. The mutation is believed to 

be associated with severe HI due to loss of vital NBF2 activity (417).  
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  RR11442211CC    

The mutation R1421C, an arginine to 

cystine substitution results from a CGC to TGC 

base change in exon 35. It was reported as 

pathogenic in HI by Verkarre et al. (270). They 

identified the mutation in a patient with severe 

HI, and reported that codon 1421 was found to be highly conserved in genes of the ATP 

binding cassette super-family.  

Functional studies carried out by Tanizawa et al. (420) demonstrated that the 

high-affinity binding of ATP to NBF1 was not affected when the mutation was expressed. 

However, stabilisation of ATP binding to NBF1 by Mg2+ATP or Mg2+ADP was impaired. 

Binding of Mg2+ADP at NBF2 is necessary for stabilisation of the channel complex and 

for normal ATP binding at NBF1. In their studies, expression of R1421C seemed to 

strongly influence the cooperative binding of adenine nucleotides in SUR1. Overall, 

impairment of K-ATP channel activity by expression of the mutation was modest but 

significant. However, inhibition of glibenclamide was complete (420).  

  RR11443366QQ  

An arginine to glutamine substitution 

that results from a CGG to CAG transversion 

was identified at the terminal end of exon 35. 

The substitution of a polar, basic amino acid 

for a polar, neutral amino acid in the highly 

conserved NBF2 is likely to have functional consequences.  

 This mutation was reported to be associated with HI in Caucasian (217) and 

Japanese HI patients (419). Tanizawa et al. (420) expressed the mutation in Cosm6 cells 

and demonstrated a distinct reduction in channel expression coupled with decreased 

stability of the channel complex when the mutant allele was expressed. Additionally, no 

channel expression at the cell surface was recorded. Other studies have reported that 

expression of this mutation was associated with channels which had regulatory 

abnormalities, had loss of ADP gating function and loss of response to diazoxide (177). 

The functional data from these studies is congruent with finding in this study that the 

mutation is associated with severe HI and that the patient is not responsive to diazoxide.  
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  DD11447722NN  

The mutation D1472N, an aspartate to 

asparagine substitution, results from a GAT to 

AAT base change at nucleotide 4414 at the 5’ 

end of exon 36 of the gene. 

 The mutation has been reported in a 

patient with HI by Sharma et al. (235). Henwood et al. (421) reported another pathogenic 

mutation, D1472H at the same loci, and suggested that the mis-sense mutation near the 

splice site of exon 36 leads to expression of K-ATP channels with severely reduced 

functionality. This indicates that the mutation in NBF2 affects the function of the channel 

but does not affect trafficking to the cell membrane. Patients with both mutations 

presented with severe diazoxide un-responsive HI (235; 421).  

  RR11449944WW  

R1494W, an arginine to tryptophan 

substitution, results from a CGG to TGG 

transition at nucleotide 4480 in exon 37. The 

mutation was reported in a patient with focal-

HI by Verkarre et al. (270). They proposed that 

the replacement of arginine, a polar, basic amino acid with a non-polar, neutral amino 

acid like tryptophan would result in a change in the protein conformation. A change in 

the conformation of the C terminal NBF2 of SUR1 can have important implications for 

the assembly and function of the channel, and may affect the function or the cell surface 

expression of the channel.  

Another mutation at this loci, R1494Q has also been associated with HI. 

Expression studies showed that both mutations abolish expression of the channel at the 

cell surface. However, binding of the affected SUR1 with Kir6.2 does not seem to be 

affected (302). Sensitivity to diazoxide was also absent when the mutated allele was 

expressed (422). The expression of the R1494W mutation, that leads to loss of cell 

surface expression of the channel accounts for severe, diazoxide insensitive HI seen in 

the affected patient.  

 

 



CHAPTER 7 : DISCUSSION 
 

182   

  LL11552200PP  

A heterozygous mutation involving a 

leucine to proline substitution is the result of a 

CTC to CCC codon transition at nucleotide 

4559 in exon 38. The leucine residue is 

conserved between human SUR1 and SUR2. 

The mutation is located at the C terminus of the protein, in the cytoplasmic region distal 

to NBF2. 

The amino acids leucine and proline both have similar physio-chemical properties, 

in that they are both non-polar and neutral. However, inclusion of proline is believed to 

reduce structural flexibility of a protein. Amino acid residues 1513 to 1528 form an alpha 

helix during secondary structure formation. This helix is predicted to be shortened to 

include only residues 1513-1526 when leucine is substituted by proline (399). Structural 

alternations in this region may affect the function of the channel complex or its 

trafficking to the cell membrane.  

Other pathogenic mutations have been reported in this region, which is believed 

to be “hot-spot” for HI associated mutations. A mutation in this region, L1544P (204) is 

believed to affect trafficking and ADP sensitivity of the channel complex. Residues in 

this region are part of a putative RKR cloaking motif and are likely to affect protein 

trafficking as seen when L1544 was expressed in vitro (177; 247). Another mutation in 

the region, V1551D has also been implicated in HI and is associated with trafficking 

defects of the K-ATP channel (279). Channels that are not expressed at the cell surface 

are likely to be associated with severe, diazoxide insensitive HI.  

  LL11554444PP  

The mutation L1544P results from a 

CTG to CCG transition at nucleotide 4631 on 

exon 39. The mutation was implicated in severe 

HI by Aguilar-Bryan et al. (204). Functional 

analysis of the mutation by Taschenberger et al. 

(247) revealed that channels formed with the co-transfection of the mutant SUR1 with 

normal Kir6.2 in COS cells had a reduced response to Mg2+ADP and reduced surface 

expression. The mutation is also believed to affect the secondary structure of the channel 

and thus reduce NBF2 function. The C terminus region in which this mutation occurs is 
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believed to be involved in RKR cloaking, thus the mutation decreases surface expression 

by resulting in improper shielding of the RKR-ER retention signal (247). 

  SSuummmmaarryy  

Genetic analysis of ABCC8 in the surgical cohort of patients revealed 18 

mutations, of which 11 were newly discovered putative mutations. Of these, 10 were 

localized to NBF2, which is a highly conserved region of SUR1 that is essential for 

normal function, and normal assembly of the channel. Two mutations are localised to 

NBF1, which is necessary for ATP binding. NBF1 and NBF2 are considered “hot-spots” 

for HI associated mutations, especially when presentation of the disease is severe. The 

results of this study concur with this prediction.  

7.1.1.2 STR analysis 

Assessment of copy number variations of short tandem repeats (STR)s are 

valuable for forensic identification and for establishing familial relationships, including 

monozygosity amongst twins. One patient in the surgical cohort, S11 had a single 

paternally inherited mutation and severe HI. Her twin, who also carried the mutation was 

phenotypically normal. The patient was initially believed to have a novel histological 

form of HI associated with a focal-diffuse histology, and unknown genetic inheritance. 

STR analysis was undertaken in order to confirm that S11 and her twin were indeed 

monozygotic.  

Monozygosity of the twins was not conclusively proven by TH01, TPOX and 

CSF1P0 copy number analysis. Both twins have identical copy-numbers of the alleles 

examined. Further more, both twins were found to have identical genotypes (mutations 

and polymorphisms) for the ABCC8 and KCNJ11 genes, indicating a high likelihood of 

them being monozygotic twins. Monozygosity may be confirmed by STR analysis of a 

larger panel of markers, but was not carried out due to lack of sample from the patients.  

Upon re-examination of S11’s histological classification using stricter diagnostic 

guidelines, it was determined that the patient had focal-HI. Abnormal cells outside the 

lesion did not fulfil the criteria for diffuse-HI. Focal-HI is associated with a paternal 

mutation, coupled with LOH of maternal 11p15. The lack of disease in both twins 

reinforces the idea that loss of heterozygosity seen in focal-HI is a post-conceptive, 

somatic event.  
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7.1.1.3 SNP analysis 

During the genetic analysis of ABCC8, 56 gene variants and polymorphisms were 

identified in the patients genotyped. Polymorphisms were present in intronic and coding 

regions of the gene. Polymorphisms were found up to 60bp away from the splice site (due 

to site of primer binding). However, gene variations further than 25bp away have not 

been included in this study as genetic variations in intronic regions are common, and not 

usually included in genotype-phenotype correlation analysis.  

Patients in the surgical cohort had many more gene variants in the ABCC8 gene 

than patients in the medical cohort. On average, the surgical patients had 15.5 gene 

variants (mode = 19), while medical patients had only 1.8 (mode = 1) (Figure  7.4). Two 

patient, one in the surgical cohort and one in the medical cohort were not found to have 

any polymorphisms. This may be due to deletion of one ABCC8 allele due to naturally 

occurring copy number variations in the 11p15.1 region (further discussed in section 

 7.4.4).    

  
Figure  7.4 Number of Polymorphisms in the surgical and medical cohorts 

A box and whisker plot showing the number of polymorphisms in the surgical and the medical 
cohorts.  

 

DNA from all patients had been amplified using the same primers, and had been 

compared to the same consensus sequences. All the polymorphisms have been reported 

(286; 423) previously. The gene variants were located across the entire gene, and did not 

seem to follow localization trends observed for mutations in ABCC8. Most mutations in 
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the ABCC8 gene were found within the exons encoding NBF1 and NBF2. In fact, 

polymorphisms seem to be less common in regions like the NBFs that are hot spots for 

mutations, probably because gene variants in those regions are more likely to have a 

disease causative effect. 

There have been over 100 polymorphisms reported in the ABCC8 gene (286) 

although not much is known about the functional impact of specific polymorphisms. 

SNPs involving the amino acid A1369 (rs757110) have been found to be associated with 

susceptibility to type 2 diabetes in several studies (292; 293). In this cohort, A1369 was 

identified in nine surgical patients, and eight medical patients with an allele frequency of 

23.4% and 21.0%, respectively. Some studies have reported linkage between A1369S on 

ABCC8 and E23K on KCNJ11 (424), this has been disputed in recent large scale meta-

analysis (291). In this study, no association was observed between A1369S and E23K. 

An arginine residue at codon 1273 was reported to be associated with hyperinsulinism in 

Mexican-American non-diabetic individuals (294) as well as with type 2 diabetes in 

French Caucasians (295). In this cohort, R1274R (rs 1799859) was identified in five 

surgical patients and 7 medical patients with an allele frequency of 11.9% and 18.4%, 

respectively. There was no statistical significance in the distribution of the polymorphism 

between the two patient cohorts, no correlation was observed between occurrence of the 

polymorphism and development of diabetes either.  

Saito et al.(286) sequenced the ABCC8 gene in 48 normal Japanese subjects, and 

identified a total of 102 polymorphisms. Curiously, the rate of genetic variation seems to 

be similar between the surgical cohort of this study and the normal cohort reported by 

Saito et al. They reported that the frequency of polymorphic bases in their normal 

population was 1 per 490 bases. In the surgical cohort examined in this study, the 

frequency of polymorphism was 1 per 407 bases, and in the medical cohort the frequency 

of polymorphism was 1 per 3504 bases. 

This phenomenon of increased number of polymorphic bases in the surgical 

patients may have important consequences in the over-all stability of the ABCC8 gene, its 

mRNA or its translational product. Effects of the polymorphisms may also include a 

modifier effect associated with drug-binding properties of the protein, treatment of HI 

and its severity. It is recognized that not all the patients in the medical cohort may have 

HI associated with ABCC8 or KCNJ11 mutations and this disparity may explain the 

smaller number of polymorphisms found in that population. However, it remains 

apparent that patients with severe disease who require surgery often have mutations in 
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ABCC8 accompanied by several polymorphisms thereby increasing the overall instability 

of the genes’ translated product.  

Due to the large number of polymorphisms and the small sample size, no 

statistical correlation between the number of polymorphisms and the phenotypes were 

apparent within either cohort. These results show a trend that surgical patients with more 

than 15 polymorphisms have a more severe presentation of the disease. The number of 

polymorphisms in patients with the severe HI is significantly higher (p<0.001) than 

patients with the milder form of HI (not linked to K-ATP channel defects). Based on 

these results, it may be speculated that the polymorphisms and the mutation have an 

additive effect that de-stabilises the SUR1 transcript of the gene, thus resulting in a 

severe disease that is non-responsive to diazoxide. 

7.1.2 Genetic analysis : KCNJ11  
The KCNJ11 gene was sequenced in 21 surgical patients and 19 medical patients. 

No mutations associated with HI were identified in either cohort. Six polymorphisms 

were identified in the KCNJ11 gene - E23K, S148I, A190A, L270V, I337V and L381L. 

All polymorphisms except L381L were differentially distributed (p<0.005) between the 

medical and surgical groups. In recent years, SNPs have been linked to a variety of 

phenotypic manifestations including response to treatment [e.g. KCNJ11 polymorphisms 

and sulfonylurea therapy (425)] as well as susceptibility and progression to multifactorial 

diseases like diabetes and cancers.  

The polymorphisms identified in the patients studied are discussed in this section 

with particular reference to their consequences for the Kir6.2 protein and their 

significance in HI.  

  EE2233KK    

The allele frequency of E23K was significantly 

(p<0.002) higher in the medical cohort than in the surgical 

cohort and the control population. The allele frequency of 

the polymorphism was similar in the surgical cohort and the 

control population. E23K is one of the most widely studied 

polymorphisms of KCNJ11. It has been consistently 

associated with type 2 diabetes in various studies (426).  

E23KE23K
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Recently, Van Dam and co-authors (291) carried out a meta-analysis of 7500 

case-control subjects incorporating several studies from northern Europe to confirm an 

association between the E23K (K/K & E/K) alleles, glucose intolerance and the 

progression to diabetes. Their study confirmed that carriers of the K allele had decreased 

insulin secretion and impaired glucose response. Additionally, other studies have reported 

that the presence of this polymorphism has been associated with increased incidence of 

gestational diabetes (306).  

The role of the variant has also been examined in polycystic ovary syndrome 

(PCOS) (427), hypertension (305) and congenital heart disease (428), although no 

significant genotype trends have been identified.  

The amino acid change from glutamate to lysine is believed to result in an 

alteration of secondary structure of the Kir6.2 molecule, whereby the first alpha helix of 

the molecule is predicted to be shortened when lysine is expressed (399). Expression of 

the K variant has been shown to spontaneously increase the opening probability of the 

channels and to reduce sensitivity to ATP (214). Individuals who carry the E/K or K/K 

variants have been shown to have diminished insulin secretion, a phenomenon that 

stresses the link between KCNJ11 and diabetes.  

The E23K variant has an impact on ATP sensitivity, insulin secretion and glucose 

tolerance in carriers, and is associated with altered function of the K-ATP channel. It is 

therefore possible that it may also have a modifier role in HI. The decreased insulin 

secretion that is associated with expression of the E/K or K/K alleles may infer a slight 

protective effect in medical HI patients, and reduce severity of the disease in these 

patients. The expression of this variant may also have long term effects in these patients 

by increasing their susceptibility to diabetes later in life.  

  SS114488II  

The S148I polymorphism was present in most 

individuals in the surgical and control groups, but was 

virtually absent in the medical group. The S148I gene 

variant was first identified in a small family by Thomas et 

al. (296). It was later designated as a common 

polymorphism in a Japanese population by Ohkubo et al. 

(419). In the Australian population genotyped in this study, it was found that all the 

control subjects (n=100) carried a variant allele, as opposed to the 88% allele frequency 

S148IS148I
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seen in the Japanese population. These finding suggests that the expression of isoleucine 

at codon 148, rather than serine may be the wild-type for Kir6.2 in humans.   

The change from a G to T at nucleotide 443 results in the conversion of serine to 

isoleucine. It is a change from a neutral amino acid to another neutral amino acid with a 

simpler side chain that may have an effect on the tertiary structure or spatial arrangement 

of the protein. Thomas et al.(296) described a mutation at a neighbouring residue - L147P 

that was implicated in HI. The amino acid change from leucine to proline at position 147 

was putatively associated with the disruption of the M2 α helical transmembrane domain 

of Kir6.2. Amino acids L147 and S148 lie on the outer surface of the pore formed by the 

four subunits of Kir6.2 in the K-ATP channel interfacing with the regulatory SUR1 

subunit in the channel. The short α helix which lies on the outside of the Kir6.2 pore-

forming hetromer is believed to be involved in the interactions with SUR1 (240). 

Structural and spatial changes in the subunit or its interactions may affect the function of 

the channel, its response to intracellular ATP changes or its response to the K-ATP 

channel-openers used in the treatment of HI (108). 

The region in which S148 lies is vital for normal function of the pore formed by 

Kir6.2. Minor structural variations are likely to have a major effect on the function of the 

channel, and on insulin secretion from beta cells. The polymorphism was identified in 96 

control subjects and in almost all the surgical patients, suggesting that its complete 

absence from the medical patients may be a significant finding. It is possible that absence 

of the mutation infers a protective effect on some medical HI patients, and that this 

affects their response to medical treatment. The expression of the SNP, as is more 

common in the surgical patients confer minor structural alterations to the M2 helical 

domain which is vital for reactivity to ATP and the channels gating functions (240). Such 

subtle changes may not have phenotypic effects until the channels activity is already 

reduced by ABCC8 mutations. However, if the polymorphic, I148 is in fact the wild-type 

allele (i.e. the polymorphism is I148S), and is expressed in all the medical patients, but 

not the surgical and normal groups, then the expression of serine at codon 148 may act to 

decrease severity HI in the medical cohort.  

  AA119900AA  

The allele frequency of A190A was higher in the 

surgical patients compared to the medical and the 

control group.  

A190AA190A
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The A190A polymorphism is a silent polymorphism that was first reported by 

Hansen et al. (394). The GCT to GCC codon change does not result in an alteration of the 

amino acid translated. This common silent polymorphism and others in the KCNJ11 gene 

have been widely investigated for disease association. Studies of possible linkages 

between A190A (along with other KCNJ11 polymorphisms) and type 2 diabetes and 

acute myocardial infarctions has been studied, but they have been unable to authenticate a 

link between A190A and either of the diseases (304; 428; 429).  

In order to investigate the possible significance of the disparity in allele 

frequencies of this site between the medical and surgical HI patients, molecular 

mechanisms of transcription and translation were investigated in vitro and are discussed 

in detail in section  7.3.  

  LL227700VV  

The allele frequency of L270V was similar in the 

medical and surgical populations, but was lower in the 

control population. This difference of frequencies was not 

found to be statistically significant between the two groups.  

The polymorphism was reported by Hansen et al. 

(304), who investigated the role of L270V in type 2 diabetes. Their investigations did not 

reveal any linkage between L270V and type 2 diabetes, but they did show that carriers of 

the variants E23K, L270V and I337V together, had an insulin sensitivity index 62% 

higher than non-carriers. Other studies have investigated L270V in type 2 diabetes and 

cardiac diseases and failed to find any linkage (428; 429).  

Due to the lack of a significant discrepancy of L270V between the medical and 

surgical HI patients, and the low occurrence of the polymorphism, its possible impact 

cannot be predicted.  

  II333377VV  

Allele frequency of I337V was higher in the 

medical group than the surgical and control groups. I337V 

commonly occurs with E23K, although no linkage 

disequilibrium has been established (291).  

 Kir6.2 residues 334-338 have been shown to be 

essential for ATP sensitivity of the K-ATP channel (244). An amino acid change in this 

L270VL270V

I337VI337V
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region may affect the channel’s sensitivity to ATP. Kir6.1 is the inwardly rectifying 

member of the cardiac K-ATP channel, and has a 71% homology with Kir6.2. It 

expresses valine at residue 337, and is less sensitive to ATP. This reduced sensitivity to 

ATP may be linked with the small loss of channel activity seen in carriers of E23K – if 

the polymorphisms are indeed linked. 

Altered ATP sensitivity may affect the overall function of the K-ATP channel in 

HI patients. The presence of this polymorphism in the surgical cohort may imply that it 

has an additive effect with ABCC8 mutations. Expression of I337V with an ABCC8 

mutation may be expected to result in increased severity of the impact of the molecular 

defect associated with the ABCC8 mutation alone. On the contrary, the impact of the 

polymorphism in the medical and control populations is minimal in the absence of 

ABCC8 mutations.  

  MMuuttaattiioonnss  iinn  KKCCNNJJ1111  

Mutations and genetic aberrations in the KCNJ11 gene are associated with a wide 

spectrum of hypo and hyper glycaemic disorders (Figure  7.5). Mutations in the gene have 

been associated with HI, neonatal diabetes mellitus and DEND syndrome.  

 

 
Figure  7.5 Schematic representation of the spectrum of hypo- and hyperglycemia syndromes 
associated with genetic variations in the KCNJ11 gene. 

Inactivating mutations in KCNJ11 result in HI. Activating mutations can cause varied presentations 
of diabetes, with the severity of the mutation determining the phenotype. HI- hyperinsulinism of 
infancy, T2DM – type 2 diabetes mellitus, TNDM – transient neonatal diabetes mellitus, PNDM – 
permanent neonatal diabetes mellitus, DEND - Developmental delay, epilepsy or muscle weakness 
and neonatal diabetes. Figure from Gloyn et al.2006 (417) 
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There are 12 mutations in the KCNJ11 gene currently associated with HI (417), 

and other mutations in the gene are associated with a range of diabetes syndromes (Figure 

 7.5). None of the inactivating mutations were identified in this study, however, we 

recently identified a patient with permanent neonatal diabetes (PND) who had the 

activating R201L mutation in the KCNJ11 gene. Two other mutations – R210H and 

R201C have been identified at this locus, and associated with PND. The affected arginine 

residue is highly conserved and is believed to be vital for ATP binding at the Kir6.2 

subunit of the K-ATP channel (430).  

K-ATP channels perform vital functions in pancreatic beta cells, in the brain and 

in muscles including the heart. The importance of the Kir6.2 subunit in K-ATP channels 

is demonstrated by the range of diseases caused by genetic variations (mutations and 

polymorphism) in this gene. 

In the course of this study, no disease associated mutations in KCNJ11 were 

identified in either the surgical or the medical patients. However, a differential 

distribution of KCNJ11 polymorphisms was identified between the medical and the 

surgical groups. Many of these have been previously associated with diabetes or impaired 

glucose sensitivity, and although large scale studies have not been carried out, it is 

conceivable that the presence or absence of KCNJ11 polymorphisms may have a 

predictive function and affect the progression and management of HI in affected 

individuals. It is must also be considered that the expression of one or more KCNJ11 

polymorphisms have a pathogenic effect in some HI patients. This may especially be true 

in those surgical patients with diffuse-HI in whom two mutations were expected, but only 

one mutation was identified. 

7.1.3 Genetic analysis : GLUD1 
Mutations in exons of the GLUD1 gene which encodes the allosteric regulatory 

domain of the enzyme GDH, are associated with a syndrome of hyperinsulinism and 

hyperammonemia (HI-HA). Of the 19 medical and 21 surgical patients included in this 

study, plasma ammonia levels were measured in only six patients, probably because HI-

HA was not recognized as an HI associated syndrome when most patients in this study 

were diagnosed (1979-1998).  

Upon genotyping regions of the GLUD1 gene associated with HI-HA (exons 6, 7, 

8, 11 & 12), no mutations were identified. The patients who had high ammonia levels at 

the time of diagnosis (M01, M02, M03, M17 & M18) were also tested for common 



CHAPTER 7 : DISCUSSION 
 

192   

GLUD1 mutations by site specific RFLP analysis. No mutations were identified in these 

patients through any of the methods employed. A silent polymorphism, L314L 

(rs9421572) was identified in seven medical patients and one surgical patient. The 

polymorphism and has not been associated with a phenotype to date.  

It is possible that some of the patients in this study did in fact have HI-HA 

associated with GLUD1 mutations in other parts of the gene. Some studies have reported 

mutations outside the allosteric inhibitory domain, but they were found to be associated 

with an unique defect in enzyme activity that had a distinct biochemical profile (321; 

431). Patient M03 was particularly likely to have had HI-HA, as he had extremely high 

ammonia levels at diagnosis, and continued to suffer from protein sensitive 

hypoglycaemia and neurological impairment until his death due to unrelated 

circumstances. HI-HA is now an established syndrome and is routinely considered in the 

diagnosis of hyperinsulinism of infancy. It can be distinguished from other causes of HI 

by elevated plasma ammonia levels at diagnosis, protein sensitivity and impaired GDH 

function.  

7.1.4 Genetic Analysis : GCK  
Mutations in the GCK gene that encodes the glucose sensing enzyme glucokinase 

have been reported to be associated with neonatal diabetes, maturity onset diabetes of the 

young 2 (MODY-2) and HI (329; 331; 333). Exons 1 – 10, including all three isoforms of 

exon 1 were sequenced in 19 patients of the medical cohort, and those surgical patients in 

whom no disease associated mutation had been identified in any other gene. No 

pathogenic or novel putative mutations were identified in any of the patients analysed. 

One gene variant, n1020+8A>G, was identified in four patients. The variant 

n1021+8A>G was also identified in four non-HI control patients sequenced. 

Reports on NCBI’s SNP database, dbSNP (423) imply that there are several gene 

variants in all three isoforms of this gene. The lack of gene variants in either of our 

cohorts may imply that the gene is particularly well conserved and stable in these patients 

with HI, who have other beta cell gene abnormalities. While this data is not conclusive, it 

is possible that the coding regions of the gene are particularly well conserved in the 

Australian population.  
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The PCR assay designed for this thesis has been re-validated and is currently used 

for genetic analyses in patients with MODY2 at Mater Health Services, Pathology. Two 

MODY2 associated mutations have been positively identified.  

7.1.5 Genetic Analysis - HADH 
HI associated with mutations in exon 5 and 7 of the HADH gene has been 

described recently (308). These exons were sequenced in 19 medical patients and four 

surgical patients (with no other mutations). No mutation was identified in the patients 

genotyped.  

HI linked to mutations in the HADH gene is associated with elevated beta-

hydroxybutyrate and 3-hyroxybutyryl carnitine in plasma. Patients in this study have no 

record of being tested for either of the metabolites at the time of diagnosis. The absence 

of mutations in the HADH gene in the patients analysed suggests that a diagnosis of 

HADH-HI was probably not missed. However, it is of clinical importance to distinguish 

HI-HADH from other causes of HI for management and treatment. HI-HADH has been 

reported to be responsive to diazoxide and dietary glucose (271). Recently a patient 

presenting with hyperinsulinism and elevated plasma 3-hyroxybutyryl carnitine was 

diagnosed with HI associated with short chain 3-hydroxyacyl CoA dehydrogenase 

dysfunction at the Mater Children’s Hospital. Although no genetic analysis has been 

undertaken to date, the patient is believed to be responding well to diazoxide therapy.  

7.2 Immunohistochemistry 

7.2.1 Focal-HI, Diffuse-HI and Atypical-HI 
Histological observations of lesions associated with HI often give vital 

information concerning the genetic basis of the disease, and indicate the best mode of 

treatment for the affected individual. Although the presence of a focal adenomatous 

region can be identified preoperatively in many cases by PET scanning, it can only be 

confirmed by microscopic examination of the affected region of the pancreas (213).  

Guidelines concerning the pancreatic architecture associated with focal and 

diffuse HI has been suggested by some groups (275; 409) in an attempt to standardize 

histological classification of the pancreas in HI. Focal HI is generally diagnosed when a 

‘focus’ of endocrine cell overgrowth usually occupying more than 40% of a given area, 
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or an area of nesidioblastosis is observed in at least one section of the resected pancreas 

and is accompanied by the absence of large beta-cells in the non-adjacent pancreas (409). 

A diagnosis of diffuse HI is given when abnormal/large beta-cell nuclei are present in 

most, if not all, of the pancreatic sections (409; 432). Features of abnormal beta cells 

indicative of diffuse HI, include increased nuclear size and nuclei with bizarre, crescent, 

or ovoid shape, and occasional nuclear pseudoinclusions. Islet cell nuclear enlargement 

has been defined as nuclei occupying an area more than three times larger than the 

surrounding endocrine nuclei (409; 433). 

At least two studies (215; 410) have reported histological findings in patients with 

HI, which did not fit the diagnostic criteria for diffuse and focal that are currently 

standard. A study at the Mater Children’s Hospital published by Jack et al. (215) as well 

as the retrospective study by Suchi et al. (410) report an atypical or equivocal lesion in 

some patients. Features other than islet cell nuclear hypertrophy such as irregular contour 

of the islets, small clusters of endocrine cells, prominent centroacinar cells, and 

nesidioblastosis were reported in pancreas non-adjacent to focal lesions in both studies. 

The PHHI research group at the Mater Children’s Hospital have thus proposed the 

existence of a third histological form of HI associated with the presence of a focal lesion 

along with other abnormalities of the pancreas which has a distinct genetic cause.  

Recently, this finding was challenged because the abnormal areas outside the 

lesion did not fulfil accepted diagnostic criteria for diffuse disease in all the patients. The 

patient blocks used in the study by M. Jack and co-authors (215) were re-examined to 

follow established guidelines more closely. Upon re-examination, two patients (S02 & 

S30) were still found to have atypical or focal-diffuse histology, believed to be associated 

with a distinct genetic abnormality. The genetic findings in these patients – a single 

maternal mutation in S30, and no ABCC8 mutation in S02; concur with the belief that 

they did not merely have focal disease.  

Histological abnormalities seen in the patients S02 and S30 were distinct from 

architecture associated with diffuse HI and included the finding of pale acinar cells, and 

sub-optimal cellular and structural development of islets. It may be argued that these 

abnormalities may have been caused by medication, or by the overall pancreatic 

environment of hyper secretion of insulin, or by an underlying cause not yet discovered. 

In some other patients, abnormal pancreatic cell architecture was observed only in 

sections after second surgery, implying that they may be related to surgical scarring or 

regeneration of the pancreas from the duodenal wall [(434) and Dr. R Walker, personal 
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communications]. It remains that patients with HI have architectural abnormalities of the 

pancreatic islets that are not present in normo-glycaemic infants of the same age. 

7.2.2 p57 in Focal HI  
Immunohistochemical staining of pancreas sections for the nuclear cell cycle 

regulator p57 was optimised for the samples used in this study by varying retrieval 

methods and primary antibody concentration and incubation times. Inconsistent results 

were seen between autopsy samples used for optimization and patient samples used. It is 

believed that the formalin fixing protocols used for the preservation of each sample at the 

time of surgery, could affect the result of the staining. In all three patients analysed, focal 

lesions were seen in at least one section under a H&E stain. No architectural 

abnormalities fulfilling the established criteria for diffuse disease were observed.  

No nuclear p57 stains were seen within the focal lesions, implying the protein was 

not being expressed in the nuclei of beta cells within the adenomatous region. A positive 

stain for p57 was seen in regions outside the focal lesion in all three patients analysed, 

confirming previous findings that the loss of p57 within the focal lesion was not evident 

outside the focal lesions. While p57 staining was seen in some areas of abnormal islet 

architecture outside the focal lesions, these areas did not have the characteristics seen in a 

diffuse HI pancreas. It is believed that this abnormal architecture may be the result of the 

treatment for the disease or surgical scarring. These patients were thus re-classified as 

having a focal disease. All three patients, S01, S05 and S07 were found to carry a single 

paternally inherited mutation that was expected with a focal histology.  

These results indicate that the lack of p57 within a focal adenomatous lesion may 

be diagnostic of focal-HI regardless of beta cell abnormalities outside the focal lesion. In 

differentiating focal-HI from diffuse HI, it is important to note that while focal-HI is 

predictive of a single paternally inherited ABCC8 mutation, the reverse is not always true 

(i.e. the finding of a single paternally inherited mutation is not necessarily predictive of 

focal-HI). 

Further investigations involving the staining of p57 in patients S02 and S30 would 

be valuable, but are not possible due to lack of preserved tissue samples.  
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7.3 In vitro transcription-translation analysis  
In vitro expression studies were undertaken to investigate possible proteomic 

effects of the A190A polymorphism on the rate of Kir6.2 translation. The allele 

frequency of the variant was 74% in the surgical cohort, 30.5% in the medical cohort and 

25% in the normal control population. The wild-type codon for alanine in KCNJ11 

(GCT), has 28 iso-accepting tRNA molecules, whereas the polymorphic synonymous 

codon (GCC) has none (the other codons for alanine, GCA and GCG, have 9 and 5 

respectively). The inconsistency was hypothesised to be a mechanism for a genetic, 

proteomic or phenotypic effect of the silent polymorphism. A commercially available 

rabbit reticulocyte transcription-translation system was used as a medium for in vitro 

expression of Kir6.2. The rabbit reticulocyte system had been modified for optimisation 

by the manufacturer, but the tRNA population within the lysate was unchanged. It has 

been established that the tRNA populations in humans and rabbit reticuloytes are similar 

[Hatfield et al.(435) and personal correspondence, Promega, Australia]. 

DNA from six HI patients with homozygous variant, heterozygous and 

homozygous wild type genotypes was used for in vitro expression (two patients were 

homozygous GCT/GCT, two were heterozygous GCT/GCC and two were homozygous 

GCC/GCC). DNA from one normal control individual for each genotype was also used in 

the study. Production of protein in the system was confirmed by examining incorporation 

of [*S35]-met into the translated product. The radio-labelled methionine was shown to be 

incorporated when sample DNA with T7 promoter was used, but not when negative 

controls with no DNA, or DNA with no ligated T7 promoter were used. Identity of the 

protein produced was confirmed as Kir6.2 by western blotting with specific antibodies. 

The Kir6.2 antibody available at time of experimental design was of rabbit origin. 

Rigorous antigen blocking steps and negative controls were set up to ensure elimination 

of false-positive results. Protein analysis by autoradiography, SDS-PAGE and western 

blotting sometimes revealed fragmented products, which were probably the result of 

denaturation of the protein or the presence of truncated products due incomplete 

translation. Such fragmentation of the product did not seem to be related to the genotype 

of the expressed DNA.  

Western blotting of the protein produced in the in vitro experiments showed that 

homozygous GCT/GCT DNA samples produced significantly more protein after specific 

times (60 min, 90 min. & 120 min.). Kir6.2 bands from GCC/GCC and GCT/GCC DNA 
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samples were of similar intensity but had a lower intensity (higher integrated density) 

than bands from GCT/GCT DNA. A similar trend was seen even when Kir6.2 bands were 

fragmented. Scintillation counting to quantitatively measure incorporation of *S-Met and 

protein production in GCT/GCT, GCT/GCC and GCC/GCC genotyped samples also 

revealed a similar trend. Importantly, the amount of protein produced in heterozygous 

samples (GCT/GCC) was higher than in homozygous GCC/GCC samples, but not as high 

as in GCT/GCT samples.  

Similar in vitro expression experiments were set up to examine the effect of 

diazoxide on carriers of the polymorphism. The presence of diazoxide (300μM) during 

transcription and translation did not seem to affect the trends seen in the absence of 

diazoxide; the amount of protein produced from the GCC/GCC samples was similar in 

the presence and the absence of diazoxide. These results were not unexpected as 

diazoxide has been shown to interact with the SUR1 subunit of the K-ATP channel rather 

than the Kir6.2 subunit (436). It would be interesting to contemplate the results of a 

similar experiment in vivo, in order to examine the impact of the A190A polymorphism 

on the channel complex and its relationship to the action of diazoxide. Although, these 

experiments show that the expression of Kir6.2 carrying the A190A polymorphism is not 

affected by the presence of diazoxide. It remains a possibility that the expression of the 

polymorphism affects the channels’ ability to respond to diazoxide. Such an experiment 

would require a tissue culture approach that was not possible within the time and 

budgeting constraints of this study. 

The results of this study suggest that the expression of the synonymous A190A 

polymorphism affects the rate of Kir6.2 translation. It must also be considered that the 

reduced translational efficiency observed in this study could be due to cellular 

mechanisms other than the hypothesised relationship with iso-accepting tRNA 

populations. Upon comparing the secondary structure of KCNJ11 mRNA with both the 

GCT and the GCC genotypes, substantial changes were apparent (Figure  7.6). While the 

importance of such changes in the secondary structure of mRNA is not clearly 

understood yet, it is possible that the alterations could affect rate of translation or 

translational efficiency. Hair-pin loop formations in mRNA are also likely to be the target 

for modifications by mRNA modifying enzymes like ADARs.  
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A B  

Figure  7.6 Secondary structure of KCNJ11 mRNA 
A – KCNJ11 mRNA carrying the GCC genotype. B – KCNJ11 mRNA carrying the GCT genotype 
[structure predictions using RNAdraw (401)] 

 

The results of this study suggest that the presence of the silent polymorphism 

A190A appears to slow down the rate of Kir6.2 production. This may affect the folding 

process and other post-translational modifications or slow down transport of assembled 

K-ATP channels to the cell surface. While this may not have a direct phenotypic or 

pathogenic effect, carriers of the polymorphism may be more susceptible defects in the 

K-ATP channels, and less likely to respond to medical treatment with drugs that act on 

the K-ATP channel. Due to the possible proteomic or phenotypic effects of this 

polymorphism, it may have a pathogenic effect, especially in those surgical patients with 

diffuse-HI in whom only one mutation was identified. 
 

7.3.1  Proteomic impact and mechanisms of synonymous 

gene variants 
Taken together, the results of this study show that in KCNJ11 the in vitro 

expression of a non-optimal alanine codon in place of an optimal alanine codon results in 

the production of less protein. This finding raises the possibility that silent 
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polymorphisms that have been assumed to be benign for many years may indeed have an 

impact on the expression or function of the gene.  

While it has been know for many years that the populations of iso-accepting 

tRNAs for various degenerate codons differs significantly, the wobble hypothesis has 

been believed to correct for the discrepancy between iso-accepting tRNA populations for 

degenerate codons. According to the rules of wobble hypothesis the third base of a 

degenerate codon is promiscuous, in this case the non-optimal codon for alanine, GCC 

could be translated by tRNA with anticodons for GCU, GCA or GCG. Studies in 

Drosophila and E. coli have shown that the energy involved in wobble pairing between 

mis-matched tRNA and mRNA is lower than the energy involved in direct pairing. 

Similar studies have suggested that the discrepancy in bond formation between the tRNA 

and the mRNA results in slowing down of translation; that may be an adaptive function 

for some proteins (361; 437). In fact, other studies (438) have shown that proteins which 

are translated more frequently and at a faster rate like hormones, hormone receptors and 

some enzymes have a much lower frequency of non-optimal codon usage than proteins 

which are translated less frequently. This suggests that the use of common codons does 

provide an adaptive advantage. However, it has been argued that the average rate at 

which a particular mRNA is translated will not influence the number of copies of the 

corresponding protein eventually produced, since any mRNA represents only a fraction 

of the overall mRNA pool (439). Adaptive advantage may also be due to the fact that 

wobble pairing has been shown to have a higher tendency for mis-translation in some 

organisms (438). It has been shown that in E. coli the non-optimal asparigine codon AAU 

can be mistranslated eight to ten times more often than its optimal synonym AAC (370) 

The role of tRNA in disease processes, especially in mitochondrial diseases has 

been well described. A maternally inherited diabetes and deafness syndrome (MIM 

#520000) is attributed to a mutation at the wobble position of the mitochondrial leucine-

tRNA gene (440). While this might provide important insight as to the possible role of 

wobble pairing in disease processes, it must be considered that mitochondrial protein 

synthesis is very different from nuclear protein synthesis. Mitochondrial translational 

processes are more bacterial like and there is a general lack of redundancy. Additionally, 

regulatory mechanisms for gene expression are primitive compared to similar nuclear 

processes. However, more comprehensive experiments including in vivo studies, protein 

sequencing and detailed quantitative studies are necessary to confirm the role of tRNA 
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populations in translational pathology of silent polymorphisms in disease. Such detailed 

studies were not carried out as part of this thesis due to tight time and budget constraints. 

While the role of tRNA in diseases processes associated with silent gene variants 

may be argued, it remains that codon usage patterns in the human genome are not random. 

Certain degenerate codons are used more preferentially than others, and there does not 

seem to be any direct correlation between the frequency of codon usage and the number 

of tRNA molecules available (Figure  7.7).  
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Figure  7.7 : Codon Usage Frequencies and populations of iso-accepting tRNA in the human 
genome.  

Codon Usage Frequency of the 20 common amino acids (grey) (441) and the corresponding 
population of iso-accepting tRNAs for each codon (black) (393). Codons for which there are no 
iso-accepting tRNA’s are shown in blue. The codons for alanine investigated in this study are 
highlighted at the bottom of the figure.  

 

Translational pathophysiology is now being recognized as a possible pathogenic 

event; that may be relevant in HI. Speed and efficiency of protein production can have 

consequences for the folding, transport and post-translational modification of the protein. 
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Such insights further underline, that the human genome and its processes are very 

complex, and that many variations previously thought to be benign, may just have 

implications that are not discovered or understood yet. In patients with HI, the reduced 

rate of translation of the pore forming member of the K-ATP channel, may affect its 

function and the severity of disease in affected patients.  

7.4 General Discussion 

7.4.1 Genetic Aetiology of HI in Australia 
This study examines the genetic aetiology of HI in an Australian population. The 

utilisation of an Australian population allowed a large extent of convenience with regards 

to geographical proximity for sample collection and follow up studies. It also permitted 

the examination of the aetiology of HI in a geographically specific population that has not 

been examined previously. Examining the genotype of a specific population often 

presents the opportunity for discovery of a possible founder effect for mutations and 

polymorphisms.  

Amongst the patients in whom ABCC8 mutations were identified, the correlation 

between the inheritance mode of the mutation and the histology of the lesion on the 

pancreas (focal vs. diffuse) was as observed in other populations. Benjamin Glaser 

reports that 45% of all HI patients have an ABCC8 mutations, while 5% have KCNJ11 or 

GLUD1 mutations with HADH and GCK mutations being extremely rare in HI (442). In 

this study, ABCC8 mutations were identified in 44.7% (17 of 38) of HI patients, while no 

other mutations were identified, which is similar to the rate of mutation occurrence in 

other populations. The correlation between the occurrence of ABCC8 mutations and the 

severity of HI observed in this study, has not been reported before in any other population. 

The topological locations of ABCC8 mutations in this Australian population is also 

similar to that reported in other populations - mutations are far more common in the 

NBFs of the ABCC8 transcript, and are also more common in the exonic region (406; 

417). Additionally, the identification of 11 novel mutations is not unexpected, as other 

studies in geographically and genetically isolated populations have also identified several 

novel mutations (279; 407). Thus, some of the mutations identified in this study, may be 

associated with a founder effect, although a larger Australian population needs to be 

examined for confirmation.  
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Upon examining polymorphisms in the ABCC8, KCNJ11, GLUD1, GCK and 

HADH genes in the Australian population examined in this study does show some trends 

that are distinctly different from those observed in other populations. For instance, the 

KCNJ11 polymorphism S148I was observed in 100% of the normal control population 

examined, as opposed to the 88% allele frequency seen in the Japanese population (419). 

The increased rate of occurrence of ABCC8 polymorphisms in the medical cohort 

examined in this study, has also not been reported in other populations to date.  

The examination of the genetic aetiology of a rare disease in a specific population, 

has provided important insights into the similarities and the differences of genetic identity 

of the Australian population compared to others.  

7.4.2 Histology and gene mutations – a retrospective analysis 
Hyperinsulinism of infancy is a heterogeneous disorder with diverse phenotypes 

and a multifactorial genetic basis. Often, a distinguishing factor amongst patients is the 

histology of the pancreatic islets. These architectural abnormalities are especially well 

documented in K-ATP-HI patients who require surgical intervention for management of 

the disease. Of the 21 surgical and 19 medical patients genotyped for this study, 

histological abnormalities were determined in all 21 patients who underwent surgery. 

Seven patients were found to have a focal adenomatous lesion in at least one post-

surgical pancreatic section examined, and were classified as having focal-HI. Focal HI is 

genetically unique, in that it is commonly associated with a rare genetic event involving 

the phenotypic expression of a recessive paternal mutation due to loss of the maternal 

allele at the locus via imprinting (270; 280). All seven patients in the surgical cohort of 

this study who have focal disease were also found to have a single paternally inherited 

mutation, as was expected. Additionally, focal-HI associated with maternal LOH at 

11p15.1 was confirmed in three patients (S01, S05 & S07) by immunohistochemical 

staining for p57 expression in the focal lesion and surrounding tissue. p57 is a maternally 

expressed tumour suppressor gene that lies within the minimally lost region on maternal 

11p15. It was absent from cells within the focal lesion, but was seen in regions of the 

pancreas outside the lesions.  

Although focal disease can only be confirmed upon histological examination of 

pancreatic sections, genotyping can support a similar diagnosis made by non-surgical 

techniques such as imaging or venous sampling. Nevertheless, it must be noted that while 

focal disease is almost always associated with a single paternal mutation, the presence of 
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a single paternal mutation does not necessarily predict focal disease. Identification of 

focal disease can have important implications for treatment of the disease. It is a common 

belief that in patients with focal-HI, removal of the focal lesion may be curative, although 

this has not always been found to be true in practice (Dr. R. Walker, personal 

communications).  

Diffuse-HI, microscopically associated with regions of abnormal beta cells, and 

beta cell hyperplasia throughout the pancreas, is a heterogeneous disorder involving 

several genes, various mechanisms of pathogenic mutations and different modes of 

transmission. In relation to ABCC8 mutations, diffuse HI is commonly associated with 

the genetic finding of two recessive, compound heterozygous mutations (196; 443). HI 

caused by dominantly inherited mutations of ABCC8 (or other genes) is also usually 

associated with diffused histology. 11 patients in the surgical cohort were found to have 

diffuse-HI. Of these, five patients had two compound heterozygous mutations as 

expected in recessive, diffuse- HI with a severe presentation.  

Only a single ABCC8 mutation was identified in three patients (S25, S27, S35) 

with diffuse-HI. While this might be indicative of dominant ABCC8-HI in these 

individuals, none of them have a family history of HI. Parents of all three patients were 

seemingly normal, although no specific insulin response tests were carried out to confirm 

the absence of hyperinsulinism. Patient S25 was a child of related parents (precise 

relationship unknown), but there was no family history of HI or diabetes known in the 

family. The mutations were maternally inherited in patients S27 & S35, and paternally 

inherited in patient S25. It is possible that a second pathogenic mutation was missed by 

our methods in these patients. This scenario is further discussed later in section  7.4.4. 

Histopathological examinations in one patient (S12) diagnosed with HI did not 

reveal any architectural abnormalities of the pancreas after the first surgery. Upon 

examination of pancreatic sections from a subsequent second surgery, the patient was 

found to have diffuse beta cell hyperplasia, and classified as having diffuse-HI. This 

patient had a single, paternally inherited mutation on ABCC8. The patient did have a 

family history of Type 1 and Type 2 diabetes (maternal great-grandmother and maternal 

grandmother respectively), and is the offspring of consanguineous parents (Aboriginal 

descent, relationship unknown), thus a dominant inheritance pattern of the ABCC8 

mutation is possible, but unlikely in the patient as no history of HI was reported in either 

parent.  



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY        

   205 

No ABCC8 or KCNJ11 mutations were identified in three surgical patients with 

diffuse-HI. This was initially believed to imply that these patients had severe HI 

associated with an alternate gene defect. However genotyping of GCK, GLUD1, and 

HADH also revealed no pathogenic mutations in these patients. While it is possible that 

mutations in these patients were missed due to experimental techniques, it is more likely 

that HI in these patients was the result of mutations in a gene that has not been associated 

with HI as yet (section  7.4.4).  

While no distinct correlation exists between gene mutations and diffuse-HI, the 

results of this study and those of others (212) have shown that patients with diffuse HI, 

especially when associated with compound heterozygous ABCC8 mutations are likely to 

have severe phenotype that is most effectively treated with aggressive and radical 

pancreatic resection.  

The pancreatic lesions in two patients were classified as ‘atypical’. Histologically, 

there seemed to be a focal lesion accompanied by abnormal, hyperplastic beta cells in 

non-adjacent tissue, suggesting focal HI with a diffuse background. This histology has 

not been explained before, and no genetic correlation is known to date. One patient (S30) 

with this atypical histology was found to have a single ABCC8 mutation, while the other 

patient (S02) was found to have no genetic abnormality in any of the regions examined in 

this study. Inheritance of the mutation in patient S30 cannot be determined, and no family 

history is available, as the patient is adopted. While patient S02 may have HI caused by 

another gene defect, the genetic and histological information on these two patients leads 

to the hypothesis that a form of HI, histologically distinct from either focal or diffuse HI 

does exist. Atypical HI seems to present and respond to clinical management in a manner 

similar to diffuse-HI. 

One patient (M06) in the medical cohort, was believed to have a mild form of HI 

and was treated medically with diazoxide for approximately three years before surgical 

intervention was necessary for management of HI. The parental origin of the mutation 

was not determined by genetic analysis, but the mutation is believed to be a maternally 

inherited dominant mutation. There is a maternal family history of HI. The histology for 

this patient could not be determined in this study, but is suspected to be diffuse, as is 

commonly associated with dominant ABCC8-HI. Recently, a sibling of this patient was 

also found to have lower than normal blood glucose levels and hyperinsulinism.  

To summarise, this study shows retrospectively that patients with focal-HI in the 

Australian cohort studied do all have a single paternally inherited mutation as expected. 
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The genetic basis and inheritance patterns in diffuse-HI however and remain elusive. A 

mixed pattern of mutation inheritance in HI patients shows that a single paternally 

inherited mutation is not necessarily predictive of focal disease. However, its seems that 

the presence of a maternal mutation or compound heterozygous mutations is indicative of 

non-focal-HI. It is also interesting to note that a given pathogenic mutation may cause 

focal or diffuse disease based on the parental origin rather than the mutation its self. 

While genetic testing and imaging studies can predict the presence of focal disease, it can 

only be confirmed with histological examination of the pancreas.  

The presence of a single maternal mutation or a pair of compound heterozygous 

mutations is indicative of diffuse disease (with or without an accompanying focal lesion). 

This may have important clinical implications as patients with diffuse disease are likely 

to have a better outcome when treated aggressively and early in life.  

Since they did not undergo surgery no histological examination of the pancreas 

was possible in any of the patients in the medical cohort. A predictive correlation 

between histological lesions and HI may exist but cannot be confirmed till histological 

examination of pancreata from patients with the metabolic form of HI is possible.  

7.4.3 HI gene variations and management – a retrospective 

view 
In this study, 38 Australian patients who had been clinically diagnosed with HI 

were retrospectively genotyped for the five nominated candidate genes (ABCC8, KCNJ11, 

GLUD1, GCK and HAHD). Patients were segregated based on their response to treatment 

into the medical (the group that responded to medical treatment) and surgical(the group 

who failed to respond to medical treatment and required surgery for management) cohorts 

prior to genotype analysis in an attempt to establish a genotype-phenotype correlation. 

Patients who required surgical intervention were believed to have severe HI, while 

patients who responded to medical treatment were thought to have a milder form of the 

disease (212). The genetic findings of this study confirm that patients with severe 

presentation of HI are most likely have mutations in the K-ATP channel genes. 

One of the biggest challenges faced by clinicians in the management of HI is the 

optimal choice of treatment. Current standards indicate that metabolic forms of HI, 

usually distinguishable by biochemical findings such as elevated ammonia or 3-

hyroxybytryl CoA levels are best treated with dietary regulation along with drugs 
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including diazoxide or octreotide. Additionally, focal-HI, where the lesion can be 

identified by imaging techniques (like the PET scan) or venous sampling and can be 

visualised macroscopically can be cured with surgical removal of the lesion. Focal-HI 

patients in this cohort did not follow this trend, and removal of the putative focal lesion 

was not always curative. Patients in this study with elevated plasma ammonia levels were 

not formally diagnosed with GLUD1-HI, but the disease was managed successfully with 

diazoxide therapy.  

In other cases of HI, choice of treatment is controversial; some clinicians prefer 

early and radical surgical intervention in order to minimize complications associated with 

severe hypoglycaemia and iatrogenic diabetes. Others prefer to exhaust all non-surgical 

options of treatment before surgical intervention. In the group of patients in this study, 

the long term outcome does indicate that patients with severe disease have better long 

term outcomes with early and radical surgical intervention [(212), Dr. R. Walker, 

personal discussions]. 15 patients underwent pancreatic resections at under 30 days of age, 

of these four required further surgery, and 11 had no diabetes at last follow up; incidence 

of severe neurological outcomes was also low in this group of patients (Table  7.1).  

In the past, it had been reported that there is a spontaneous remission of 

hyperinsulinism or that the disorder may progress to diabetes mellitus. Based on the 

increasing evidence that genetic defects of beta-cell regulation are responsible for most 

cases, it is likely that complete remission of congenital HI does not exist. However, the 

severity of the hypoglycaemia seen in many patients does seem to diminish with time 

(174; 192). Some patients with ABCC8 mutations who have had a subtotal 

pancreatectomy develop diabetes during early adolescence. Whether the diabetes is a 

natural consequence of defects in the K-ATP genes or is entirely caused by surgery is not 

completely understood yet. The apparent remission of HI and the development of 

diabetes are believed to be linked to the increased rate of beta cell apoptosis observed in 

pancreata of hyperinsulinaemic patients (274)  

Studies on this cohort of Australian patients by Dr. M. Jack (274), and other 

studies by Kassem et al. (444) have shown an increased rate of beta cell proliferation and 

apoptosis in patients with HI. This is believed to be linked to increased intracellular 

calcium concentrations in beta cells of patients with K-ATP-HI. In these beta cells, due to 

K-ATP channel defects, there is a permanent state of depolarization of the cell membrane, 

which causes the voltage dependent calcium channels to be constitutively open (199). 

The resulting unregulated influx of calcium is responsible for the constitutive secretion of 
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insulin. However, increased intracellular calcium can also initiate apoptosis via the 

caspase pathway (107). The resulting increase in beta cell death, may be associated with 

the apparent clinical remission observed in some patients, but may also be associated 

with increased incidence of diabetes in K-ATP-HI patients. Additionally, it is believed 

that the over activity of beta cells in HI patients, associated with the hyersecretion on 

insulin, may cause cell “burn-out”, which in turn causes cell death, and can contribute to 

the development of type 2 diabetes.  

The retrospective genetic analysis carried out in this study shows that 81% of 

patients who underwent surgery did have a severe form of HI associated with mutations 

of the ABCC8 gene. The results demonstrate that patients who have ABCC8 gene 

mutations, especially mutations associated with truncation of SUR1 or loss of NBF2 

function, do have a severe, diazoxide unresponsive form of HI. The early identification of 

mutations may be of clinical importance in the diagnosis and the treatment of ABCC8-HI.  

Patients who were believed to have the milder form of the disease and had been 

treated medically were not found to have any mutations in the regions of the candidate 

genes examined. It is important to note that most but not all patients who appeared to 

respond to medical treatment had a favourable long term outcome with regards to 

management of hypoglycaemia and development of diabetes (Table  7.2). However, one 

patient (M06) required a pancreatectomy at 6 years of age while some others continued to 

suffer from hypoglycaemic episodes or suffered from side effects of long term diazoxide 

therapy. In spite of the relative success in management of hypoglycaemia in this group of 

patients, the medical cohort did have more severe neurological outcomes than the surgical 

cohort.  

Clinical outcomes of treatment, side-effects and disease for the medical and 

surgical cohorts are summarised in (Table  7.1 &Table  7.2). Diabetes (Iatrogenic or 

acquired) and neurological impairment are the most severe long term complications in HI 

patients. Some patients in the surgical cohort required pancreases for enzyme 

replacement therapy post-surgically, and nine developed diabetes. No diabetes was 

recorded in the medical cohort.  

Iatrogenic diabetes as a result of pancreatectomy is referred to as pancreatogenic 

diabetes and is clinically distinct from both type 1 and type 2 diabetes. Its features 

include hepatic insulin resistance with persistent endogenous glucose production and 

enhanced peripheral insulin sensitivity. It can be difficult to manage, and is usually 

accompanied by endocrine deficiencies of glucagon and pancreatic polypeptide. 
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Glucagon deficiency makes treatment more complicated as it can contribute to iatrogenic 

hypoglycaemia, while PP deficiency can contribute to hyperglycaemia due to impaired 

hepatic insulin action (222). Additionally patients also usually require enzyme 

supplements for exocrine insufficiency. 

Many patients in this Australian cohort examined, whose initial surgery was 

conservative (<85%) continued to suffer from hypoglycaemia, and remained 

unresponsive to diazoxide - a complete removal of the pancreas (>98%) was indicated in 

these cases (Dr. R. Walker, Personal correspondence).  

Neither the ABCC8 mutation identified, or the age of the patients at time of 

surgical intervention was found to be correlated to likelihood of post-surgical 

hypoglycaemia. Of the 15 patients who had surgery before 30 days of age, 8 were still 

symptomatic post-surgically. Based on these outcome results, it is believed that some 

cases of HI (especially of K-ATP-HI) may be managed, but not necessarily cured with 

removal of affected tissue areas. 

Patients in the medical cohort who were treated with diazoxide were prone to 

mild to severe side effects often associated with long-term diazoxide therapy. Common 

side effects included feeding difficulties and hirsutism. Maintenance and management of 

medical treatment was carried out by the primary care clinician in each case. Feeding 

remained a problem in many of these patients, which may have been a side effect of long 

term diazoxide therapy or it may indicate a secondary molecular event related to 

presentation of the disease. Observations from a concurrent study (R. Greer and G. 

Bowlay) have shown an abnormal presence of gastrin-secreting cells in pancreatic 

sections from patients with HI compared to those from normal infants. Initial results are 

not conclusive, but do lead the investigators to hypothesise that gastrin expression in HI 

patients affects the response to feeding, and contributes to feeding difficulties seen in 

many HI patients.  

Long term neurological impairment has been reported in over 50% of HI patients 

(174). In our cohort, 34.3% (n=12) patients in the surgical cohort, and 55% (n=15) in the 

medical cohort had mild to severe neurological impairment at the last follow up (total 

43.5%). The extent of neurological impairment as determined in a long term follow up 

study by the treating clinician and the patients’ family is summarised in Table  7.3. 

Severity of neurological symptoms correlates with severity of initial symptoms and 

presence of seizures at diagnosis.  
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Neurological symptoms in HI patients are usually associated with hypoglycaemia. 

However, other factors such as the function of the K-ATP channel in the brain and other 

metabolites in the plasma may also contribute to neurological impairment. Lacza et al. 

described and characterised K-ATP channels in the brain (233). They are believed to be 

composed of SUR1 and Kir6.2 subunits. The possible role of genetic variants (mutations 

or polymorphisms) in these genes on the function of brain and other K-ATP channels 

remains to be investigated and may play a role in the development or severity of 

neurological symptoms in HI patients. Additionally, epilepsy and decreased neurological 

abilities have also been reported in patients with the HI-HA syndrome (associated with 

GLUD1 mutations) (309). Thus, although neurological impairment is a well documented 

effect of hypoglycaemic seizures the hypoglycaemic episodes associated with HI may not 

be the only cause of neurological impairment in patients per se, rather, it may be related 

to the expression of functionally inadequate K-ATP channels in the brain. 
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Table  7.1 : Long term treatment outcome of patients in the Surgical cohort 

PHHI 
Study 
Code 

Histology ABCC8 
mutation? 

Diazoxide 
Initially 

No. of 
Surgery

Age at 
first 
surgery 
(days) 

Extent IDDM 
Post-
op 
HG 

Side 
effects

Pancrease 
Post-op 

Seizure 
Disorder

Neurological 
Impairment* 

S01 Focal yes Yes 1 18 >98% Yes No No Yes No no 
S02 Atypical no Yes 1 14 >98% No No No Yes Yes severe 
S03 Diffuse yes (2)  Yes 4 33 >98% Yes Yes Yes Yes No no 
S04 Diffuse yes (2)  Yes 1 16 >98% No Yes Yes Yes No no 
S05 Focal yes Yes 1 11 >98% No No No Yes No no 
S06 no data no data Yes 1 60 85 % No Yes Yes No No mild 
S07 Focal yes Yes 1 60 85 % No No No No No no 
S08 No data no data Yes 1 90 nodule No No No No No no 
S09 No data no data Yes 1 41 66% No No No No No no 
S10 Diffuse yes (2)  Yes 1 26 95% No Yes Yes No No no 
S11 Focal yes Yes 2 180 >98% No No No Yes Yes moderate 
S12 no data yes Yes 2 1550 95% No Yes Yes No No no 
S13 No data no data Yes 2 40 >98% Yes Yes Yes No No severe 
S14 No data no data Yes 1 14 90% No Yes Yes No No no 
S15 No data no data Yes 2 5 >98% Yes No No Yes Yes moderate 
S16 Focal yes No 2 28 99.90% No No No No No no 
S17 no data no data Yes 1 315 95% No No No No No no 
S18 No data no data No 1  no data No No No No No no 
S19 No data no data Yes 1 120 85% No Yes Yes No No severe 
S20 Diffuse yes Yes 2 34 99.9% Yes Yes Yes Yes No no 
S21 No data no data Yes 1 270 no data No No No No No no 
S22 Diffuse yes (2)  Yes 3 32 99.9%  Yes Yes Yes No No no 
S23 No data no data No 1 180 no data No No No No No no 
S24 no data no data Yes 1 257 95% Yes No Yes No Yes severe 
S25 Diffuse yes Yes 3 25 >98% Yes Yes Yes Yes No mild 
S26 Diffuse no Yes 1 435 85 % No Yes Yes No Yes severe 
S27 Diffuse yes Yes 1 12 95% No No No No No no 
S28 Diffuse no Yes 1 300 75% Yes No No No Yes severe 
S29 Focal yes Yes 1 300 90% No No No No No no 
S30 Atypical yes Yes 1 255 95% No No No No No no 
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S31 Focal yes Yes 1 25 80% No No No No Yes mild 
S32 Diffuse no  Yes 2 7 >98%  No Yes Yes No No mild 
S33 no data no data Yes 1 27 95% No Yes Yes No No no 
S34 No data no data Yes 1 22 no data No Yes Yes No No no 
S35 Diffuse yes Yes 1 26 95% No No No No No no 

Follow up data for surgical patients. Clinical status is as recorded at last follow up in 2000. unk= unknown, HG= hypoglycemia. No data= no information or 
sample available . “near total” pancreatectomy – denoted at >98%. Patients who had IDDM post op. are in bold. Patients with severe disease, who required 
multiple surgeries, but had no persistent seizure disorder are highlighted. * - details of neurological impairments shown in Table  7.3 below.  
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Table  7.2 : Long term treatment outcome of patients in the Medical cohort 
PHHI Study 
Code Sex Diazoxide 

Initially Hirsutism Fluid Retention Other SEs Prolonged Seizure 
Disorder 

Neurological 
Impairment* 

M01 F Yes Yes No  No mild 
M02 M Yes Yes No  Yes moderate 
M03 M Yes Yes No  No no 
M04 M Yes Yes No  Yes severe 
M05 F Yes Yes No Yes 1 No no 
M06 M Yes Yes No Yes 2 No mild 
M07 F Yes No No  No mild 
M08 F No No No  Yes no 
M09 F Yes No No  No no 
M10 F No Yes No  No no 
M11 F Yes Yes No  No no 
M12 M Yes Yes No  Yes severe 
M13 M Yes No No  No no 
M14 M Yes Yes No  No no 
M15 F Yes Yes No  No mild 
M16 F Yes No No  Yes severe 
M17 M Yes No No  Yes severe 
M18 F Yes No No  Yes severe 
M19 M Yes No No  No moderate 
M20 F Yes No No  No no 
M21 M Yes No No  No no 
M22 F Yes No No  No severe 
M23 M Yes Yes No  No mild 
M24 F Yes No No  No no 
M25 M Yes No No  No no 
M26 F Yes Yes No  No no 
M27 F Yes No No  No no 

Follow up data for medical patients. Clinical status is as recorded at last follow up in 2000. SE = side effects,  1- Significant Food refusal- PEG (gastric tube) 
inserted, 2 - Vomiting, ended up with gastrostomy, food refusal. Patients with severe neurological impairment are highlighted. * - details of neurological 
impairments shown in Table  7.3 below.  
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Table  7.3 : Neurological outcome of patients diagnosed with HI 
PHHI 
Study 
Code 

Sex 
Age at 
Presentati
on (Days) 

Hx 
Seizures 
at Dx 

Extent of Impairment Prolonged 
Seizure Disorder 

ABCC8 
mutations 
(no. of) 

S01 F 1 no None  no 1 
S02 M 2 yes Severe developmental delay, in special school, cortical blindness, yes 0 
S03 F 1 yes none  no 2 
S04 M 1 yes None no 2 
S05 F 1 yes none no 1 
S06 F 1 yes speech delay, hyperactive (at 2yrs of age) no 0 
S07 M 2 yes none no 1 
S08 M 1 yes none no 0 
S09 F 1 yes none no 0 
S10 F 1 yes none no 2 
S11 F 60 yes Learning problems, mild seizures yes 1 
S12 M 210 yes No data no 0 
S13 F 1 yes Ataxia, bilateral spastic diplegia, moderate intellectual handicap no 0 
S14 M 1 yes none no 0 

S15 M 2 yes well controlled seizures, mild intellectual impairment, at 3yrs had 
prolonged seizure associated with hemiparesis yes 0 

S16 F 3 no none no 1 
S17 M 143 yes none no 0 
S18   no none no 0 

S19 M 3 yes 

Oral dyspraxia, ADD, poor motor planning, hypotonicity, low 
average to borderline on Griffiths, had a mild left hemiparesis at 
9 months, EEG changes, had hypoglyaemic seizures post-op 
whilst on diazoxide 

no 0 

S20 M 3 yes none no 1 
S21 M 1 no none no 0 
S22 F 1 no none no 2 
S23   no none no 0 

S24 F 90 yes 
Late walking, seizures, unassociated with low BSLs, MRI shows 
thinning occipital cortex, slow wave activity right occipital on 
EEG 

yes 0 

S25 F 1 yes Mild reading & spelling difficulties no 1 
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S26 F 60 yes Moderate-severe impairment, special school, seizures until 8yrs yes 0 
S27 M 2 yes none no 1 
S28 F 35 yes Severe mental retardation, seizures- nonverbal, EEG abnormal yes 0 
S29 F 7 yes none no 1 
S30 F 2 yes none no 1 
S31 F 1 no Normal development but 3 afebrile seizures yes 1 
S32 M 1 no Mild developmental delay, speech therapy referral no 0 
S33 F 1 yes none no 0 
S34 F 1 no none no 0 
S35 F  no none no 1 
M01 F 2 yes Mild hypotonia developmental delay no 0 
M02 M 270 yes Mild intellectual impairment, Speech delay, yes 0 
M03 M 180 yes none no 0 
M04 M 90 yes Ataxic cerebral palsy, seizure disorder yes 0 

M05 F 2 yes None evident at last checkup, had prolonged seizures, and 
significant food refusal no 0 

M06 M 2 yes Mild- feeding problems, mild developmental delay no 1 
M07 F 1 no Developmental delay, kept back in school  no 0 
M08 F 900 yes none yes 0 
M09 F 420 yes Mild intellectual delay no 0 
M10 F 240 yes none no 0 
M11 F 2 yes none no 0 

M12 M 173 yes Speech delay, seizures, temporal lobe absences, not assoc with 
low BSL yes 0 

M13 M 2 yes none no 0 
M14 M 6 no none no 0 
M15 F 90 yes Mild speech problems, articulation difficulties no 0 

M16 F 21 yes Marked developmental delay, seizures, sleep apnoeas, on 
vigabatrin yes 0 

M17 M 90 yes Seizures, abnormal EEG, frequent bilateral centrotemporal 
spikes, learning difficulties, poor fine motor skills, mild ataxia yes 0 

M18 F 14 no Cerebral palsy, verbal dyspraxia, intellectual disability, seizures-
febrile & afebrile, abnormal speech pathology, abnormal EEG yes 0 

M19 M 105 yes ADD, moderate learning problems, aggressive behaviour, frontal 
lobe dysfunction on EEG no 0 
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M20 F 150 yes none no 0 
M21 M 2 no none no 0 

M22 F 1 no 
Severe impairment: dx hypotonic CP initially, no walking or 
speech ability at 2.25 years. Abnormal MRI, at age 16months. 
Possible PVL white matter changes 

no 0 

M23 M 240 yes Mild speech and milestone dela- last notes, say good student now no 0 
M24 F 60 yes none no 0 
M25 M 240 yes none no 0 
M26 F 1550 no none no 0 
M27 F 390 yes none no 0 

Clinical notes regarding neurological impairment as noted by individual clinicians, at an associated long term follow up study (2001-3003). Patients with severe 
neurological impairment are highlighted. Patient M12, who had neurological impairment specifically diagnosed to be unlinked to hypoglycemic seizures is in 
bold. Dx = diagnosis, Hx = history, ADD = attention deficit disorder, EEG =electroencephalogram, Griffiths = the Griffiths scale of infant development. BSL = 
blood sugar levels, CP = cerebral palsy. PVL= peri-ventricular lesions.  
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The most important correlation between genetic findings in this Australian cohort 

of HI patients and their phenotypes is that patients with ABCC8 gene mutations are more 

likely to have severe, diazoxide unresponsive HI. Additionally, there is a distinct 

difference in the occurrence of ABCC8 and KCNJ11 polymorphisms between the two 

groups of patients analysed. Surgical patients have far more ABCC8 polymorphisms than 

the medical patients. Additionally the KCNJ11 polymorphisms S148I and A190A are 

overrepresented in the surgical cohort, while E23K and I337V are under-represented in 

the surgical cohort. There does not seem to be any predictive correlation between 

occurrence of the gene variants identified and the disease phenotype or treatment choice 

and success. However, surgical patients with a more severe disease do tend to have more 

polymorphisms in ABCC8 than patients in the medical cohort with the milder form of HI. 

Patients who were part of the medical cohort and had fewer ABCC8 polymorphisms are 

expected to have more stable ABCC8 mRNA and SUR1, that enables them to be 

responsive to diazoxide (diazoxide binds to the C terminal of SUR1). Curiously, the 

frequency of ABCC8 polymorphisms is similar between the surgical and the normal 

population, implying that the lack of polymorphisms in the medical cohort is the more 

significant finding. 

Even if these patients have a form of HI unrelated to defects in the K-ATP 

channel, the fact that they have a more stable SUR1 could still make a difference in the 

severity of the disease and success of treatment. Unstable SUR1 may have an additive 

effect on other insulin secretory mechanisms and make the disease more severe or less 

responsive to medical treatment.  

Patients in the medical cohort have a significantly higher frequency of the 

KCNJ11 polymorphisms E23K and I337V and a lower frequency of S148I and A190A 

than the surgical cohort. The phenotypic implications of this finding are not clear. In the 

surgical cohort, S148I and A190A may have a cumulative impact on the K-ATP channel 

to decrease sensitivity to ATP and ADP or to diazoxide, thus increasing severity of the 

disease. S148I lies adjacent to an amino acid whose mutation is pathogenic in HI.  

Molecular mechanisms of A190A were investigated in relation to translational 

efficiency. Initial results show that homozygous carriers of the non-optimal GCC 

genotype have a lower rate of Kir6.2 production than that of carriers of the GCC 

genotype. Decreased rates of translation may have an overall impact on the rate of 

channel trafficking and assembly that may in turn affect channel function, especially if 

another mutation in the channel subunits is already present. 
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Overall, the K-ATP channels are an important component of insulin secretion and 

genetic aberration leading to amino acid variations in the channel subunit may have an 

impact on the normal secretion of insulin from the beta cells as well as normal glucose 

homeostasis in affected individuals. It is also of interest to note that the Kir6.2 subunit is 

also involved in K-ATP channel production in other tissues such as muscles and the brain. 

Mutations in the gene have been shown (299) to affect these tissues. Hence, there is the 

possibility that gene variants in the KCNJ11 gene have widespread effects that have not 

yet been discovered.  

7.4.4 HI with unknown genetic basis  
Several studies have reported that the genetic basis of the disease is not known in 

up to 50% of all patients diagnosed with HI (196). Overall, the results of the genetic 

analyses in this study are congruent with this finding. Of all the HI patients (n=40) 

analysed, mutations were not identified in 55% (n=22) of the patients. However, when 

the two cohorts are examined separately there is a distinct discrepancy in the number of 

patients in whom no mutations were identified – 4 patients (18%) in the surgical cohort, 

compared with 19 (100%) in the medical cohort. Additionally, there are at least three 

patients in the surgical cohort in whom two mutations were expected but only one was 

identified.  

It is generally accepted that the rate of mutation detection in genetic diseases is 

approximately 80%, i.e. if a cohort of patients believed to have genetic disorder based on 

distinct clinical symptoms were genotyped, a pathogenic mutation would be detected in 

approximately 80% of the patients. In the surgical patients genotyped in this study, the 

rate of mutation detection was approximately 80%, as expected. No mutations were 

detected in the medical patients, further indicating that severe diazoxide resistant HI is 

associated with ABCC8 mutations, whereas the genetic basis of HI in diazoxide 

responsive patients remains unknown. In this section these patients are discussed. 

Experimental and theoretical considerations that may have resulted in the ‘missing’ of 

mutations are discussed, and alternative genes that may be causative of HI in these 

patients are proposed.  

  EExxppeerriimmeennttaall  CCoonnssiiddeerraattiioonnss  

PCR and direct sequencing are highly reliable methods for detecting mutations. In 

fact, the surgical cohort of patients genotyped in this study had previously been 
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genotyped by SSCP (Y. Jeske and L. Aguilar-Bryan, 1999, personal communications). 

Only four mutations were identified by the method, compared to the 18 identified using 

PCR and direct sequencing in the same cohort of patients. 

Allele drop-out is a phenomenon where by one allele fails to amplify during PCR. 

It is a well documented limitation of PCR and can lead to missing of mutations on one 

allele. It can be minimized by increasing PCR cycle numbers above 33 and by using an 

initial denaturing temperature of above 90oC. Both these precautions were taken for all 

PCR reactions in this study (445). Allele drop out may also occur in cases where a 

genetic variant (polymorphism or mutation) was present at the 3’ primer binding site. 

This possibility was considered and carefully avoided when designing primers for PCR. 

Additionally, the identification of polymorphisms in an exon, exclude the possibility of 

allele drop in that amplicon. 

Mutations outside the regions of the genes analysed may also have been missed. 

Regions of the candidate genes targeted by primers designed for this study included 

exons 1-39 of ABCC8, the entire exon of KCNJ11, exons 6, 7, 8, 11 & 12 of GLUD1, 

exons 1-10 of GCK and exons 5 & 7 of HADH. Splice sites and 50-80 bp of intronic 

regions at exon/intron boundaries were also included for amplification. However, it is 

possible that the patients in whom no mutations were identified had mutations in regions 

of the genes not analysed. The promoter regions of ABCC8 and KCNJ11 have not been 

genotyped in relation to HI in this study. Polymorphic genetic variants in the promoter 

regions of both genes have been identified in patients with type II diabetes, although no 

clinical association has been established to-date (446; 447). Additionally, Biagiotti et 

al.(448) have recently described HI caused by two novel mutations in the KCNJ11 

promoter. An attempt had been made to sequence these regions by other students in the 

laboratory. The ABCC8 promoter was sequenced in the four surgical patients in whom no 

mutations had been found. No mutations were identified in the promoter regions analysed 

either. However, these results were incomplete as sequencing of the proximal promoter 

region consistently yielded inconclusive results.  

Miki et al. and Yorifuji et al. (321; 431) have identified mutations in GLUD1 

outside the allosteric regulatory domain analysed in this study. Although HI-HA due to 

mutations outside the allosteric regulatory regions has a distinct enzyme defect, it is 

possible that some patients in the medical cohort, who seem to have the HI-HA syndrome 

based on high ammonia levels had GLUD1 mutations outside the regions analysed. 

Similarly, some patients in the medical cohort may have mutations in the HADH gene 
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outside exons 5 and 7, although this is thought to be unlikely, as none of the patients 

presented with the clinical findings associated with HADH-HI. The promoter and intronic 

regions of the GCK gene were also not included in this study, and may sites of an 

unidentified mutation.  

  EEppiiggeenneettiicc  aanndd  GGeenneettiicc  mmooddiiffiiccaattiioonnss::  MMeetthhyyllaattiioonn  

Epigenetic modifications such as methylation are common in the human genome 

and enable complicated regulation of gene expression. The overall effect of methylation 

is to silence the region affected. ABCC8 and KCNJ11 lie in a region that is particularly 

dense in methylated CpG islands. If there were pathogenic mutations involving these 

methylated bases or regions in the genes analysed, regular PCR methods would be 

inadequate to detect them. In regular PCR, methylated and unmethylated cytosine 

residues are amplified as cytosine. Thus if abnormal methylation of a cytosine was a 

mutation mechanism in certain patients, this would not be detected. This is particularly 

likely to be a mutation mechanism in the surgical patients with diffuse disease in whom 

only one mutation had been identified.  

Such mutations may be detectable by methylation specific PCR using bisulfite 

treatment of DNA as described in section  3.3.2.7. Unfortunately repeated attempts at 

optimizing conditions for MS-PCR by the author and other scientists in the same 

laboratory were not successful.  

  RRNNAA  mmooddiiffiiccaattiioonn  

RNA editing via the conversion of adenosine to inosine (translated as guanosine) 

within pre-mRNA is a genetic reconfiguration process found in a variety of organisms, 

including mammals (449). This recoding is catalyzed by two major families of adenosine 

deaminases acting on RNA (ADARs), ADAR1 and ADAR2. Substrates for this 

hydrolytic deamination in the human transcriptome have been found to be predominant in 

non-coding regions of the RNA such as Alu repeats (450). Such A to I editing is known 

to affect a broad range of cellular processes from pre-mRNA splicing to mRNA stability 

and coding capacity changes (451). It has been speculated that the extent of editing 

(especially within the brain) may be modulated by the metabolic state of the cell (451). 

Although the precise mechanisms are not completely understood, dysfunction of RNA 

editing has been implicated in diseases including epilepsy (452) and amyotrophic lateral 

sclerosis (453). Recently Gan et al. (454) reported that ADAR1 and ADAR2 were 
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expressed in murine pancreatic islets, and that in pancreatic beta cell lines, glucose was 

able to stimulate expression of ADAR2, as well as its editing of GluR-B. These findings 

suggest that A to I editing by ADAR2 in the pancreas is metabolically regulated and that 

it may serve a function in the modulations of pancreatic beta cell function.  

Alu repeats, which are particularly susceptible to ADAR editing have been 

identified in the promoter region of KCNJ11 and deletion of these Alu repeat results in an 

increase in promoter activity (455).  

Since genomic DNA derived from whole blood was sequenced in this study, 

editing of pre-mRNA by enzymes such as ADARs that could lead to mutation 

transmission or altered expression would have been missed.  

  CCooppyy  nnuummbbeerr  vvaarriiaattiioonnss  

Genetic diseases may be caused by a variety of possible alterations in DNA 

sequences. It has been recently discovered that copy number variation involving gains or 

losses of large portions of DNA sequences, consisting of between ten thousand and five 

million bases, may be a possible mechanism for genetic disease expression (456). This 

type of genetic variation has often been overlooked in previous surveys of mutations 

associated with genetic diseases. Initial data from the Copy Number Variation (CNV) 

Project Data Index at the Sanger Institute, show a number of possible copy number 

variations at 11p15.1. Copy number variations in the regions encoded by ABCC8 and 

KCNJ11 may be an alternative mechanism of pathogenicity in HI.  

No gene ABCC8 polymorphisms were identified in two patients genotyped in this 

study, a copy number variation in the 11p15.1 region may account for this finding in the 

patients.   

  HHII  ooff  uunnkknnoowwnn  oorriiggiinn  

Clinical and genetic findings in the medical cohort of HI patients analysed in this 

study indicate that these patients are unlikely to have HI associated with abnormalities in 

the K-ATP channel. While it remains possible that some of these patients have mutations 

in regions of GLUD1, GCK or HADH which were not found in this study, it is a distinct 

possibility that they have HI associated with another disease, or with another gene defect.  

Recently, Hoe et al.(457) described a syndrome of prolonged neonatal 

hyperinsulinism that persists for several months, and was responsive to diazoxide. The 

hyperinsulinism was not thought to be genetic, as it resolved spontaneously within the 
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first several months of life. The patients presented with symptoms of K-ATP HI, but were 

easily managed with diazoxide. Additionally, the acute insulin response (AIR) profiles of 

these patients were different from patients with HI. Patients in the medical cohort who 

may have had this syndrome can be distinguished from patients with HI retrospectively 

by the age at which (if at all) the hyperinsulinism resolved, and by their AIR profiles. 

The hyperinsulinism and hypoglycaemia associated with the syndrome ‘HI’ is 

also a feature of some other metabolic syndromes like the Congenital disorders of 

glycosylation (CDG). The symptoms of HI identified in the medical patients may have 

been the result of a syndrome other than HI. CDG type 1a is especially associated with 

hyperinsulinism (187), and may have been mis-diagnosed as HI. Patients in the medical 

cohort who may have CDGs can be differentiated from patients with classical HI by 

transferrin isoform assays. Hyperinsulinism is sometimes also a feature of fatty acid 

oxidation disorders, like LCAD, LCHAD, MAD/GA-II, MCAD, SCAD deficiencies 

(337). It is important to remember that many metabolic syndromes have been validated 

only in the last decade, thus clinical mis-diagnosis of HI before alternative syndromes 

were known may have been possible. Hyperinsulinism and associated symptoms may 

also be caused in rare neonatal presentations of insulinomas or classical islet 

nesidioblastosis. Both would result in unregulated hypersecretion of insulin, but would 

not be accompanied by molecular abnormalities, although the former would usually be 

identified by former imaging studies.  

As evident by multitude of disorders in which glucose metabolism and glucose 

stimulated insulin secretion are deranged, the processes involved in glucose sensing and 

insulin secretion in the pancreatic beta cell are multifaceted. Many of these are still being 

elucidated and understood. Insights into gene aberrations associated with other diseases 

of insulin secretion like type 2 diabetes, may shed light on alternate mechanisms 

associated with hyperinsulinism of infancy. Some of such genes and proteins that may be 

involved in HI are summarized in Table  7.4 below.  

Of these genes, some are more likely candidates for this disease than others, for 

example a recent study has shown that pancreatic beta cells in a mouse model for PHHI 

has a conditional deletion of the gene encoding the winged-helix transcription factor 

Foxa2. Lantz et al. (458) found that in isolates islets, Foxa2 deficiency resulted in 

excessive insulin release in response to amino acids as well as a complete loss of glucose-

stimulated insulin secretion. They also show that expression of ABCC8 and KCNJ11, the 

genes most commonly associated with HI is dependent of Foxa2. Additionally, HADH is 
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also shown to be a target gene for Foxa2. They thus demonstrate that Foxa2 is an 

essential activator of genes that function in multiple pathways governing insulin secretion, 

and thus may be implicated in HI.  

The list ahead is not an exhaustive list of genes, but represents many different 

pathways that are involved in the physiology of insulin secretion. These pathways are 

often interconnected and dependent on one another for normal physiological function. 

The pathways that some of the important genes affect are shown in Figure  7.8.  
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Table  7.4 : Proteins and Enzymes involved in the release of insulin from the pancreatic beta cell and glucose sensing 
Gene Protein Loci Function Disease Association 

ABCC8 SUR1 11p15.1 

Encodes the sulfonyl urea 
subunit of the K-ATP channel 
in the beta cell that couples 
cell metabolism to insulin 
release 
 

Mutations associated with PHHI, 
Type 2 diabetes and neonatal 
diabetes. Variants associated with 
increased risk of diabetes. 

CACNA1s 
Voltage Dependent 
Calcium Channel, 
Type L,  

1q32 

These channels are sensitive 
to dihydropyridine and play 
an important role in excitation 
coupling, where by electrical 
signals generated by action 
potentials in the cell surface 
are transduced into 
intracellular release of 
calcium and the associated 
secretion of insulin in the beta 
cells 
 

Insulin secretion is known to be 
impaired in the absence of calcium. 
Thus, mutations affecting the beta 
cells response to calcium or its entry 
into the cell could have implications 
in diseases related to abnormal insulin 
release.  

CPIII 
Carnitine 
Palmitoyltransferase 
3 

1p32 

Associated with fatty 
oxidation  

Loss of function could affect FA 
oxidation and insulin regulation in a 
manner similar to mechanisms 
associated with HI-HADH.  
 

Foxa2 
Forkhead Box A2 / 
formerly, Hepatocyte 
nuclear factor, 3β. 

20p11 

In the fasting state Foxa2 
activates transcriptional 
programs of lipid metabolism 
and ketogenesis. Also known 
as HNF3 

In situations of hyperinsulinism 
Foxa2 is often inactive (repeatedly 
seen in mice) and is permanently 
located in the cytoplasm of 
hepatocytes. Thus it may be predicted 
that Foxa2 inactivation causes or 
accentuates a state of 
hyperinsulinism.  
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G6PD Glucose-6-Phosphate 
dehydrogenase Xq28 

Associated with nonsperolytic 
hemolytic anemia and G6PD 
deficiency 

Loss of normal glucose metabolism 
and insulin hypersecretion are 
sometimes associated with G6PD 
deficiency – and may manifest with 
symptoms of HI 
 

GAS Gastrin 17q21 

Secreted by mucosal cells in 
the gastric antrum and D cells 
of the pancreatic islets – 
stimulates the release of HCl 

Believed to contribute to feeding 
difficulties seen in children with HI 
and/or neonatal diabetes. Initial 
experiments at the Mater Hospital 
indicate different 
immunohistochemical staining 
patterns between HI patients and 
control pancreata. (unpublished) 
 

GCK Glucokinase 7p15-p13 

The enzyme phosphorylates 
glucose in the first, rate 
limiting step of glycolysis in 
the beta cell. The enzyme is 
also found in the muscle and 
liver.  
 

Loss of function mutations associated 
with HI. Gain of function mutations 
associated with neonatal diabetes and 
MODY 

GIP 
glucose-dependent 
insulinotropic 
polypeptide 

19q13.3 

 
 
Inhibits gastric acid secretion 
and gastrin release, also 
stimulates insulin release 
potently in the presence of 
elevated glucose. Also 
involved in several other 
facets of the anabolic 
response. 
 
 
 

 
 
Has an insulinotropic effect on 
pancreatic β-cells. Works with GLP1 
to stimulate the secretion of insulin 
after eating. Over activity or loss of 
inhibition of the enzyme may 
manifest with hyperinsulinism 
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GLP-1 Glucagon like peptide 
1 6p21 

Hormone derived from the 
preproglucagon molecule 
secreted by intestinal L cells.  

A potent stimulator of glucose-
induced insulin secretion. It also 
suppresses in vivo acid secretion by 
gastric glands. Gain of function 
mutations may present with 
hyperinsulinism and feeding 
difficulties often seen in HI 
 
 
 

GLUD1 
Glutamate 
Dehydrogenase 
(GDH) 

10q23.3 

The enzyme is involved in 
linking the nitrogen 
metabolism to glucose 
metabolism – and catalyses 
the reaction that produces 
acetyl CoA for the Krebs 
cycle 
 

Mutations associated with a 
Hyperinsulinism/Hyperammonemia 
Syndrome. The hyperammonemia is 
usually asymptomatic 

GLUT2  Glucose Transporter 2 3q26.1-q26.3 

Glucose transport into hepatic 
and pancreatic cells.  

Regulates the transport of glucose 
into the pancreatic β cell, gain of 
function or loss of regulation may 
contribute to loss of glucose sensing 
and manifest as hyperinsulinism 
 

HADH 
3-Hydroxyacyl-CoA 
dehydrogenase 
(SCHAD) 

4q22-q26 

The enzyme catalyses the 
dehydrogenation of 
Hydroxyacyl CoA’s to the 
ketone forms in the presence 
of NAD 
 

Mutations cause deficiency of the 
enzyme that might present as HI with 
elevated plasma 3-hyrdoxyacyl CoAs. 

HNF4A Hepatocyte Nuclear 
factor – 4A 20q12-q13.1 

Important in hepatic gene 
transcription and important in 
transcriptional hierarchy in 
the liver.  
 

Mutations usually associated with 
MODY, but mutations with opposing 
effects may present with HI.  
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INS Insulin 11p15.5 

Hormone released to stimulate 
the uptake of glucose into the 
liver and smooth muscles 
 

Could be mutated in hyperinsulinism 
or hypoinsulinism syndromes 

INSR Insulin Receptor 19p13.2 

A tetramer of 2 α & β 
subunits that “receives” 
insulin on cells 

Loss of function associated with the 
loss of sensitivity to insulin and 
Insulin resistance. A family with 
recessive mutations was found to 
present with fasting hypoglycemia 
and hyperinsulinism (191).  
 
 

KCNJ11 Kir6.2 11p15.1 

Encodes the inwardly 
rectifying pore forming 
member of the K-ATP 
channel 

Mutations associated with HI, 
Neonatal diabetes and DEND 
syndrome. Variants associated with 
increased susceptibility to type 2 
diabetes 
 

LEP Leptin 7q13.3 

Regulation of body weight by 
inhibiting food intake 

Suspected to be involved in feeding 
problems seen in patients with HI. 
Additionally, leptin has been found to 
activate K-ATP channels in the brain 
and pancreas. Mice with leptin 
deficiency develop hyperinsulinemia 
(204).  
 

LMX1a 
Lim Homeobox 
domain transcription 
factor 

1q22-q23 

The neonatal promoter 
controls multiple aspects of 
dorsal midline patterning and 
is a major mediator of early 
signaling in spinal cord 
development 
 
 
 

Persistence of this promoter factor ex-
vivo and into early childhood may 
account for some forms of persistent 
and transient hyperinsulinism.  
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mtDNA   Mitochondrial   
Genome 

Mitochondria are the primary 
site of ATP synthesis in 
humans. They are essential for 
oxidative phosphorylation, 
and vital for fatty acid beta 
oxidation. The mitochondrial 
genome is distinct from the 
nuclear genome, and encodes 
certain proteins and enzymes 
that are critical to 
mitochondrial function. 

Mitochondrial myopathies include 
disorders of fatty acid oxidation 
juvenile-onset diabetes mellitus, 
diabetes-deafness syndrome, complex 
I, II IV and V deficiencies and others. 
Since the primary function of the 
mitochondria is the production of 
ATP, it is believed that 
hyperinsulinism associated with 
abnormal ATP production may be a 
manifestation of such mitochondrial 
myopathies. 
 

NEUROD1 Neurogenic 
Differentiation 1 2q32 

Following its 
heterodimerization with the 
ubiquitous helix-loop-helix 
HLH protein E47 it regulates 
insulin gene expression by 
binding to a critical E-box 
motif on the insulin promoter 
 

Gene over-expressed in Insulinomas, 
and presents with hyperinisulinism 
and hypoglycemia. 

P57 
KIP2 – Cycle 
dependent Kinase 
Inhibitor 1c 

11p15 

p57 is a potent inhibitor of G1 
cyclin and cyclin dependant 
kinases. Thus, it is an 
inhibitor of cell proliferation. 
P57 is a tumor suppressor 
gene. 
  

Mutated or lacking in several 
cancerous conditions. Lies in a region 
imprinted in Fo-HI. It is believed to 
be responsible for the tumor like 
properties of focal lesions. 

PDX1/IPF1 Insulin Promoter 
Factor 1 13q12.1 

This promoter factor signals 
the transcription of insulin in 
β cells in the presence of 
glucose. 

Mutations associated with neonatal 
diabetes and MODY4, mutations with 
opposing effects may lead to 
hyperinsulinism via insulin up 
regulation, or down regulation of 
Sur1, Kir6.2 or glucokinase. 
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PIP2 Phosphatidyl – 
inositol – 4,5 
bisphosphate 
 

- 

The activity of Kir6.2 
channels depends on the 
integrity of channel 
interactions with PIP2  
 

Alterations in conserved residues that 
affect interaction with PIP2 have been 
implicated in channelopathies, which 
may include K-ATP-HI. 
 
 

Sel1 Suppressor of Lin 12 
(like) 14q31 

Has a tissue specific 
expression, with high 
expression in the pancreas.  

Expression has been found to be 
absent in adenocarcinomas. It has 
been predicted that a lack of 
expression may result in cell growth 
of insulin secreting cells, and 
increased secretion of insulin.  
 

SOC3 Suppressor of 
Cytokine signals Seen in mice 

Binds to the activation loop of 
the Jamus Kinases, and 
suppresses cytokine signaling 
 

Seen to be mutated in 
hyperinsulinaemic mice, human 
homolog has not been established yet. 
 

STAT3 
Signal transducer and 
activator of 
transcription 

17q21 

Plays a major role in the 
GP130 medicated pathways. 

Associated with connecting the leptin 
associated pathways to the actions of 
the K-ATP channels in the pancreatic 
β cells. 
 

TCF1/HNF1 Hepatic Transcription 
factor 1 12q24.2 

Involved in the hepatocyte 
specific transcription of 
fibrinogen and α-1- trypsin 

Mutations associated with MODY3 
and NIDDM, mutations with 
opposing effects may result in HI. 
 

TCF2.HNF1β Hepatic transcription 
factor 2 17cen-q21.3 

 
Highly homologous with 
HNF1A. Important in mouse 
pancreatic development. 

 
Mutations in mice associated with 
loss of normal function in the 
pancreas. 
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UCP-2 Uncoupling Protein 2 11q13 

Mitochondrial protein that 
plays an important role in 
generating heat and burning 
calories by creating a pathway 
that allows dissipation of the 
proton electrochemical 
gradient across the inner 
mitochondrial membrane in 
brown adipose tissue, without 
coupling to any other energy-
consuming process.  

The pathway has been implicated in 
the regulation of body temperature, 
body composition, and glucose 
metabolism. Increased expression has 
been associated with reduced ATP 
levels within cell and the associated 
reduction of insulin release. A reverse 
mechanism would be associated with 
HI (459). 
 

 
Table is a list of possible genes that may be involved in a novel mechanism for hyperinsulinism of infancy. Where not indicated source – OMIM. (405), (406; 
407).  
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Figure  7.8 Pathways involved in the secretion if insulin that may be candidates in a novel mechanism for HI  

Diagrammatic representation of important pathways within the beta cell that affect insulin secretion. GCK- glucokinase, ObR =, LCFA acyl CoA = long chain 
fatty acid acyl CoA, FA-O = Fatty acid oxidation, LB HyByl CoA= L-beta- hyroxybytyryl CoA, LB-HBC = L-3OH-acyl-CoA, Alpha-KG= α-keto glutarate. 
Glucokinase, Glutamate dehydrogenase, SCHAD, SUR1 and Kir6.2 mutations result in HI as discussed above. The VDCC affects insulin secretion by regulating 
the influx of calcium into the cell, which is the penultimate step in the secretion of insulin. Leptin affects the rate of insulin secretion by increasing the tendency 
for the K-ATP channel to close from within the beta cell, via a STAT3 pathway. GLP1-receptor regulates insulin secretion via a cAMP/protein kinase pathway, 
that has been shown to exist but is not completely understood as yet.  
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7.5 Future Directions 
As a direct result of the present work, the molecular aetiology of HI has been 

explained in 81% of Australian HI patients who underwent surgery. Additionally, a 

differential distribution of KCNJ11 and ABCC8 polymorphisms has come to light, that is 

believed to have an additive effect on the severity and response to treatment in HI 

patients. As a result of in vitro expression studies involving a silent KCNJ11 

polymorphism, a putative novel mechanism of a phenotypic effect of such silent 

polymorphisms via the availability of iso-accepting tRNA molecules has also been 

proposed.  

While the research carried out in this thesis, sheds light on the molecular 

aetiology and genotype-phenotype correlations in HI, several aspects of the molecular 

biology of the disease remain unknown.  

Several (n=11) novel putative mutations were identified in this study. While their 

impact at the genetic and proteomic level can be predicted to an extent by in silico 

methods, they physiological and pathogenic impact can only be determined by expression 

studies. In vitro and in vivo expression of K-ATP channels carrying the mutation will 

enable further characterization of the mutations. Determining the effects of the mutations 

on the K-ATP channel and its function may open an avenue for targeted therapy in the 

future.  

In order to identify mutations in the candidate genes that may have been missed in 

this study, the regions of the genes not targeted must be analysed. Promoter regions, 

intronic regions and additional coding regions of ABCC8, KCNJ11, GLUD1, GCK and 

HADH may be investigated. While direct sequencing is currently the gold standard for 

mutation detection, due to the enormity of the genetic material that could be analysed, an 

alternative, high throughput method such as resequencing using gene chip technology 

such as GeneChip® CustomSeq® Resequencing Arrays from Affymetrix should be 

considered. Similarly, high throughput technology like whole genome mapping arrays 

may be used to carry out genome wide linkage analysis to identify other genes that may 

be involved in these patients. Along with genetic linkage analysis, detailed clinical 

follow-up and further clinical testing may provide important diagnostic information to the 

physicians.  
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Along with long term neurological impairment, feeding problems early in 

childhood remain a major predicament for many families. Feeding problems may be 

associated with gastrin expression in many patients, and if the nature of the problem is 

identified and can be resolved, it could make diet-based control of hypoglycaemia easier 

for the patients and their families. Immunohistochemistry and molecular biology based 

investigations are already being developed at the Mater Children’s Hospital to further 

investigate this aspect of the disease.  

Immunohistochemical methods may also be used for further investigation into the 

origin and cause of focal-diffuse architecture in some patients. IHC staining with p57 or 

other proteins expressed by genes in the minimal LOH region in focal HI as well as 

detailed observations on beta cell structure and function may provide further insight into 

this form of the disease. Discovery of the molecular injury associated with focal-diffuse 

HI may provide further insight into the aetiology of HI and other insulin secretion related 

disorders.  

This study has shown that there is a discrepancy in the number of and frequency 

of polymorphisms of the K-ATP channel genes between patients who have K-ATP –HI 

and those who do not. However the sample size in this study (n=40) is too small to 

confirm any linkage. Linkage analysis involving a larger cohort of HI patients, patients 

with type 2 diabetes and normal controls could shed further light on the predictive, 

protective or phenotypic roles of these polymorphisms.  

Genetic analysis of the KCNJ11 gene in HI patients may have revealed a 

mechanism of mutation expression that is associated with translational efficiency in 

relation to iso-accepting tRNA populations within a cell. The KCNJ11 polymorphism 

A190A is correlated with a change from an optimal codon to a non-optimal codon. 

Preliminary in vitro investigations suggest that this codon change does result in decreased 

rate of translation when the non-optimal codon is homozygously expressed. The results 

of these initial experiments could allude to the existence of a novel mechanism of 

mutation expression involving translational efficiency correlated to populations of iso-

accepting tRNA for a codon.  

Further experimentation to investigate effects of this and similar synonymous 

SNPs in other genes would include in vitro studies in human and animal cell lines as well 

as examining expression profiles of affected genes in vivo. In vivo and animal studies will 

also provide vital information regarding possible physiological impacts of alterations of 
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translational efficiency. Such studies may also bring to light repair or regulatory 

mechanisms that prevent changes in rate of translation from having physiological effects.  

Establishing a link between the genetics, proteomics and phenotype in inherited 

diseases presents the opportunity for specialized and specific management and treatment 

of heterogeneous diseases.  

7.6 Conclusions 
This thesis details investigations undertaken to further understand the molecular 

aetiology of HI. Over the years, it has been established that mutations in one of five 

candidate genes account for most of the cases of HI, with ABCC8 being the most 

commonly implicated gene. From a cohort of Australian patients diagnosed with HI, 

genetic analysis was undertaken in 40 patients. Sequencing of the five candidate genes in 

these patients revealed that 81% of patients who required surgical intervention for 

management had at least one mutation on the ABCC8 gene. Within this group, patients 

with focal disease had a single paternally inherited mutation, which was expected from 

previous reports. Not all patients with diffuse-HI had the two compound heterozygous 

mutations expected Additionally, two patients had an atypical histological lesion of the 

pancreas, and did not have any characteristic genetic abnormality. These patients may 

represent a group of patients with HI that has neither been clearly defined nor understood 

as yet.  

Patients in this study who responded to medical treatment were assumed to have a 

milder form of HI based on universal diagnostic criteria. However, no mutation was 

identified in any of the five candidate genes analysed. The synonymous polymorphism, a 

potential cause for Kir6.2 dysfunction was identified in 72% of the Australian HI cohort. 

The polymorphism may also contribute to later onset diabetes. The polymorphism E23K, 

which has been associated with diabetes was identified in 72% of the Australian HI 

cohort, although it was more common in the medical cohort.  

Past literature suggests that no genetic cause is identified in up to 50% of patients 

diagnosed with HI. In this study, a mutation directly associated with HI was identified in 

45% of all patients analysed (n=40). Interestingly, this study shows that milder forms of 

HI that are responsive to diazoxide are unlikely to be associated with K-ATP channel 

gene mutations. In fact, most patients in this “medical” cohort probably have HI 

associated with a novel gene defect that has not been discovered yet, or HI that is 



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY        

   235 

associated with novel mechanisms of mutation expression. Identifying molecular 

mechanisms in syndromes of hyperinsulinism of infancy may provide important 

information regarding glucose sensing and insulin secretion in diseases such a type 2 

diabetes.  

 SNPs are naturally occurring genetic variations, and though initially believed to 

be unrelated to phenotypic effects, are now being associated with disease susceptibility, 

presentation, severity and even response to treatment. Sequencing ABCC8 revealed a 

significant difference in the number of polymorphisms present in the medical and 

surgical groups. Patients with severe HI (the surgical cohort), seemed to have more 

polymorphisms in ABCC8. A differential distribution of KCNJ11 SNPs was also 

observed between the two cohorts of patients. Only two medical patients carried more 

than five KCNJ11 polymorphisms (S27 and S31). Certain polymorphisms in ABCC8 and 

KCNJ11 have been associated with type 2 diabetes. The expression of polymorphisms in 

either gene may have long implications for different forms of diabetes in the HI patients, 

and in the population at large. A varying number of polymorphisms in patients with HI 

due to K-ATP channel defects and patients with HI due to other gene defects may have 

important additive effects and affect the severity and presentation of the disease.  

Gene variants are believed to have a phenotypic effect only when they result in a 

change in the amino acid sequence of a protein; as such, synonymous polymorphisms are 

usually believed to be benign. One such silent polymorphism was identified in KCNJ11. 

It was a change from a common codon with 28 iso-accepting tRNA molecules to a rare 

codon with zero iso-accepting tRNA molecules. In vitro experiments demonstrated that 

the rate of protein production was indeed decreased when the rare codon was 

homozygously carried. A correlation between rareness of codons, and rate of translation 

may present a novel mechanism of mutation expression via synonymous mutations that 

were previously thought to be un-important. The existence of such a mechanism has far 

wider implications to other human genetic disorders than the relatively rare HI. These 

include other similar disorders such as some forms of diabetes, the genetic basis for 

which still are still elusive in many cases. Yet, many other disorders with loose genetic 

association may also fit this concept. 

In summary, this study has confirmed the presence of inactivating mutations of 

the ABCC8 gene as the common most cause of diazoxide resistant (surgical) HI. The 

aetiology of the disease in diazoxide responsive HI remains elusive despite extensive 

investigation of a number of hypothesis in this study. 



 

 

Chapter 8  
 
 
 
 
Appendices 
  

 



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY        

   237 

 

 

 

 

 

 

 

 

 

 

 

8.1  Appendix 1 : Gene sequences and primer 

binding sites 
 

 



APPENDIX 1 – GENE SEQUENCES AND PRIMER BINDING SITES 
 

238   

8.1.1 ABCC8 gene sequence and primer binding sites.  
Sequence below is the genomic sequence of exons 1-39 of ABCC8. Primer 

binding sites are highlighted in grey. Lowercase – introns, uppercase- exons.  

 
ggggcccggggggcgggggcctgacggccgggccgggcggcggagctgcaagggacagaggcg

cgcaggcgcgcggagccagcggagccagctgagcccgagcccagcccgcgcccgcgccgccAT

GCCCCTGGCCTTCTGCGGCAGCGAGAACCACTCGGCCGCCTACCGGGTGGACCAGGGGGTCCT

CAACAACGGCTGCTTTGTGGACGCGCTCAACGTGGTGCCGCACGTCTTCCTACTCTTCATCAC

CTTCCCCATCCTCTTCATTGgtgagtgcgcgcaggagccgcggaggaggggggagagcaggga

gggaggaggaggcgctgcgcgccgcaccgctcggtcc………………………………………cctttctgggg

ttcatgcaccctcttcctcctcaagtgggcaggcatggtgcctgtgactgtctctccctgcag

GATGGGGAAGTCAGAGCTCCAAGGTGCACATCCACCACAGCACATGGCTTCATTTCCCTGGGC

ACAACCTGCGGTGGATCCTGACCTTCATGCTGCTCTTCGTCCTGGTGTGTGAGATTGCAGAGG

GCATCCTGTCTGATGGgtgagtgactgtctgaggactcaggaaagtgaatctgctccagggta

cttcctgaaaggcccaaggagatcctagctcacctatattccacaagcccatgtcttttgtta

ctacacag………………………………………………………………tgatgctataaaggttcagtgttcagccttt

gaaattcaaggcctgggctgctctattgcagtacttagcatgtccccatcctgtctgtttctc

tctcccatctcagGGTGACCGAATCCCACCATCTGCACCTGTACATGCCAGCCGGGATGGCGT

TCATGGCTGCTGTCACCTCCGTGGTCTACTATCACAACATCGAGACTTCCAACTTCCCCAAGC

TGCTAATTGgtaggtgaggtgtaggagggaggggcagtaccttcattcatttcttcagataat

gtttactgaggactcattatgtgccagctattgctctaaacagtagagatttggaatagaaaa

agaaa…………………………………………………………tacacacccaggcacgcttattctgtctccttctct

gccacatacttgcacacattatgtgagtgtacacacatgatgcacacacgtctctgcgatctt

ccatctctcctcggcagCCCTGCTGGTGTATTGGACCCTGGCCTTCATCACCAAGACCATCAA

GTTTGTCAAGTTCTTGGACCACGCCATCGGCTTCTCGCAGCTACGCTTCTGCCTCACAGGGCT

GCTGGTGATCCTCTATGGGATGCTGCTCCTCGTGGAGGTCAATGTCATCAGGGTGAGGgtaag

caggccacctgggccagggtggggtgggaagcagaggctctggcctctgtcctgccctgggtt

caggcccccaccctgcttctcagccaaactgagaagggatcagcttgttttacc ……………………

……………………………………………………agagatcaagtgtggaatatcacaaccccagatccttgctggg

gcaaggtagggagtggtgagaagttggacttacccatcccccatggcccatgtgccccacagA

GATACATCTTCTTCAAGACACCGAGGGAGGTGAAGCCTCCCGAGGACCTGCAAGACCTGGGGG

TACGCTTCCTGCAGCCCTTCGTGAATCTGCTGTCCAAAGGCACCTACTGGTGGATGAACGCCT

TCATCAAGACTGCCCACAAGAAGCCCATCGACTTGCGAGCCATCGGGAAGCTGCCCATCGCCA

TGAGGGCCCTCACCAACTACCAACGGCTCTGCGAGGCCTTTGACGCCCAGGTGgtcagtgggg

gcacagccacaccatctattcactgccttctggtttagggtcacagagagggacctcaaaggg

cattaggtcaaaatcctggtggg…………………………………………………………………tgaccactgggtttc



THE MOLECULAR AETIOLOGIES OF HYPERINSULINISM OF INFANCY        

   239 

cccagacaacaggagctaggggcatcctgggaggctaggcccagccgtgaattagccctcagg

cactctgacctggccatggtctctctgggcagCGGAAGGACATTCAGGGCACTCAAGGTGCCC

GGGCCATCTGGCAGGCACTCAGCCATGCCTTCGGGAGGCGCCTGGTCCTCAGCAGCACTTTCC

GCATCTTGGCCGACCTGCTGGGCTTCGCCGGGCCACTGTGCATCTTTGGGATCGTGGACCACC

TTGGGAAGGAGAACGACGTCTTCCAGCCCAAGgtaggcagccccaggggtagggtaaggcacc

ctctagatggttttcagttgtttctgagagtgcaacaggccaatgtgtgtgagccatggccac

actggagtggctcctcac ………………………………………………………taataatgatggccgtggtccat

tatggcacagtgatgtgttctacggtggtcattttgctggcaatgacagtcacctctgaactt

ctctttccaacagACACAATTTCTCGGGGTTTACTTTGTCTCATCCCAAGAGTTCCTTGCCAA

TGCCTACGTCTTAGCTGTGCTTCTGTTCCTTGCCCTCCTACTGCAAAGGACATTTCTGCAAGC

ATCCTACTATGTGGCCATTGAAACTGGAATTAACTTGAGAGGAGCAATACAGgtacttggatg

attattttttcactttgccataagaaccattattaggaataatgtccatgagtgttattcatc

ctcatggacactcaagaataattctgctgtaaatttatttt………………………………………………………a

gtaccaccttacagagctgctctagggcaccatggggactgtctgagaagcccctggcacact

gtaacaggtggcatctggtgtggtgatgatgatgagaatgatgatgaatgtgaaacactctgc

tctcatttctagACCAAGATTTACAATAAAATTATGCACCTGTCCACCTCCAACCTGTCCATG

GGAGAAATGACTGCTGGACAGATCTGTAATCTGGTTGCCATCGACACCAATCAGCTCATGTGG

TTTTTCTTCTTGTGCCCAAACCTCTGGGCTATGCCAGTACAGgtactagatgggctgagggga

agggaggggggcagcaggacacacaaccagaatctgctggtccatggccagtaactaggagca

caccgtcttccact………………………………………………………cactctaggggactggggaaacagggat

tttgccagcacctcctggcagggcaaccatcaggtcaaagggacctgacccatgaccccttcc

tcagATCATTGTGGGTGTGATTCTCCTCTACTACATACTCGGAGTCAGTGCCTTAATTGGAGC

AGCTGTCATCATTCTACTGGCTCCTGTCCAGTACTTCGTGGCCACCAAGCTGTCTCAGGCCCA

GCGGAGCACACTGgtgagtgcccaaaggtgtgtgtgttttgtccctcttcccctccttccctc

gacagcagcaggtctcctcccacacacccacactgtcattgacttgtactttgactttgagta

ggccacttcacctgtccaggcctca……………………………………agtcaatgggggaggaggctgcct

cccggtgaggacaggaggcgggcatggcagtgacagtattgacactcaggccttcctctcggg

tgggagacggagcagaagcctctcccctctgactcggggacccctgcagGAGTATTCCAATGA

GCGGCTGAAGCAGACCAACGAGATGCTCCGCGGCATCAAGCTGCTGAAGCTGTACGCCTGGGA

GAACATCTTCCGCACGCGGGTGGAGACGACCCGCAGGAAGGAGATGACCAGCCTCAGGGCCTT

TGCCATCTATACCTCCATCTCCAgtgagttcaccccacacagccagccctgggtgctgctgcg

tacatgcaaggagagggtgtcagagctcgggtaagagggggtgcagggacagaa………………………

………………………………gcctactggagctgtgccccacaggctggccccactggactgcgctgcctc

caagccatcctgggcatctccatgtgtagctgtcacgctcctcccactaaacgcctccctgtg

cttcctctgcagTTTTCATGAACACGGCCATCCCCATTGCAGCTGTCCTCATAgtaagtggat

cctttctccatctcttgggggtagggtggagggggagggcgtctgcagtgacaggctgcccag

atttggcctttctgcacaggggcctc………………………………………………………cctcttaggagcctgc
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tccctgacagccctctcatttcccttccagtgctgagcgtttccagtgtgggagggacccaca

ccctgggccaccctggcctcacttgtgcctctgtccacagACTTTCGTGGGCCACGTCAGCTT

CTTCAAAGAGGCCGACTTCTCGCCCTCCGTGGCCTTTGCCTCCCTCTCCCTCTTCCATATCTT

GGTCACACCGCTGTTCCTGCTGTCCAGTGTGGTCCGATCTACCGTCAAAGCTCTAGTGAGgtg

aggggagggtccgggcgagggcactgggcaggcaggtcctgtgtcagcctcaaggcttgctcg

agtgatggccaaaccacagctgtttggtcccggaacacacccc……………………………………………………

…ccttcagtgtgggctttgtgggactatacttcaggcctgagatcctgctcagagctctctat

caggctgcgccctctcccctcccctctgcccctggcaggggtgaggggtgtctctgtgcttcc

cgagcagCGTGCAAAAGCTAAGCGAGTTCCTGTCCAGTGCAGAGATCCGTGAGGAGCAGTGTG

CCCCCCATGAGCCCACACCTCAGGGCCCAGCCAGCAAGTACCAGGCGGTGgtgagtgcccggc

ctccccttgctactcccagcatggtcctctaaggcccaaaacttgggcctgctgtgtcggact

tctgccttttttcccaggaagaggggctcccttccctacacagctcccagcccagtgggtcct

cacctccaaaccacccccagCCCCTCAGGGTTGTGAACCGCAAGCGTCCAGCCCGGGAGGATT

GTCGGGGCCTCACCGGCCCACTGCAGAGCCTGGTCCCCAGTGCAGATGGCGATGCTGACAACT

GCTGTGTCCAGgtgagtcctgctgccccatgcctggccacccagcaccaactcccagagggag

ctcagcacctggaaagccagaaagctgcatgcttagtcctctgcagaggtcaccctgcctgcc

tgtactggaatcagtgtcttttggctttcatggaggaggggaagccagagactattcactggg

aactggctgcctttctgttctctcctgggcggtgggacacgcctaatgaagATCATGGGAGGC

TACTTCACGTGGACCCCAGATGGAATCCCCACACTGTCCAACATCACCATTCGTATCCCCCGA

Ggtatggcccagtccacccctccagcatgcccctccccatgtccactgaataacatagagata

aaaagacaaagctgcatttattgagcacctactctctgctcattcttggtgtatg……………………

…………………………………taggtaggaagaaagaaaacaggggccccagggttgggtgcatctgtctg

tctgtctttctgggtaatggttgttcagactcccccggccccactcacatctgccaccctccc

tccctgcagGCCAGCTGACTATGATCGTGGGGCAGGTGGGCTGCGGCAAGTCCTCGCTCCTTC

TAGCCGCACTGGGGGAGATGCAGAAGGTCTCAGGGGCTGTCTTCTGGAGCAGgaatacatgta

tcctcagggcccagtggaggggaaatctccttttaaccatcctcctcagttgaggatgcacac

acatttattggagggcccactctgtgttca…………………………………………………………………………gaaac

cctgggaatgggtgggagggttggaggtggggattgcttctcccctaagactcagcgtgatgg

aaaggcaatggggtgggaactaactggtgttggtctgtcccatttgtgtcccagcagCAGCCT

TCCTGACAGCGAGATAGGAGAGGACCCCAGgtacagccttgggactgggtcagaagtgggtct

caacaaagggaaggggtagggtgggggtggaggacttgtgggtgggtaatgctgagtatggat

tcagggatgtgcag………………………………………………………gcatgctcatgttgggttggagggagct

caggatcttcctggaggatatggttcactcccatgagagctcagtatgcctttcctcccctgc

tgcagCCCAGAGCGGGAGACAGCGACCGACTTGGATATCAGgtactgcgtcctgggaacattg

ccccccagggtcaactccctccagggtgctctcaggcccaagggagccacac……………………………

…………………………taccaactgcacctccccatccccttgcctccatctgagccatcagcttgaca

actgcctctgagaacaagcccctgagaatgccttccgcaccccctactcccgccctgcttttt
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ccagGAAGAGAGGCCCCGTGGCCTATGCTTCGCAGAAACCATGGCTGCTAAATGCCACTGTGG

AGGAGAACATCATCTTTGAGAGTCCCTTCAACAAACAACGgtaaaagcctgtcggagggaggc

aggatgtggaggggaggaactgtctctggccagcctgccccagttccgggcccctccatcgat

cacccacacccagccatctcactccccaggtgcttacctgcactccagcctct…………………………

………………………gcatagctacccagagactaatgaccctctgcaagtgctcgggccaactctgac

caggctgaccagctgcatcccctgcctctacccacgccagGTACAAGATGGTCATTGAAGCCT

GCTCTCTGCAGCCAGACATCGACATCCTGCCCCATGGAGACCAGACCCAGATTGGGGAACGGg

ttagtagcagcctctgaggggttttttcaaagccaggacccccaacctaccatgccctgagac

actactcaggacaat………………………………………………………aggcctccatcccaaagagctcatagt

ccagtagggtacaggacagtgtctcctgaatggctgagggcatgatgtgttcctcctctttgg

tgacagGGCATCAACCTGTCTGGTGGTCAACGCCAGCGAATCAGTGTGGCCCGAGCCCTCTAC

CAGCACGCCAACGTTGTCTTCTTGgtgagtgcaagttcccttggggtcctggtctctggctgc

ctcccaggcctaactgcccacctccacctccccgcaaccccaccatcatccaacaatctccct

ctccaggagtaaatccctcctgccag…………………………………………………ctagagcagagttgatag

aactctaatgggttttatactcattgtcacccctccccaccatgcctttccctaccctctact

ctcttcctctcccttctgcccagGATGACCCCTTCTCAGCTCTGGATATCCATCTGAGTGACC

ACTTAATGCAGGCCGGCATCCTTGAGCTGCTCCGGGACGACAAGAGGACAGTGGTCTTAGTGA

CCCACAAGCTACAGTACCTGCCCCATGCAGACTGGgtgagggggaacaagggggtcaggctat

agggggcagggctggggaggctgtcaggcatcttggcaggaaccaatccgttgtcttggtagc

aactgctgagggc…………………………………………………………………………………………aggttatcaataccag

cccacttgcagtggatgagctggtggccatttgtagtgaggaaagggatgtgtcaacctccat

cttagactccacaattgagggatgtgaccaccattcctccccagccagcccccaaaccacgtt

tgttgctgcctttccagATCATTGCCATGAAGGATGGCACCATCCAGAGGGAGGGTACCCTCA

AGGACTTCCAGAGGTCTGAATGCCAGCTCTTTGAGCACTGGAAGACCCTCATGAACCGACAGG

ACCAAGAGCTGGAGAAGtgggtatatccagggatggccaagcagccacccctggagtgcaaag

gttctgctagaacctgaactcataaaggtctt………………………………………………………aatgtgtgtc

tgtctgcccctccctcaggcagggacaaagtagaaatctgacattggtcatcaccagagtagt

taccccttaacttccccttcccccaccaaccatatatcctgaagacattgcccaggccacatc

tgtcttttagGAGACTGTCACAGAGAGAAAAGCCACAGAGCCACCCCAGGGCCTATCTCGTGC

CATGTCCTCGAGGGATGGCCTTCTGCAGGATGAGGAAGAGGAGGAAGgtacaggcaatgggac

tgggagtgaaattatggcctgaggtctgatcagccacagagaggctaaggtttggggttctgg

gtgtggtgcagtagtgtgcctttgattaaatggcttccctctgtgtgcccccgttgtcccctc

agtaagtggggataaaatgccctgattcaccctcagagggatggaaatgtgtagccacagagt

gggttcttgcggcctgcagAGGAGGCAGCTGAGAGCGAGGAGGATGACAACCTGTCGTCCATG

CTGCACCAGCGTGCTGAGATCCCATGGCGAGCCTGCGCCAAGTACCTGTCCTCCGCCGGCATC

CTGCTCCTGTCGTTGCTGGTCTTCTCACAGCTGCTCAAGCACATGGTCCTGGTGGCCATCGAC

TACTGGCTGGCCAAGTGGACCGACAGCGCCCTGACCCTGACCCCTGCAGCCAGGAACTGCTCC
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CTCAGCCAGgtgtgactggcggcccatggcagaggttgggagtggggatgggggaagggctga

gcccatgggcaccctggaactccaaatcactctctgcctgtgaagGAGTGCACCCTCGACCAG

ACTGTCTATGCCATGGTGTTCACGGTGCTCTGCAGCCTGGGCATTGTGCTGTGCCTCGTCACG

TCTGTCACTGTGGAGTGGACAGGGCTGAAGGTGGCCAAGAGACTGCACCGCAGCCTGCTAAAC

CGGATCATCCTAGCCCCCATGAGgtacccgtctcccctggccaggctgggactgtgagcaagt

cactgttctctgagccttagtcttcccatctataaaatggggatatacaacctgt……………………

…………………………………agatgtctacaaattggcagaggatgccagacccatgaatgactccagag

acacttacatgaaataattaactatctcattcagtaaacaggaagtaaatcaatggacaaatg

agtaactcttcctctggctgcctcttagGTTTTTTGAGACCACGCCCCTTGGGAGCATCCTGA

ACAGATTTTCATCTGACTGTAACACCATCGACCAGgtacagaggaccgtgccacactatcccc

ccttccagagacacctcggacccctgggggcttctcctgtctgaggctgggttccccagatca

ggtgatcacagaggatcaaaaaataaagtgagagcaaaacatggcggccagtagcactctaaa

cacagtcaataccaaaattcacctcactctctccccctcgtctccctcagCACATCCCATCCA

CGCTGGAGTGCCTGAGCCGCTCCACCCTGCTCTGTGTCTCAGCCCTGGCCGTCATCTCCTATG

TCACACCTGTGTTCCTCGTGGCCCTCTTGCCCCTGGCCATCGTGTGCTACTTCATCCAGAAGT

ACTTCCGGGTGGCGTCCAGgtgatggcctcaggggtgaggggtgggaggtgctttgcaatgtg

cagtttggtgtact………………………………………………………aggtaaggccattcacccacacagcggt

agcaggtggagctaggcttcaggcccaggccgagccctgagcctgccctcttaactgttccac

tctgttccccgccacagGGACCTGCAGCAGCTGGATGACACCACCCAGCTTCCACTTCTCTCA

CACTTTGCCGAAACCGTAGAAGGACTCACCACCATCCGGGCCTTCAGgtacgagtccacattc

ccccaaggtaggagtggaacaggggtggggccagggggcacaggccatgagatttgattctca

gga………………………………………………………ccctctgcaggtagggagactcctaggagctatgtggac

caacactgttcccttaggagcttctcatcctccctccagGTATGAGGCCCGGTTCCAGCAGAA

GCTTCTCGAATACACAGACTCCAACAACATTGCTTCCCTCTTCCTCACAGCTGCCAACAGATG

GCTGGAAGTCCGAATGGCAAgtgctattcccctctaccctggcctctgataggagggtggggc

cagagcaagagcacacaggtacctggggatgaaagagaggataggataccagatcgtgtggac

accaagccttcctgc…………………………………………………ctgagctgctctctgccccgaaaaggagt

gaggtagaacaggggcctgtggctctaacccctgagcgcccaggtcagctcctctccctcccc

agGATACATCGGTGCATGTGTGGTGCTCATCGCAGCGGTGACCTCCATCTCCAACTCCCTGCA

CAGGGAGCTCTCTGCTGGCCTGGTGGGCCTGGGCCTTACCTACGCCCTAATGgtgagcggcag

tgggctagggcagaggaggggtcagacaccagcactcccggagcaccttcgtcactggagaca

tgagacactcccaggc………………………………………………………ggcccctctccagccttaagaagagc

cattctggtggctgaggacagaactaagcgaccatggagtgtgcgccactggcttgctcccca

cagGTCTCCAACTACCTCAACTGGATGGTGAGGAACCTGGCAGACATGGAGCTCCAGCTGGGG

GCTGTGAAGCGCATCCATGGGCTCCTGAAAACCGAGGCAGAGAGCTACGAGGGGCTCCTGGgt

gagaggctcagggagaggggtggggaagagtccaaggaggagtgtgtctgggttgggggccac

aagggagcctggggatggggtggcactttcggatactagctgtggcccatgcctggtggctga
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gcccagcccggcccccagCACCATCGCTGATCCCAAAGAACTGGCCAGACCAAGGGAAGATCC

AGATCCAGAACCTGAGCGTGCGCTACGACAGCTCCCTGAAGCCGGTGCTGAAGCACGTCAATG

CCCTCATCGCCCCTGGACAGAAGgtcagagcacgggcccaacccaatgctgcaggacaggcgt

gagcaggggatggggcatgcacg………………………………………………………gataccctgtgacctccca

cacctgcacacacacccagagctagcatagaggctattcccagcagccccagagtcccagtgg

cggtgcctgcttctctctttccagATCGGGATCTGCGGCCGCACCGGCAGTGGGAAGTCCTCC

TTCTCTCTTGCCTTCTTCCGCATGGTGGACACGTTCGAAGgtgagttgtaaggcgggcacccc

acgtgtacccacagccaccagatgaggcctcagccctggcacgtggtcagacatgacaggagg

cccagcagtcaccgcctatcccctgcaccctcactgggacccatgcagGGCACATCATCATTG

ATGGCATTGACATCGCCAAACTGCCGCTGCACACCCTGCGCTCACGCCTCTCCATCATCCTGC

AGGACCCCGTCCTCTTCAGCGGCACCATCCGgtgagccccaccacccctcaggcccacccagc

cccaggccggctcagttccatcagatctggagcacaaagaggaggg……………………………………acc

tccaactcagtctgctctcgctcactgccctctttgccgcctggggatgcaggcaggaccctg

ctccctccctactggggctttctgtgccacttccagATTTAACCTGGACCCTGAGAGGAAGTG

CTCAGATAGCACACTGTGGGAGGCCCTGGAAATCGCCCAGCTGAAGCTGGTGGTGAAGGCACT

GCCAGGAGGCCTCGgtaactactcctggctatgcagctgggttggttgggcactcaaggaccc

tgtaaggatggcagacagaagcccgtgtctcag………………………………………………………aacagcccc

ccaagccatcccatctgctccactcacagcacaagattaactcagtcctacttcatctccccg

ggctgttttcagATGCCATCATCACAGAAGGCGGGGAGAATTTCAGCCAGGGACAGAGGCAGC

TGTTCTGCCTGGCCCGGGCCTTCGTGAGGAAGACCAGCATCTTCATCATGGACGAGGCCACGG

CTTCCATTGACATGGCCACGgttggtcctgggcccctccatgggaccatggtcttggaaaggg

tttagtgggatgctag……………………………………ctgggctccacatcccccaagccaggccagacc

ccatccactgggcaggtgagccaacagctgttgcccccacttggcagGAAAACATCCTCCAAA

AGGTGGTGATGACAGCCTTCGCAGACCGCACTGTGGTCACCATCGCGgtaaggggcccattga

tggggtgcagagggacacccagggacaggactggcctgttgtggccgtcatcagtgcacagcc

cctgggcttgcctggtcccagtaatcaagaaagaaccctgaagcaggcagttcagggc …………

……………………………………………tccccacagtgacaggacattctggccacatgcctcatcctcctcc

tccaagccgcaggagggccaccctcagctgtggcccccaccgcgggtggtattcccaccatcc

tgacccgccccctcctgccctgcccagCATCGAGTGCACACCATCCTGAGTGCAGACCTGGTG

ATCGTCCTGAAGCGGGGTGCCATCCTTGAGTTCGATAAGCCAGAGAAGCTGCTCAGCCGGAAG

GACAGCGTCTTCGCCTCCTTCGTCCGTGCAGACAAGTGAcctgccagagcccaagtgccatcc

cacattcggaccctgcccatacccctgcctgggttttctaactgtaaatcacttgtaaataaa

tagatttgattatttcct 
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8.1.2 KCNJ11 gene sequence and primer binding sites.  
 

Sequence below is the genomic sequence of exons 1 of KCNJ11. Primer binding 

sites are highlighted in grey. Both PCR and sequencing primer binding sites are shown. 

Lowercase – introns, uppercase- exons.  
 

tgagaaggtgcccaccgagaggactctgcagtgaggccctaggccacgtccgaggggtgcctc

cgatgggggaagcccctccctgggggtcaccggagccATGCTGTCCCGCAAGGGCATCATCCC

CGAGGAATACGTGCTGACACGCCTGGCAGAGGACCCTGCCAAGCCCAGGTACCGTGCCCGCCA

GCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTGCAACGTGGCCCACAAGAACATCCGGGA

GCAGGGCCGCTTCCTGCAGGACGTGTTCACCACGCTGGTGGACCTCAAGTGGCCACACACATT

GCTCATCTTCACCATGTCCTTCCTGTGCAGCTGGCTGCTCTTCGCCATGGCCTGGTGGCTCAT

CGCCTTCGCCCACGGTGACCTGGCCCCCAGCGAGGGCACTGCTGAGCCCTGTGTCACCAGCAT

CCACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAGGTCCAAGTGACTATTGGCTTTGGGGG

GCGCATGGTGACTGAGGAGTGCCCACTGGCCATCCTGATCCTCATCGTGCAGAACATCGTGGG

GCTCATGATCAACGCCATCATGCTTGGCTGCATCTTCATGAAGACTGCCCAAGCCCACCGCAG

GGCTGAGACCCTCATCTTCAGCAAGCATGCGGTGATCGCCCTGCGCCACGGCCGCCTCTGCTT

CATGCTACGTGTGGGTGACCTCCGCAAGAGCATGATCATCAGCGCCACCATCCACATGCAGGT

GGTACGCAAGACCACCAGCCCCGAGGGCGAGGTGGTGCCCCTCCACCAGGTGGACATCCCCAT

GGAGAACGGCGTGGGTGGCAACAGCATCTTCCTGGTGGCCCCGCTGATCATCTACCATGTCAT

TGATGCCAACAGCCCACTCTACGACCTGGCACCCAGCGACCTGCACCACCACCAGGACCTCGA

GATCATCGTCATCCTGGAAGGCGTGGTGGAAACCACGGGCATCACCACCCAGGCCCGCACCTC

CTACCTGGCCGATGAGATCCTGTGGGGCCAGCGCTTTGTGCCCATTGTAGCTGAGGAGGACGG

ACGTTACTCTGTGGACTACTCCAAGTTTGGCAACACCGTCAAAGTGCCCACACCACTCTGCAC

GGCCCGCCAGCTTGATGAGGACCACAGCCTACTGGAAGCTCTGACCCTCGCCTCAGCCCGCGG

GCCCCTGCGCAAGCGCAGCGTGCCCATGGCCAAGGCCAAGCCCAAGTTCAGCATCTCTCCAGA

TTCCCTGTCCTGAgccatggtctctcgggccccccacacgcgtgtgtacacacggaccatgtg

gtatgtagcccggccagggcctggtgtgaggctgggccagcctcagctca 
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8.1.3 GLUD1 : gene sequence with primer binding site 
 

Sequence below is the genomic sequence of exons 6,7 8, 11 and 12 of GLUD1 

Primer binding sites are highlighted in grey. Lowercase – introns, uppercase- exons.  

 
………………………………ttccttcaacaggaaattggacttgacatttcattctttcaattaccccct

cttacagGATATTAATGCACACGCCTGTGTTACTGGTAAACCCATCAGCCAAGGGGGAATCCA

TGGACGCATCTCTGCTACTGGCCGTGGTGTCTTCCATGGGATTGAAAATTTCATCAATGAAGC

TTCTTACATGAGCATTTTAGGAATGACACCAGGGTTTGGAGATAAAACATTTGTTGTTCAGgt

aaaaacaaaaacaaaaaaagtttccttaataactgatagacattaagtaaagttttcaatgtt

tttagaattgtaattttaaaattaagttatctcaaatctcttaaattttagagtggtggtttt

cagag………………gactcttgctgtctataccaggactttaatttttgtgttatgggtaattgtt

cttcacagGGATTTGGTAATGTGGGCCTACACTCTATGAGATATTTACATCGTTTTGGTGCTA

AATGTATTGCTGTTGGTGAGTCTGATGGGAGTATATGGAATCCAGATGGTATTGACCCAAAGG

AACTGGAAGACTTCAAATTGgtattaatacatttttatagcatagacactaaatataaatatt

taaaactctggtgcagctattaattgtgattttcaatcaatggcagCAACATGGGTCCATTCT

GGGCTTCCCCAAGGCAAAGCCCTATGAAGGAAGCATCTTGGAGGCCGACTGTGACATACTGAT

CCCAGCTGCCAGTGAGAAGCAGTTGACCAAATCCAACGCACCCAGAGTCAAAGCCAAGgtgac

aacattatagaaaccagaaccaacattatcaatgtgaatgacgttagggg……………………tgatc

tcttgttatttttttgtagTGTCGGTTCAAGAGAGTTTAGAAAGAAAATTTGGAAAGCATGGT

GGAACTATTCCCATTGTACCCACGGCAGAGTTCCAAGACAGGATATCGgtgagtgtggtgacc

ccacagttgtacttcacaatgctccctgctctttccttcagacagagctggttagatggattt

catctgcggcatagtctttgtaattagcttgacagtaagtgcgtgacatgtgtgttttgtacc

tttccttttca……………………………acagggacacaaagcaggtctttgtggttttgttaaacttg

tgttcttttccctaatagGGTGCATCTGAGAAAGACATCGTGCACTCTGGCTTGGCATACACA

ATGGAGCGTTCTGCCAGGgtatgtgtgcagatgctgtttgccttccagctagtcacatgaagt

gcaactcaaccatgctatctcagccgccagactgt 
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8.1.4  GCK gene sequence 
 

Sequence below is the genomic sequence of exons 1-10 (1a, 1b, 1c) of GCK 

Primer binding sites are highlighted in grey. Lowercase – introns, uppercase- exons. 

 
cacattctcccagggacccagggcgggccgtgacccctgcggcggagaagccttggata 

tttccacttcagaagcctactggggaaggctgaggggtcccagctccccacgctggctg 

ctgtgcagATGCTGGACGACAGAGCCAGGATGGAGGCCGCCAAGAAGGAGAAGgtatctcgcc

ctccattgggcattgtgggagtgtttgcttgcctgtccccaatttgagcctcagaatctgatt

ttatgcacaggctctttgagaagggt…………………………………………………………………………………ggctac

agcatgtgctaggcctcagcaggcaggagcatctctgcctcccaaagcatctacctcttagcc

cctcggagagATGGCGATGGATGTCACAAGGAGCCAGGCCCAGACAGCCTTGACTCTGgtaag

ggtcacaccaaagttagggactttgcactgggagagcagcacccagggcagggcccttggttt

tgcag……………………………………………………………………………………………………ccagactctcctctgaactc

gggcctcacatggccaactgctacttggaacaaatcgccccttggctggcagatgtgttaacA

TGCCCAGACCAAGATCCCAACTCCCACAACCCAACTCCCAGgtcagatggaacctcttcttcc

caggcccttctcttcctctcctcagcccctcccacctcccttcagaataagtcta……………………

………………………………………………………………………ctggcggccctcggtgtgcagatgcctggtgacagc

cccaccctgaggtccccagcctaccccctccccagcccgactgctcccatcccatccccctcc

ctgtgcagGTAGAGCAGATCCTGGCAGAGTTCCAGCTGCAGGAGGAGGACCTGAAGAAGGTGA

TGAGACGGATGCAGAAGGAGATGGACCGCGGCCTGAGGCTGGAGACCCATGAAGAGGCCAGTG

TGAAGATGCTGCCCACCTACGTGCGCTCCACCCCAGAAGGCTCAGTaccacatggtaaccggc

tcctcatccagaagcagctgtgggctcagccctagctgggagaag………………………………gggctc

agtcacctggggcccacccagcccaaggccagcctgtgggtgtccctgaggctgacacacttc

tctctgtgcctttagAAGTCGGGGACTTCCTCTCCCTGGACCTGGGTGGCACTAACTTCAGGG

TGATGCTGGTGAAGGTGGGAGAAGGTGAGGAGGGGCAGTGGAGCGTGAAGACCAAACACCAGA

TGTACTCCATCCCCGAGGACGCCATGACCGGCACTGCTGAGATGgtgaGcagcgcaggggccg

gggcagggggccaaggccatgcaggatctcagggcccagctagtcctgccacctgtctaccag

ggg……………………………………………………………tgaggaatagcttggcttgaggccgtggggagggctg

ccggccagagcaccccccatgcacagatggtcaccatggcgtgcatcttccagCTCTTCGACT

ACATCTCTGAGTGCATCTCCGACTTCCTGGACAAGCATCAGATGAAACACAAGAAGCTGCCCC

TGGGCTTCACCTTCTCCTTTCCTGTGAGGCACGAAGACATCGATAAGgtgggccgggtggagg

ggcagaaggcagatgaggggaggcacaggcaccccagaggaactctgcctgccttcaaatgta

gcccccataccatgt………………………………………………………………………………………agggtgccatacttt

tatggccctgtgcaggaggtagtgacaggccctagcaccctgcctccagtatatgttagcagc
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cacgaggcctatctctccccacagGGCATCCTTCTCAACTGGACCAAGGGCTTCAAGGCCTCA

GGAGCAGAAGGGAACAATGTCGTGGGGCTTCTGCGAGACGCTATCAAACGGAGAGGGgtgagg

gggcacctgtacctgccgggggggctgccctgggccacccaccccagcactgcctgcctttct

ccttggcttccagcggcttccagcactgcagcttctgtgcttcttggcagGACTTTGAAATGG

ATGTGGTGGCAATGGTGAATGACACGGTGGCCACGATGATCTCCTGCTACTACGAAGACCATC

AGTGCGAGGTCGGCATGATCGTGGgggctccttgcaccctgccccttccagactgctgaggct

ccctgtgtacaacaggcttcaagggccctgtggggtgaggaccaaacta……………………………………

…………………………………………………………atgggggagcgggagagggactcctgtgggcaggaaCcagg

ccctactccggggcagtgcagctctcgctgacagtccccccgacctccaccccagGCACGGGC

TGCAATGCCTGCTACATGGAGGAGATGCAGAATGTGGAGCTGGTGGAGGGGGACGAGGGCCGC

ATGTGCGTCAATACCGAGTGGGGCGCCTTCGGGGACTCCGGCGAGCTGGACGAGTTCCTGCTG

GAGTATGACCGCCTGGTGGACGAGAGCTCTGCAAACCCCGGTCAGCAGCTgtaaggatgcccc

ctcccccacaacccaggccctgggccgctctggtgcagcggcagatgggagccgggccattgc

agataatgggcttgttt……………………………………………………………………………………………………ggagcagt

gggccggctcccggcttccacctgcatgagggccctccctcgtgcctgctgatgtaatggacc

tgccctatgtccagGTATGAGAAGCTCATAGGTGGCAAGTACATGGGCGAGCTGGTGCGGCTT

GTGCTGCTCAGGCTCGTGGACGAAAACCTGCTCTTCCACGGGGAGGCCTCCGAGCAGCTGCGC

ACACGCGGAGCCTTCGAGACGCGCTTCGTGTCGCAGGTGGAGAGgtgtgCggaggaggagggt

gggtgcaaagggcaggggctggggacgcccgggcactgcagacttggtctcagggcgacgctg

agtcc……………………………………………………………………………………………………………………acggctggccgggg

cccctccctggagaacGagaggccgaagctggagggggatccactgtcggagcgacactcagc

gaccgccctacctcctcccgccccgcagcCGACACGGGCGACCGCAAGCAGATCTACAACATC

CTGAGCACGCTGGGGCTGCGACCCTCGACCACCGACTGCGACATCGTGCGCCGCGCCTGCGAG

AGCGTGTCTACGCGCGCTGCGCACATGTGCTCGGCGGGGCTGGCGGGCGTCATCAACCGCATG

CGCGAGAGCCGCAGCGAGGACGTAATGCGCATCACTGTGGGCGTGGATGGCTCCGTGTACAAG

CTGCACCCCAGtgagcccgccccgctctctccctggtaaagtggggcccaaaaagcgcgcgct

ccaaggttccttgcggttcccaagctccaagatttcgtagtcctcttctcgtccccct……………

………………………………………………………………tggcctagatttgggggaagggtcgactgcgtgcagggc

gcccggtcctgaatgtggaggatgaggtgggaggagggacggcagccctgcttctcttctgcc

cagCTTCAAGGAGCGGTTCCATGCCAGCGTGCGCAGGCTGACGCCCAGCTGCGAGATCACCTT

CATCGAGTCGGAGGAGGGCAGTGGCCGGGGCGCGGCTGGTCTCGGCGGTGGCCTGTAAGAAGG

CCTGTATGCTGGGCCAGTgagagcagtggccgcaagcgcagggaggatgccacagccccacag

cacccagctccatggggaagtgctccccacacgtgctcgcagcctggcggggcaggaggcctg

gccttgtcaggacccagg 
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8.1.5 HADH gene sequence 
Sequence below is the genomic sequence of exons 5 and 7 of HADH. Primer 

binding sites are highlighted in grey. Lowercase – introns, uppercase- exons. 

  EExxoonn  55  

………………………….tatggagccttttgatcaatcattccttgaaccattctaccgaagttgcttg

ctgacactctggtcataattctctgctttgcatttccagGTCATTAAAACACCAATGACCAGC

CAGAAGACATTTGAATCTTTGGTAGACTTTAGCAAAGCCCTAGGAAAGCATCCTGTTTCTTGC

AAGtaagagtatgggtagcttgggaaggaggtagttcttttcttcttggaccctgacttgttc

ctggtagaattcttctcatagaatgatg……………………………… 

 

EExxoonn  77  

………………………………………………tataaaattctagtaattctggggctaatcctgtgatagggagaa

ttcaaggaaaggtggtggtgacccagtgctgccgttttctccttagGTGACGCATCCAAAGAA

GACATTGACACTGCTATGAAATTAGGAGCCGGTTACCCCATGGGCCCATTTGAGCTTCTAGAT

TATGTCGGACTGGATACTACGAAGTTCATCGTGGATGgtaggaattggaattttttgttgtct

ttaattgaggtagtttttctgaactgtaaattataatgcctttttaaaaaaagttagcagggg

tcttaataaagaccttccaaaatcctgcctcaccaggttgagaattcatgaacagatgtca……

…………………… 
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Patient Polymorphism 
S01 P69P 
S01 580-17 - 580 -18 ins 
S01 290+11 - 290+12 del 
S01 P225L 
S01 V256A 
S01 579+10 - 579+11 del 
S01 H562H 
S01 1817+16 - 1817+17 del 
S01 1817+16 - 1817+17 del 
S01 2117-3 C>T 
S01 2223-18 - 2223-19 del 
S01 2223-7 - 2223-8 del 
S01 2223-7 - 2223-8 del 
S01 V1173I 
S01 Q1179Q 
S01 A1172A 
S01 L1171L 
S01 3560+10 - 3560+11 del 
S01 S1370A 
S01 R1411A 
S01 P1419R 
S01 4310+6 - 4310+7 del 
S01 4201+15 -4201+16 del 
S01 4310+6 - 4310+7 del 
S01 V1573I 
S02 P69P 
S02 L157F 
S02 290+11 - 290+12 del 
S02 P225L 
S02 V256A 
S02 580-17 - 580 -18 ins 
S02 579+10 - 579+11 del 
S02 579+20 - 579+21 ins 
S02 1012-1013 del 
S02 1332+14-1332+15 ins 
S02 H562H 
S02 K649K 
S02 1817+16 - 1817+17 del 
S02 2223-18 - 2223-19 del 
S02 2223-7 - 2223-8 del 
S02 L1171L 
S02 A1172A 
S02 V1173I 
S02 3560+10 - 3560+11 del 
S02 S1370A 
S02 4122+6 - 4122+7 del 
S03 K649K 
S03 2223-7 - 2223-8 del 
S03 2223-18 - 2223-19 del 
S04 K649K 
S04 2223-18 - 2223-19 del 
S04 2223-7 - 2223-8 del 
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S04 4122+6 - 4122+7 del 
S04 P1419R 
S04 R1411A 
S04 4310+6 - 4310+7 del 
S05 P69P 
S05 L157F 
S05 P225L 
S05 V256A 
S05 580-17 - 580 -18 ins 
S05 2223-18 - 2223-19 del 
S05 2223-7 - 2223-8 del 
S05 2294+10 - 2294+11 del 
S05 2295-12 T>C 
S05 L830L 
S05 2478+19 - 2478+20 del 
S05 L1171L 
S05 A1172A 
S05 V1173I 
S05 R1274R 
S05 S1370A 
S05 R1411A 
S05 P1419R 
S05 4310+6 - 4310+7 del 
S07 P69P 
S07 L157F 
S07 290+11 - 290+12 del 
S07 P225L 
S07 V256A 
S07 580-17 - 580 -18 ins 
S07 579+10 - 579+11 del 
S07 579+20 - 579+21 ins 
S07 1012-1013 del 
S07 1817+16 - 1817+17 del 
S07 2223-18 - 2223-19 del 
S07 2223-7 - 2223-8 del 
S07 T760T 
S07 L830L 
S07 L1171L 
S07 A1172A 
S07 V1173I 
S07 3560+10 - 3560+11 del 
S07 R1274R 
S07 4122+6 - 4122+7 del 
S07 V1573I 
S10 2223-7 - 2223-8 del 
S10 2223-18 - 2223-19 del 
S11 P69P 
S11 L157F 
S11 P225L 
S11 V256A 
S11 579+15 C>T 
S11 K649K 
S11 2223-18 - 2223-19 del 
S11 2223-7 - 2223-8 del 
S11 G906G 
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S11 L1171L 
S11 A1172A 
S11 V1173I 
S11 R1411A 
S11 P1419R 
S11 4310+6 - 4310+7 del 
S11 V1573I 
S16 P69P 
S16 L157F 
S16 P225L 
S16 V256A 
S16 579+20 - 579+21 ins 
S16 I423I 
S16 K649K 
S16 2223-18 - 2223-19 del 
S16 2223-7 - 2223-8 del 
S16 L1171L 
S16 A1172A 
S16 V1173I 
S16 S1370A 
S16 R1411A 
S16 P1419R 
S16 4310+6 - 4310+7 del 
S19 P69P 
S19 290+11 - 290+12 del 
S19 L157F 
S19 V256A 
S19 P225L 
S19 580-17 - 580 -18 ins 
S19 579+10 - 579+11 del 
S19 H562H 
S19 1817+16 - 1817+17 del 
S19 579+20 - 579+21 ins 
S19 2117-3 C>T 
S19 2223-18 - 2223-19 del 
S19 2223-7 - 2223-8 del 
S19 A1172A 
S19 L1171L 
S19 V1173I 
S19 3560+10 - 3560+11 del 
S19 S1370A 
S19 4122+11 A>C 
S20 P69P 
S20 P225L 
S20 V256A 
S20 579+10 - 579+11 del 
S20 579+15 C>T 
S20 579+20 - 579+21 ins 
S20 1012-1013 del 
S20 K649K 
S20 2223-18 - 2223-19 del 
S20 2223-7 - 2223-8 del 
S20 2394-7 T>A 
S20 R1274R 
S20 R1411A 
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S20 P1419R 
S20 4310+6 - 4310+7 del 
S20 V1573I 
S22 P69P 
S22 L197V 
S22 G163A 
S22 L157F 
S22 H562H 
S22 2223-7 - 2223-8 del 
S22 2223-18 - 2223-19 del 
S22 2295-12 T>C 
S22 2258+17 - 2258+18 del 
S22 2295-19 T>C 
S22 2294+10 - 2294+11 del 
S22 2394-7 T>A 
S22 A1172A 
S22 V1173I 
S22 L1171L 
S22 S1370A 
S22 R1411A 
S22 P1419R 
S25 P69P 
S25 L157F 
S25 290+11 - 290+12 del 
S25 P225L 
S25 V256A 
S25 579+15 C>T 
S25 579+20 - 579+21 ins 
S25 579+15 C>T 
S25 H547H 
S25 2223-18 - 2223-19 del 
S25 2223-7 - 2223-8 del 
S25 L1171L 
S25 A1172A 
S25 V1173I 
S25 3560+10 - 3560+11 del 
S25 S1370A 
S26 P69P 
S26 A110A 
S26 L157F 
S26 290+11 - 290+12 del 
S26 P225L 
S26 V256A 
S26 580-17 - 580 -18 ins 
S26 579+10 - 579+11 del 
S26 579+15 C>T 
S26 579+20 - 579+21 ins 
S26 1012-1013 del 
S26 H580H 
S26 K649K 
S26 1817+16 - 1817+17 del 
S26 2117-3 C>T 
S26 2223-18 - 2223-19 del 
S26 2223-7 - 2223-8 del 
S26 L1171L 
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S26 A1172A 
S26 V1173I 
S26 3560+10 - 3560+11 del 
S26 3871-13 - 3871-14 ins 
S26 S1370A 
S26 4122+11 A>C 
S26 4122+6 - 4122+7 del 
S27 P69P 
S27 148+14 - 148+16 ins 
S27 V141V 
S27 P225L 
S27 V256A 
S27 579+15 C>T 
S27 2223-18 - 2223-19 del 
S27 2223-7 - 2223-8 del 
S27 G906G 
S28 P69P 
S28 A110A 
S28 L157F 
S28 290+11 - 290+12 del 
S28 P225L 
S28 V256A 
S28 580-17 - 580 -18 ins 
S28 579+10 - 579+11 del 
S28 579+15 C>T 
S28 579+20 - 579+21 ins 
S28 1012-1013 del 
S28 K649K 
S28 1817+16 - 1817+17 del 
S28 2040+14 - 2040+15 del  
S28 2117-3 C>T 
S28 2223-18 - 2223-19 del 
S28 2223-7 - 2223-8 del 
S28 L1171L 
S28 A1172A 
S28 V1173I 
S28 3560+10 - 3560+11 del 
S28 4122+11 A>C 
S28 4122+6 - 4122+7 del 
S29 P69P 
S29 L157F 
S29 P225L 
S29 V256A 
S29 580-17 - 580 -18 ins 
S29 579+20 - 579+21 ins 
S29 H562H 
S29 2117-3 C>T 
S29 2223-18 - 2223-19 del 
S29 2223-7 - 2223-8 del 
S29 2258+17 - 2258+18 del 
S29 L1171L 
S29 A1172A 
S29 V1173I 
S29 S1370A 
S29 R1411A 
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S29 P1419R 
S29 4310+6 - 4310+7 del 
S30 A29V 
S30 P69P 
S30 L157F 
S30 G163A 
S30 L197V 
S30 290+11 - 290+12 del 
S30 P225L 
S30 V256A 
S30 579+10 - 579+11 del 
S30 1419 
S30 2223-18 - 2223-19 del 
S30 2223-7 - 2223-8 del 
S30 T760T 
S30 L830L 
S30 G906G 
S30 L1171L 
S30 A1172A 
S30 V1173I 
S30 3560+10 - 3560+11 del 
S30 R1274R 
S30 R1411A 
S32 P69P 
S32 L157F 
S32 P225L 
S32 580-17 - 580 -18 ins 
S32 V256A 
S32 2223-7 - 2223-8 del 
S32 2223-18 - 2223-19 del 
S32 2295-12 T>C 
S32 2295-19 T>C 
S32 2294+10 - 2294+11 del 
S32 L830L 
S32 2478+19 - 2478+20 del 
S32 L1171L 
S32 A1172A 
S32 V1173I 
S32 R1274R 
S32 S1370A 
S32 P1419R 
S32 R1411A 
S35 P69P 
S35 L157F 
S35 H562H 
S35 K649K 
S35 2223-18 - 2223-19 del 
S35 2223-7 - 2223-8 del 
S35 2258+17 - 2258+18 del 
S35 2294+10 - 2294+11 del 
S35 2295-12 T>C 
S35 2394-7 T>A 
S35 L1171L 
S35 A1172A 
S35 V1173I 
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S35 S1370A 
S35 R1411A 
S35 P1419R 
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Patient Polymorphism 
M01 R1274R 
M02 413-14 A>G 
M02 2117-3 C>T 
M02 S1370A 
M02 L1555L 
M03 R1274R 
M06 S1370A 
M06 L1555L 
M07 413-14 A>G 
M09 R1274R 
M10 R1274R 
M14 2117-3 C>T 
M14 R1274R 
M14 P1360L 
M15 413-14 A>G 
M15 2117-3 C>T 
M15 3565+4 C>T 
M15 S1370A 
M17 413-14 A>G 
M17 2117-3 C>T 
M17 L830L 
M17 S1370A 
M17 I1415I 
M20 413-14 A>G 
M20 R1274R 
M20 S1370A 
M20 L1555L 
M21 S1370A 
M21 L1555L 
M22 413-14 A>G 
M24 413-14 A>G 
M24 L830L 
M24 S1370A 
M25 413-14 A>G 
M25 L1555L 
M26 413-14 A>G 
M26 S1370A 
M27 2117-3 C>T 
M27 R1274R 
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