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Abstract

Background: Congenital hyperinsulinism (CHI) is a clinically heterogeneous condition.

Mutations in seven genes (ABCC8, KCNJ11, GLUD1, GCK, HADH, SLC16A1 and

HNF4A) are known to cause CHI, with mutations in HNF4A being the most recent

identified genetic aetiology. Recessive mutations in ABCC8/KCNJ11 cause severe

medically unresponsive hyperinsulinaemic hypoglycaemia (HH). Recently, dominant

mutations in these genes have been described that cause mild, medically responsive HH.

Controversy exists on whether these dominant ABCC8/KCNJ11 mutations predispose to

diabetes mellitus in adulthood or not. The phenotype and prevalence of the genetic

subgroups in a large cohort of patients has not been studied previously.

Aims: The aims of this thesis include:

1. To investigate genotype/phenotype correlations in a large cohort of patients with

CHI by comparing different genetic aetiologies

2. To examine the prevalence and phenotype of patients with HH resulting from

HNF4A gene mutations

3. To study the phenotype of dominantly inherited KATP channel mutations causing

CHI and functionally characterize the novel dominant mutations identified

Methods: 300 patients with biochemically confirmed CHI were recruited. Detailed clinical

information was collected prior to genotyping. ABCC8 and KCNJ11 genes were

sequenced in all patients with CHI that were unresponsive to diazoxide, the mainstay of

medical treatment in CHI. Mutations in the GCK, GLUD1 and HADH genes were sought in

patients with diazoxide responsive CHI with hyperammonaemia (HI/HA) (or leucine

sensitivity (GLUD1)), raised 3-hydroxybutyryl-carnitine (HADH) or positive family history

and/or delayed presentation (GCK). If no mutations were identified and in all other patients

with diazoxide responsive CHI (and where diazoxide responsiveness was not known);

ABCC8, KCNJ11 and HNF4A genes were sequenced. The clinical characteristics of

patients with the different genetic aetiologies identified were collated and the phenotypic

characteristics of the patients found to have a HNF4A mutation were compared with the

phenotypic characteristics of patients with transient and/ or diazoxide responsive CHI and

a KATP mutation (n= 27), GLUD1 mutation (n= 13) or a HADH mutation (n=3). The one-way
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analysis of variance (ANOVA) test was used to compare the phenotypic data followed by

LSD post-test to test for statistical significance.

Protein sensitivity was investigated in patients with a HADH mutation (n=3). Upon

confirmation of protein sensitivity, leucine tolerance test were conducted in these patients

to understand the mechanism of protein sensitivity.

The phenotype of ten families with dominant ABCC8/KCNJ11 mutations and the

prevalence of diabetes mellitus in the adult mutation carriers were also studied in detail.

Functional consequences of six novel dominant KATP channel mutations (five ABCC8 and

one KCNJ11) were examined by reconstituting the KATP channel in HEK293 cells and

evaluating the effect of drugs (diazoxide, glibenclamide) and metabolic poisoning on the

channels using 86Rb flux assay.

Results: Mutations were identified in 146/300 patients (48.6%). Mutations in the

ABCC8/KCNJ11 were the commonest genetic cause identified (n=117, 39%). Among

diazoxide unresponsive patients (n=105), mutations in these two genes were identified in

92 (87.6%); of whom 63 patients had recessively inherited mutations while four patients

had three novel dominantly inherited ABCC8 mutations (G1485E, D1506E and M1514K).

Among the diazoxide responsive patients (n=183), mutations were identified in 51 patients.

These include mutations in the ABCC8(n=25), KCNJ11(n=3), HNF4A(n=7), GLUD1(n=16)

and HADH(n=3). No mutations were identified in 132 (72%) patients in this group.

Heterozygous missense mutations were detected in 15 patients with HI/HA, two of which

are novel (N410D, D451V). In addition, a patient with a normal serum ammonia

concentration (21µmol/l) was heterozygous for a novel missense mutation P436L.

Functional analysis of this mutation confirmed that it is associated with a loss of GTP

inhibition. Seizure disorder was common (43%) in our cohort of patients with a GLUD1

mutation.

The study identified a novel homozygous missense mutation (M188V) in the HADH gene

in a patient with normal acylcarnitines and urine organic acids. Hydroxyacyl-Coenzyme A

dehydrogenase activity was significantly decreased compared with controls (index patient

mean 26.8 ± SEM 4.8mU/mg protein vs. controls 48.0 ± 8.1; p=0.029) in skin fibroblasts.
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This patient and two other children with CHI due to HADH gene mutations were severely

protein sensitive. The three children also demonstrated marked leucine sensitivity.

HNF4A mutations were identified to cause persistent CHI in addition to transient CHI,

reported previously. 3/8 children with an HNF4A mutation did not have a diabetic parent.

Children with HNF4A mutations had increased birth weight (median +2.4 SDS) and

presented early (median of day 1). Patients with a KATP channel mutation were also large

at birth (birth weight SDS ranged between -1.96 to +4.66) with an early age of presentation

(ranging from 1 day to 365 days). In contrast, patients with a GLUD1/ HADH mutation

were diagnosed later (mean of 157 and 125 days respectively) and were of normal birth

weight (mean birth wt SDS of -0.11 and -1.09 respectively).

Study of the phenotype of the dominant ABCC8/KCNJ11 mutations identified an increased

prevalence (57%) of diabetes in the adult mutation carriers. Functional studies on the

novel ABCC8/KCNJ11 mutations showed no 86Rb efflux when the mutant channels were

activated, thus confirming the pathogenicity of the mutations.

Conclusions: A genetic diagnosis was possible in only 48.6% of patients with mutations

in the ABCC8 gene being the commonest cause.

Recessively inherited mutations in the ABCC8/ KCNJ11 are associated with diazoxide

unresponsive disease. However, the phenotype associated with dominant ABCC8/

KCNJ11 mutations is variable, ranging from mild medically responsive CHI to severe early

onset CHI requiring a near total pancreatectomy. In adults, dominant ABCC8/ KCNJ11

mutations may also be an important cause of dominantly inherited early onset diabetes

mellitus.

Patients with hyperinsulinism due to mutations in the GLUD1 gene have a high risk of

epilepsy and may have normal serum ammonia concentrations. Hence GLUD1 mutational

analysis may be indicated in patients with leucine sensitivity; even in the absence of

hyperammonaemia.

Mutations in the HADH gene are associated with protein induced HH due to leucine

sensitivity, suggesting a novel biochemical pathway by which HADH regulates leucine
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induced insulin secretion. Patients with CHI due HADH gene mutations may have normal

acylcarnitines and urine organic acids. Hence, sequencing of HADH must be considered in

patients with diazoxide responsive HH from consanguineous families, even in the absence

of these features.

In this large series, HNF4A mutations were the third common cause of diazoxide

responsive CHI causing both transient and persistent HH, even in the absence of a family

history of diabetes. HNF4A sequence analysis must hence be considered in all patients

diagnosed with HH in the first week of life, irrespective of a family history of diabetes

mellitus.

Future Work: The vast majority of patients with diazoxide responsive CHI had no

mutations identified suggesting other novel mechanisms of insulin secretion.

Understanding the genetic aetiology of CHI in this large cohort of patients will provide

novel insights into pancreatic beta-cell physiology and have implications for

hypoglycaemia and diabetes mellitus.
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Chapter 1- Introduction

The Physiology of Blood Glucose Control and the Role of Insulin

Glucose is the principal fuel for most mammalian cells and their metabolic needs. The

brain, under normal conditions, uses glucose as an obligatory substrate. Since the brain

has a limited supply of endogenous glucose and glycogen, it relies on a sustained and

continuous supply of glucose from the blood (Jones et al., 1975). Hence the maintenance

of normoglycaemia (fasting blood glucose concentration of 3.5-5.5mmol/L) is important for

the normal functioning of the brain; especially during active periods of brain development

and growth in infancy and childhood. Conditions that cause hypoglycaemia in childhood

can therefore cause permanent damage to the brain with long term neuro-developmental

deficits and have enormous implications for children and their carers.

Blood glucose concentration is tightly regulated by maintaining a balance between glucose

production and glucose utilisation. In normal individuals blood glucose remains in a narrow

range despite periods of feeding and fasting. This equilibrium is maintained by a complex

interplay of glucose, insulin and counter-regulatory hormones that include glucagon,

catecholamines, growth hormone and cortisol. This chapter describes the pathways

involved in glucose production and utilisation, the role of insulin in regulating the balance

between them and details the complex regulation of insulin secretion.

1.1 Glucose production

Ingested carbohydrates are broken down to form monosaccharides which are then

transported to liver and converted into glucose. Apart from ingested carbohydrates,

glucose is also produced by the following processes:
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Glycogenolysis: This involves the breakdown of stored glycogen to release glucose.

Glycogenolysis occurs in liver and muscle (where glycogen is stored) in response to

glucagon and/ or adrenaline secretion. This maintains the blood glucose concentration

during fasting and provides the brain with a ready source of glucose. The first step

involves activation of glycogen phosphorylase that phosphorylates glucose molecules in

the glycogen chain to form glucose 1-phosphate, which is converted to glucose 6-

phosphate. This is then converted to glucose by glucose-6-phosphatase. Glucagon and

insulin control glycogenolysis by their opposing actions on these two enzymes.

Gluconeogenesis: This involves the synthesis of glucose from non-carbohydrate sources

such as lactate, pyruvate, glycerol and amino acids (especially alanine). This process

mainly occurs in the liver and to some extent in the kidneys. Glycogenolysis begins within

2–3 h after a meal in humans while gluconeogenesis assumes a much greater importance

with prolonged fasting. The rate of gluconeogenesis is controlled principally by the

activities of certain unidirectional enzymes, such as phosphoenolpyruvate carboxykinase

(PEPCK), fructose-1,6-bisphosphatase and glucose-6-phosphatase (G6Pase). The genes

encoding these proteins are tightly controlled at the transcriptional level by key hormones,

particularly insulin, glucagon and glucocorticoids. In the fasted state, insulin levels drop

while glucagon secretion goes up resulting in increased glycogenolysis and

gluconeogenesis. In the fed state; insulin increases, suppressing glycogenolysis and

hepatic glucose production.
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1.2 Glucose utilisation

Glucose is utilised by nearly all peripheral tissues. It enters the cells via two different types

of membrane associated carrier proteins, the sodium-coupled glucose transporters (SGLT)

and glucose transporter facilitators (GLUT). The distribution of these transporters varies in

different tissues and depends upon the kinetic properties of the transporters and the

requirement of the tissues. It is beyond the scope of this thesis to discuss each of the

transporters and the complex mechanism occurring at the cell level that leads to glucose

entry in the cell. A few important aspects of glucose transport are discussed instead.

GLUT1 and GLUT3 transporters facilitate the uptake of glucose in the brain. GLUT1 is

mainly expressed in the microvasculature of the brain and is responsible for transfer of

glucose across the blood brain barrier, while GLUT3 is predominantly expressed in the

neurons of the brain. In rats, hypoglycaemia has been shown to increase the expression of

GLUT1 mRNA (Simpson et al., 1999).

GLUT2, a low-affinity glucose transporter is predominantly expressed in the pancreatic ß-

cells, liver, kidney, and small intestine. This transporter plays an important role in

maintaining blood glucose concentrations because of its role in glucose absorption from

the intestinal lumen, reabsorption of glucose in kidneys, glucose sensing in the pancreatic

ß-cells and glucose uptake and release in the hepatocytes. The kinetic properties of

GLUT2 allow transport of glucose within these tissues even at high blood glucose

concentrations. Hence in these tissues glucose utilisation is not dependent on the number

and activity of the glucose transporters but on the blood glucose concentration (Brown

2000).
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GLUT4 is an insulin-sensitive glucose transporter, most abundantly found in the skeletal

and cardiac muscle and adipose tissue (James et al., 1989) and is the main glucose

transporter in these tissues. Insulin stimulation transports GLUT4 present in the

cytoplasmic vesicles to the cell membrane, increasing the glucose uptake in these tissues

(James et al., 1989).

After entry into the cells, glucose undergoes three metabolic fates:

1) Glycolysis- catabolism of glucose in the cells to produce adenosine triphosphate

(ATP)

2) Glycogenesis- storage as glycogen (in the liver and muscle)

3) Conversion to fatty acids and storage as triglycerides (in adipose tissue)

These fates are dependent upon the blood glucose concentration, length of fasting and the

hormonal milieu. Among the hormones that play a role, the principal hormone is insulin.

The following section gives a brief description about the synthesis, actions and regulation

of insulin secretion and its role in glucose physiology.

1.3 Insulin: Structure and Synthesis

Insulin is a hormone produced in the ß-cells of the islets of Langerhans in the pancreas. It

is a 51 amino acid polypeptide consisting of two chains (A & B) that are connected by

disulphide bridges and has a molecular weight of 5.8 kDa.

Preproinsulin is the primary precursor molecule that consists of a signal peptide, the A and

B chains of insulin and a connecting peptide (or C-peptide) (Steiner et al., 1967). It is

processed in the endoplasmic reticulum to proinsulin by removal of the signal peptide.

Proinsulin is then folded for the disulfide bonds to be formed between the A and B chains.

It is then transported to the Golgi apparatus where it is packaged into secretory vesicles.
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These vesicles contain endopeptidases that catalyse the conversion of proinsulin to form

mature insulin. The C-peptide is liberated from the centre of the proinsulin sequence and

the ends (the A chain and B chain) are connected by disulfide bonds. Insulin and c-peptide

are stored together in the secretory vesicles and are released by exocytosis on

appropriate stimulation.

1.4 Physiological actions of insulin

Insulin is an anabolic hormone. It decreases glucose production and increases glucose

utilisation by the following effects on carbohydrate, fat and protein metabolism (figure 1.1):

i. Effect on carbohydrate metabolism: Insulin inhibits the release of glucose from

stored glycogen in the liver (glycogenolysis). It also inhibits gluconeogenesis

directly by inhibiting the key gluconeogenic enzyme PEPCK, and indirectly by

inhibiting the release of free fatty acids (FFA) from adipose tissue. It activates

enzymes for glycogenesis (conversion of glucose to glycogen) and glucose

utilisation (glycolysis) (Radziuk and Pye, 2001). Insulin also facilitates glucose

uptake in skeletal muscle and adipose tissue by its action on the glucose

transporter (GLUT-4) (Scheepers et al., 2004). In the absence of insulin, GLUT-

4 glucose transporters are removed from the cell membrane and stored in

cytoplasmic vesicles. Finally, insulin activates hexokinase, which

phosphorylates glucose to form glucose-6-phosphate. This facilitates glucose

transport through the GLUT-2 transporter in the hepatocytes and keeps the

intracellular concentrations of glucose low.
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ii. Effect on lipid metabolism: Insulin inhibits the mobilisation of FFA/ glycerol from

adipose tissue. It stimulates free fatty acid synthesis (lipogenesis) and its

conversion to triglycerides in the liver. Insulin has also been shown to increase

cholesterol synthesis by increasing the key enzyme involved in cholesterol

synthesis, ß-hydroxy-ß-methylglutaryl coenzyme- A (HMG-CoA) reductase

(Lakshmanan et al., 1973).

iii. Effect on protein metabolism: Insulin reduces the release of amino acids from

muscle by inhibiting proteolysis. It also increases the uptake of amino acids into

liver and muscle and stimulates their conversion to protein.

Figure 1.1: Summary of the effects of insulin. Insulin reduces blood glucose

concentration by inhibiting glycogenolysis, gluconeogenesis, lipolysis and ketogenesis

and by enhancing the uptake of glucose by insulin sensitive tissues.

Insulin

Suppression of
lipolysis

ketogenesis
glycogenolysis

Gluconeogenesis

Decrease in
blood

glucose
concentration

Increased
glucose

uptake by
cells



7

1.5 The regulation of insulin secretion

As insulin is the principal hormone that controls blood glucose concentration, the

regulation of insulin secretion plays a key role in maintaining normoglycaemia. Insulin

secretion in turn is controlled by a number of stimuli which include nutrients, hormones and

neurotransmitters. Glucose is the major stimulus for insulin secretion such that a rise in

blood glucose concentration leads to an increase in insulin secretion and vice-versa. After

a meal, when the blood glucose concentration increases, insulin secretion is stimulated

leading to a drop in blood glucose by mechanisms described above (figure 1.1). In

between meals, when there is no dietary glucose intake, there is less insulin and more

glucagon secreted. This stimulates glycogenolysis, gluconeogenesis and stops

glycogenesis to maintain the blood glucose concentration.

1.5.1 Nutrient induced insulin secretion

1.5.1.1 Glucose stimulated insulin secretion (GSIS):

Glucose induces a biphasic pattern of insulin release. First-phase insulin release occurs

within the first few minutes after exposure to an elevated glucose concentration; this is

followed by a more sustained second phase of insulin release.

In the pancreatic ß-cells, glucose enters the cytoplasm through facilitative glucose

transporters, especially the glucose transporter 2 (GLUT2) (Johnson et al., 1990;

Scheepers et al., 2004). GLUT2 has a high Km for glucose (approximately 40mmol/L) and

is expressed predominantly in the liver, kidney, ß-cells of the pancreas and intestinal

mucosal cells. The high Km for glucose of GLUT2 allows glucose transport by pancreatic

ß-cells and hepatocytes in proportion to the blood glucose concentration (Gould et al.,

1991; Scheepers et al., 2004). This, along with the glucose sensing abilities of the enzyme
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glucokinase, leads to the control of insulin secretion by the pancreas and the uptake or

release of glucose by hepatocytes as required, to regulate blood glucose concentration.

Glucose entry into the cells is followed by phosphorylation by the highly glucose specific

enzyme, glucokinase. Glucokinase acts as a glucose sensor and due to its high Km, it

does not saturate under physiological basal glucose levels. This allows the pancreatic ß-

cells to adjust the rate of insulin secretion and hence this is thought to be the rate limiting

step for insulin secretion (Matschinsky, 2002). Following phosphorylation, glucose is

metabolized to pyruvate (glycolysis) which then enters the Kreb’s cycle to produce ATP.

ATP triggers closure of the adenosine triphosphate-sensitive potassium channels (KATP)

channels located on the ß-cell membrane which leads to insulin release. The structure of

the KATP channels and the mechanism by which the channels couple metabolic signals

generated from glucose metabolism to insulin secretion is discussed below.

1.5.1.1.1 Overview of KATP channels and their role in GSIS:

The KATP channels are hetero-octameric complexes comprising of four inwardly rectifying

potassium channels (Kir6.2) and four sulphonylurea receptor 1 (SUR1) subunits. The

Kir6.2 forms the pore of the channel and the SUR1 (an ATP Binding Cassette Transporter)

acts as a regulatory subunit (Inagaki et al., 1995) (figure 1.2 b). KATP channels are

regulated by adenine nucleotides to convert changes in cellular metabolic levels into

membrane excitability. Each subunit of the KATP channel is known to be differentially

regulated. The Kir6.2 subunit determines the biophysical properties of the channel

complex including K+ selectivity, rectification, inhibition by ATP and activation by acyl-CoAs

(Tucker et al., 1998). The sulfonylurea receptors endow KATP channels with sensitivity to

the stimulatory actions of magnesium-nucleotides and KATP channel openers (e.g.
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diazoxide, nicorandil) and the inhibitory effects of sulphonylureas and glinides (Aguilar-

Bryan L et al., 1999).

The molecular topology of SUR1 consists of three transmembrane domains- TMD0,

TMD1 andTMD2; each of which consist of five, five, and six membrane spanning regions

respectively (Conti et al., 2001). SUR1 also has two nucleotide binding domains (NBD-1

and NBD-2) on the cytoplasmic side (figure 1.2 a) with which it senses changes in the

intracellular ATP/ADP ratio and transmits the signal to the pore. NBD1 appears to be the

principal site for ATP binding, whereas NBD2 binds MgADP (Conti et al., 2001). NBD-1

and NBD-2 are located in the loop between TMD1 and TMD2 and in the C-terminus,

respectively. These binding domains cooperate with each other in mediating the nucleotide

regulation of the pore function (Ueda et al., 1999). NBDs of SUR contain highly conserved

motifs among ABC proteins: Walker A motif, Walker B motif, ABC signature motif (also

known as linker sequence or LSGGQ motif), and an invariant glutamine and histidine

residue (also known as the Q-loop and H-loop, respectively). Walker A and Walker B

motifs are directly involved in nucleotide binding (Matsuo et al., 2005).
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Figure 1.2A: Schematic outline of the components of the ß-cell KATP channel. The KATP

channel is composed of two proteins: SUR1 which consists of 17 transmembrane domains

with two intracellular nucleotide binding (NBD) motifs. Two N-linked glycosylation sites are

present on amino acids 10 and 1049. Kir6.2 has 3 transmembrane segments.

Figure 1.2B: illustrating the hetero-octameric arrangement of the KATP channel.

(Figure adapted from James et al., 2009.)
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KATP channels can only function if they are assembled and correctly transported to the cell

membrane surface (trafficking). The assembly and trafficking of KATP channels are

intricately linked processes. Only octameric KATP channel complexes are capable of

expressing on the cell membrane surface. For example both Kir6.2 and SUR1 possess an

endoplasmic reticulum (ER) retention signal (RKR) that prevents the trafficking of each

subunit to the plasma membrane in the absence of the other subunit (Zerangue 1999).

Coexpression of two subunits masks these retention signals, allowing them to move to the

plasma membrane. The retention signal is present in the C terminal region of Kir6.2 and in

an intracellular loop between TMD1 and NBD-1 in SUR1. Truncation of the C-terminus of

Kir6.2 deletes its retention signal, allowing functional expression of Kir6.2 in the absence

of SUR1 subunit (Tucker et al., 1997). In addition to these retrograde signals, the C

terminus of SUR1 has an anterograde signal, composed in part of a dileucine motif and

downstream phenylalanine, which is required for KATP channels to exit the ER/cis-Golgi

compartments and transit to the cell surface (Sharma et al., 1999). Deletion of as few as

seven amino acids, including the phenylalanine, from SUR1 markedly reduces surface

expression of KATP channels (Babenko et al., 1998). Thus, one function of SUR is as a

chaperone protein, to facilitate the surface expression of Kir6.2.

There is also some evidence that Kir6.2 provides a reciprocal service for SUR1 (Clement

et al., 1997).The SUR1 protein shows a high-affinity binding capacity to the sulfonylurea

glibenclamide, indicating that SUR1 confers sulfonylurea binding (Inagaki et al., 1996).

The sulfonylurea drugs (glibenclamide and tolbutamide) inhibit the channels and are used

in the treatment of non-insulin-dependent (type II) diabetes mellitus. The other class of

drugs, known as potassium channel openers (e.g. diazoxide), activate the channel and are

used to suppress insulin secretion.
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In euglycaemic conditions, the KATP channels are open which allows potassium efflux from

the pancreatic ß-cell. This keeps the ß-cell membrane at a negative potential at which

voltage-gated calcium (Ca2+) channels are closed. An increase in the blood glucose

concentration leads to production of ATP. The increase in the ATP/ ADP ratio triggers

closure of the KATP channels leading to the depolarisation of the ß-cell membrane. This in

turn leads to the opening of the voltage gated Ca2+ channels and Ca2+ ion influx. The entry

of calcium ions triggers exocytosis of insulin (figure 1.3).

Figure 1.3: Outline of the pancreatic ß-cell showing the role of KATP channels in regulating

insulin secretion. ß-cell KATP channels play a key role in transducing the metabolic signals

generated from glucose metabolism to changes in plasma membrane electrical activity

and insulin secretion. (Figure adapted from Kapoor et al., 2009d)
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Apart from the above described KATP channel-dependent pathway, glucose also stimulates

insulin secretion via KATP channel independent pathways (Gembal et al., 1992). The KATP

channel-independent pathways act synergistically to augment the secretory responses to

increased intracellular calcium and lead to the second and more sustained phase of

glucose-stimulated insulin secretion. However the mechanisms of these pathways are

poorly defined. The two widely proposed theories are:

1. High glucose concentrations lead to increased citrate levels and increased malonyl-

CoA. This inhibits carnitine palmitoyl transferase-1 (CPT1) activity and leads to

suppression of fatty acid oxidation (Corkey et al., 1989, Prentki et al., 1992). It has been

proposed that the consequent accumulation of long chain acyl-CoAs in the extracellular

space enhances the release of insulin by unknown mechanisms (Prentki et al., 1992).

2. Glucose generates glutamate in the pancreatic ß-cell mitochondria which acts as a

signalling molecule for insulin secretion (Maechler and Wollheim, 1999). In support of this

theory, Maechler and Wollheim showed that glucose causes elevated intracellular

glutamate concentration and direct addition of glutamate to INS-1 cells led to insulin

secretion. However, these studies were performed on the INS-1 cell line that does not

have a KATP channel independent pathway. Furthermore, other studies performed on

pancreatic ß-cell islets did not show an elevation in intracellular glutamate levels following

exposure to glucose or that increased intracellular glutamate (following exposure to

glutamine) leads to insulin secretion (MacDonald and Fahein, 2000). In defence of the

theory, it has been pointed out that a) the alkalinising effect of glutamine may adversely

effect the cell and the affect of glutamate on insulin secretion and b) the findings in isolated

islets may not represent what actually happens in the pancreatic ß-cell (Rutter, 2001).
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It has also been proposed that adenine and guanine nucleotides, that control the KATP

channel dependent pathway, also control the KATP channel-independent pathway

(Detimary et al., 1996). The control of both pathways by the intracellular nucleotide

concentrations would explain the co-ordination between the two pathways. However this

has not been supported by a report that studied the effect of chronic leucine exposure on

islets. The study showed reduced glucose stimulated insulin secretion associated with a

reduction in ATP/ADP ratio on chronic exposure to leucine. However the KATP independent

insulin release remained unchanged despite the associated changes in the intracellular

nucleotides (Anello et al. 2001).

In summary, although it is widely accepted that the second phase of glucose-stimulated

insulin secretion is due to the KATP channel-independent pathways, the mechanisms

involved in this pathway are poorly understood.

Finally, glucose also stimulates translation of preformed mRNA encoding insulin and

increases the transcription of the insulin gene (Melloul et al., 1993).

1.5.1.2 Amino acid stimulated insulin secretion

Amino acids can, under appropriate conditions, enhance insulin secretion from primary

islet ß-cells and ß-cell lines. However, surprisingly little data exist on the molecular

mechanisms through which metabolism of amino acids impact on changes of ionic flux and

other processes leading to exocytosis of insulin. There are three fundamental mechanisms

by which amino acids may stimulate insulin secretion 1) direct depolarisation of the plasma

membrane by transport of cationic amino acids such as L-arginine, resulting in opening of

voltage-activated L-type Ca2+ channels; 2) co-transport with Na+, resulting in opening of

voltage-activated L-type Ca2+ channels; and 3) metabolism of the amino acid (e.g, L-
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leucine), resulting in an elevation of the ATP/ADP ratio, which results in membrane

depolarisation and Ca2+ influx following closure of the KATP channels.

The cationically charged amino acid, L-arginine has been shown to stimulate insulin

secretion by direct depolarisation of the plasma membrane and resultant rise in

intracellular Ca2+ concentrations (Smith et al., 1997; Herchuelz et al., 1984). However, as

L-arginine is found at a very low physiological concentration in the plasma, this mechanism

is probably not relevant in vivo. Other amino acids, which are co-transported with Na+, can

also depolarize the cell membrane as a consequence of Na+ transport and thus induce

insulin secretion by activating voltage-dependent calcium channels.

L-alanine is consumed at high rates in rat islets and in BRIN-BD11 cell lines and this is

enhanced in the presence of glucose (Dixon et al., 2003). L-alanine has been shown to

have an insulinotropic effect in cell lines and in rat islets (Brennan et al., 2002) which may

be due to co-transport with Na+ resulting in membrane depolarisation and increased

intracellular calcium (Dunne et al., 1990). L-alanine is also metabolized by BRIN-BD11

cells to give end products such as glutamate, aspartate, and lactate. (Brennan et al.,

2002). Hence insulinotropic action of L-alanine may be secondary to a combination of co-

transport with Na+ and ATP generation via metabolism.

L-Glutamine has also been shown to be consumed at high rates by both islets and BRIN-

BD11 ß-cells (Dixon et al., 2003). Although L-glutamine is rapidly taken up and

metabolized by islets, it alone does not initiate or potentiate insulin secretion. However, it

stimulates L-leucine stimulated insulin secretion via the GDH (glutamate dehydrogenase)

pathway. GDH is a highly allosteric enzyme and L-leucine is a potent activator of GDH. In

the presence of L-leucine, GDH activation leads to increased entry of glutamine into the
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1.5.1.3 The role of fatty acid metabolism and insulin secretion

Free fatty acids are important to the pancreatic ß-cell for its normal function, its capacity to

compensate for insulin resistance, and its failure in type 2 diabetes mellitus (McGarry

2002; Prentki et al., 2002). Both stimulatory and detrimental effects of free fatty acids on

pancreatic ß-cells have long been recognized (Haber et al., 2003; Yaney and Corkey,

2002). Acute exposure of the pancreatic ß-cell to both high glucose concentrations and

saturated free fatty acids results in a substantial increase of insulin release, whereas a

chronic exposure results in desensitisation and suppression of secretion. Reduction of

plasma free fatty acids levels in fasted rats or humans severely impairs glucose-induced

insulin release. Physiological plasma levels of free fatty acids are therefore important for

regulation of normal ß-cell function. However the key regulatory molecular mechanisms

controlling the interplay between glucose and fatty acid metabolism and thus insulin

secretion are not well understood. Several different mechanisms have been proposed by

which fatty acids or their metabolites regulate insulin secretion.

One mechanism involves the AMP-activated protein kinase/malonyl-CoA/long-chain acyl-

CoA (LC-CoA) signalling network in which glucose, together with other anaplerotic fuels,

increases cytosolic malonyl-CoA, which inhibits fatty acid partitioning into oxidation, thus

increasing the availability of LC-CoA for signalling purposes (Corkey et al., 2000). Another

mechanism involves glucose-responsive triglyceride (TG)/free fatty acid (FFA) cycling. In

this pathway, glucose promotes LC-CoA esterification to complex lipids such as TG and

diacylglycerol, concomitant with glucose stimulation of lipolysis of the esterification

products, with renewal of the intracellular FFA pool for reactivation to LC-CoA.

Diacylglycerol and LC-CoA may regulate increase insulin secretion by KATP channel

dependent and independent mechanisms (Corkey et al., 2000). The elevation of cytosolic

LC-CoA could potentiate insulin secretion by direct acylation of regulatory proteins.
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Alternatively, LC-CoAs may be converted to other bioactive metabolites, for example

diacylglycerol (DAG), which activate downstream effectors such as protein kinase C

(Prentki et al., 1992).

Finally, FFAs have been shown to stimulate insulin secretion via activation of the G-protein

coupled receptor GPR40 on the pancreatic ß-cell membrane (Itoh et al., 2003). GPR40 is

abundantly expressed in the ß-cells. In the presence of glucose, activation of GPR40 has

been shown to cause an increase in the the intracellular levels of Ca2+, leading to insulin

secretion (Shapiro et al., 2005). It is thought that this is mediated via increased

phospholipase C activity which leads to the production of inositol 1,4,5-trisphosphate (IP3)

and DAG. DAG can activate protein kinase C with subsequent insulin secretion while IP3

can cause the release of stored Ca2+ (Morgan and Dhayal, 2009). Activation of GPR40

also has an effect on the voltage-gated potassium channels (Kv channels). The Kv

channels play a role in membrane repolaristion and facilitate the closure of voltage

sensitive Ca2+ channels. Activation of GPR40 receptors have been shown to inhibit these

channels, enhancing membrane depolarization and increasing Ca2+ influx (Feng et al.,

2006).

1.5.1.3.1 The role of HADH in pancreatic ß-cell physiology

Mitochondrial Short-chain L-3-Hydroxyacyl-CoA dehydrogenase (HADH) is involved in the

second dehydrogenation step of the ß-oxidation pathway (figure 1.4). It catalyses the

conversion of L3-hydroxyacyl CoAs to 3-Ketoacyl CoAs, this reaction also utilises NAD+ as

cofactor producing NADH (He et al., 1999; Vredendaal et al., 1996). HADH is very highly

expressed in pancreatic ß-cells suggesting it has an important role in insulin secretion

(Agren et al., 1977). ß-cells express relatively low levels of other ß-oxidation enzymes
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Several studies have now shown that HADH has a pivotal role in regulating insulin

secretion (Hardy et al., 2007; Martens et al., 2007) and interacting with other genes which

are known to be important for ß-cell development and function (Lantz et al., 2004; Sund et

al., 2001). In one study suppression of HADH activity using siRNA caused a significant

increase in basal insulin secretion compared to untreated cells (Hardy et al., 2007). This

demonstrates for the first time that HADH is required directly in ß-cells for the regulation of

basal insulin release. The addition of diazoxide did not alter the enhanced basal insulin

secretion caused by suppression of HADH, indicating that HADH functions directly in ß-

cells to regulate a KATP channel independent pathway to insulin secretion.

In another study (Martens et al., 2007) based on rat ß-cells and in the ß-cell line INS1 832-

13, HADH silencing resulted in elevated insulin release at low and at high glucose

concentrations, which appeared not to be caused by increased rates of glucose

metabolism or an inhibition of fatty acid oxidation. These data indicated that the normal ß-

cell phenotype is characterized by a high expression of HADH and a low expression of

other ß-oxidation enzymes. Down-regulation of HADH causes an elevated secretory

activity suggesting that this enzyme protects against inappropriately high insulin levels and

hypoglycaemia (Martens et al., 2007).

HADH also interacts with key genes involved in pancreatic ß-cell function. For example

Foxa2 is able to bind and trans-activate the HADH gene (Lantz et al., 2004). ß-cell specific

Foxa2 knockout mice show a three fold down regulation of HADH (Lantz et al., 2004).

These mice have severe hyperinsulinaemic hypoglycaemia due to unregulated insulin

secretion. Foxa2 encodes a transcription factor (forkhead box A2) that has been

postulated to play a central role in ß-cell development due to its ability to bind to and
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suggesting that adrenaline probably acts on the presynaptic adrenocoeptors and that its

action on insulin release may be mediated via the release of an inhibitory neurotransmitter

which may be noradrenaline or a pancreatic neuropeptide (Karlsson et al., 1997).

1.6 Summary

Insulin release is regulated by a complex interplay of nutritional, hormonal and neural

factors. Glucose is the major trigger for insulin secretion and along with the other nutrients

and gastrointestinal hormones provides the signal for insulin release in the prandial phase.
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Chapter 2- Introduction

Hyperinsulinaemic Hypoglycaemia

Hypoglycaemia or low blood glucose concentration is a common endocrine and metabolic

problem encountered in childhood. Its particular importance in childhood stems from the

deleterious neurodevelopmental sequelae of reduced blood glucose supply to the brain.

The neurological outcome not only depends on the level and duration of hypoglycaemia;

but it also depends on the cause of the hypoglycaemia. The cause of hypoglycaemia also

determines the long term management of the child. The commonest cause of severe and

persistent hypoglycaemia is hyperinsulinaemic hypoglycaemia.

2.1 Hyperinsulinaemic Hypoglycaemia

Under normal physiology, the pancreatic ß-cells secrete the appropriate amount of insulin

to maintain normoglycaemia. The inappropriate secretion of insulin from pancreatic ß-cells

in relation to the blood glucose concentration leads to hyperinsulinaemic hypoglycaemia

(HH). This is a major cause of persistent and recurrent hypoglycaemia in the neonatal and

infancy period (Aynsley-Green et al., 2000). The inappropriate insulin secretion drives

glucose into insulin sensitive tissues (such as skeletal muscle, adipose tissue and the

liver) and simultaneously inhibits glucose production (via glycolysis and gluconeogenesis),

as well as suppressing fatty acid release and ketone body synthesis (inhibition of lipolysis

and ketogenesis). This metabolic “footprint” of insulin action (hyperinsulinaemic

hypoglycaemia, with inappropriately low fatty acid and ketone body formation) makes the

brain highly susceptible to hypoglycaemic brain injury. The brain is not only deprived of its

most important substrate (namely glucose) but also ketone bodies which form an
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alternative source of fuel. HH therefore is associated with a high risk of neurological

handicap, cerebral palsy and epilepsy (Tyrrell VJ et al., 2001, Meissner T et al., 2003).

Any patient with recurrent or persistent hypoglycaemia can potentially have

hyperinsulinism. A powerful clue to the dysregulated insulin secretion is the calculation of

the intravenous glucose infusion rate required to maintain normoglycaemia. An

intravenous glucose infusion rate of >8mg/kg/min (normal is 4-6mg/kg/min) is virtually

diagnostic of hyperinsulinism. Biochemically, HH is diagnosed by the demonstration of an

inappropriate concentration of serum insulin (and/or c-peptide) for the concentration of

blood glucose (spontaneous or provoked) with inappropriately low concentrations of serum

ketone bodies and fatty acids during the hypoglycaemic episode. A ‘normal’ concentration

of insulin is abnormal in the context of a low blood glucose concentration (Aynsley-Green

et al., 2000). There is no correlation between the serum insulin concentration and the

severity of the hypoglycaemia. In adults, ß-cells are exquisitely sensitive to the prevailing

blood glucose concentration such that insulin secretion is suppressed when the blood

glucose concentration reaches around 4mmol/L (Bolli and Fanelli, 1999). In the neonatal

period, the serum insulin concentrations have been reported to be higher and not as

closely linked to the blood glucose concentrations as in older children and adults (Hawdon

et al., 1993). Hence in some difficult cases the diagnosis of HH is not based on an isolated

serum insulin concentration but on the clinical presentation and the biochemical profile of

insulin action (low ß-hydroxybutyrate and fatty acid concentrations).

The counter-regulatory hormonal response to hypoglycaemia is blunted in some infants

with HH with inappropriately low serum cortisol and glucagon concentration (Hussain et

al., 2003; Hussain et al., 2005a). In some patients a positive glycaemic response (rise in

the blood glucose concentration of >1.5mmol/L) following an intramuscular/intravenous

injection of glucagon at the time of hypoglycaemia provides supportive evidence (Finegold
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et al., 1980). A glycaemic response to a subcutaneous dose of octreotide may also aid

diagnosis along with decreased serum concentrations of insulin growth factor binding

protein 1 (IGFBP-1) as insulin suppresses the transcription of the IGFBP-1 gene (Levitt

Katz et al., 1997). The diagnostic criteria for HH are summarized in table 2.1.

Table 2.1: Diagnostic biochemical features of hyperinsulinaemic hypoglycaemia

(published Kapoor et al., 2009c):

Glucose infusion rate >8 mg/kg/min

Laboratory blood glucose <3 mmol/L with

-detectable serum insulin/C-peptide

-suppressed/low serum ketone bodies

-suppressed/low serum fatty acids

-suppressed branch chain amino acids

Supportive evidence (when diagnosis is in doubt):

Positive glycaemic (>1.5mmol/L) response to intramuscular/ intravenous glucagon

Positive glycaemic response to a subcutaneous/intravenous dose of octreotide

Low levels of serum IGFBP1

2.1.1 Causes of Hyperinsulinaemic Hypoglycaemia

HH may be congenital (congenital hyperinsulinism CHI) due to mutations in genes

involved in regulating insulin secretion. Mutations in seven different genes (ABCC8,

KCNJ11, GLUD1, GCK, HADH, SLC16A1 and HNF4A) have been reported which lead to

unregulated insulin secretion. The next section in this chapter gives a detailed overview of

the mechanisms known to cause CHI.

HH may also develop secondary to certain risk factors (such as maternal diabetes mellitus,

birth asphyxia and intra-uterine growth retardation) (Collins et al., 1984) The HH observed
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in these groups is sometimes referred to as “transient”. Most newborns with these risk

factors will have HH that tends to last for a few days and then resolves. However a

subgroup of newborns with intra-uterine growth retardation (IUGR) and perinatal asphyxia

can have a protracted or prolonged form of HH that requires treatment with diazoxide,

persists for several months, and then resolves spontaneously (Fafoula O et al., 2006; Hoe

et al., 2006). At present it is not clear why some infants with perinatal asphyxia and IUGR

have protracted HH.

HH may occur in association with developmental syndromes (such as Beckwith-

Weidemann syndrome (BWS)) and rare metabolic conditions such as congenital disorders

of glycosylation (CDG syndromes). The most common syndrome associated with HH is

BWS. This syndrome is characterised by prenatal and/or postnatal overgrowth,

macroglossia, anterior abdominal wall defects, organomegaly, hemihypertrophy, ear lobe

creases, helical pits, renal tract abnormalities and a propensity to develop tumours. HH is

observed in about 50% of patients with BWS (Munns et al., 2001). In the vast majority of

patients with BWS the HH is usually transient and resolves spontaneously. However a

small number of patients (5% of cases), have persistent HH requiring medical therapy or

even sub-total pancreatectomy (Hussain et al., 2005b).

‘’Dumping syndrome’’ is a rare cause of HH, classically observed in infants in the post-

prandial phase following gastro-oesophageal surgery (Bufler et al., 2001). Another rare

cause of post prandial HH is due to mutations in the insulin receptor gene (Højlund et al.,

2004). An insulinoma, isolated or as a part of multiple endocrine neoplasia syndrome type

1 (MEN1), may present with HH (Grant et al., 2005). Finally, Munchausen by proxy can

present as factitious HH due to administration of insulin or anti diabetic drugs such as
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sulphonylureas. In some cases, this has led to misdiagnosis and consequent

pancreatectomy (Giurgea et al., 2005). The causes of HH are summarized in table 2.2.
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Table 2.2: Summary of the known causes of hyperinsulinaemic hypoglycaemia (published

Kapoor et al., 2009c):

Causes of Hyperinsulinaemic Hypoglycaemia

Congenital Hyperinsulinism (Mode of inheritance)
ABCC8 (Autosomal recessive and dominant)
KCNJ11 (Autosomal recessive and dominant)
GLUD1 (Dominant)
GCK (Dominant)
HADH (Recessive)
HNF4A (Dominant)
SLC16A1 (Exercise induced) (Dominant)

Secondary to (usually transient)
Maternal diabetes mellitus (gestational and insulin dependent)
Intrauterine growth retardation (IUGR)
Perinatal asphyxia
Rhesus isoimmunisation

Metabolic conditions
Congenital disorders of glycosylation (CDG), Type 1a/b/d
Tyrosinaemia type I

Associated with Syndromes
Beckwith-Wiedemann
Soto
Kabuki
Usher
Timothy
Costello
Trisomy 13
Mosaic Turner
Central Hypoventilation Syndrome

Other causes
Dumping syndrome
Insulinoma (sporadic or associated with Multiple Endocrine Neoplasia (MEN) Type 1)
Insulin gene receptor mutations
Factitious HH (Munchausen-by-proxy)
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2.2 Congenital Hyperinsulinism

Congenital Hyperinsulinism (CHI) is a clinically, genetically, morphologically and

functionally heterogeneous condition. Children with CHI may present with non-specific

symptoms of hypoglycaemia such as poor feeding, lethargy and irritability or severe

symptoms such as apnoea, seizures or coma. The age of presentation is variable with the

severe forms typically presenting in the neonatal period and the milder forms presenting

later in infancy or childhood with recurrent symptoms of hypoglycaemia. Symptoms

generally develop after a period of fasting or when the child is unwell. However, some

forms of CHI demonstrate protein and/ or leucine sensitivity and symptoms are manifested

or aggravated in the post-prandial period following a protein rich meal rather than a fast

(Hsu et al., 2001). Macrosomia is a common feature in infants, reflecting fetal

hyperinsulinaemia; however not all babies with CHI are macrosomic.

CHI occurs due to defects in key genes involved in regulating the secretion of insulin from

ß-cells. So far, mutations in seven different genes (ABCC8, KCNJ11, GLUD1, GCK,

HADH, SLC16A1 and HNF4A) that lead to dysregulated secretion of insulin have been

described (Hussain, 2008a). An understanding of the genetic mechanisms leading to CHI

has helped in understanding the heterogeneity and the clinical management of this

condition. However, mutations in these seven genes account for only 50% of the cases

with CHI and the genetic basis of the remaining 50% is still unknown. Both sporadic and

familial forms of CHI have been recognised. Sporadic CHI has an estimated incidence of 1

in 27,000 in Ireland and 1 in 50,000 in Finland (Otonkoski et al., 1999). However, in

communities where consanguinity is a common factor, the incidence can be as high as 1

in 3,000 (Otonkoski et al., 1999).
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CHI is not only clinically and genetically heterogeneous; but is also varied in its

histopathological forms. Histologically, it has been classified into a diffuse form where the

pancreatic ß-cells show increased nuclear size throughout the pancreas on haematoxylin

and eosin (H&E) staining; and a focal form characterized by the presence of a focal

adenomatous hyperplasia with no nucleomegaly confined to a single region of the

pancreas (figure 2.1). Recently, atypical forms of the disease have also been described

where the histology cannot be classified into the diffuse or focal forms (Hussain et al.,

2008b).
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Figure 2.1: The two major histological subgroups of CHI. A: Diffuse CHI affects the entire

pancreas while the focal form is localised to a single region of the pancreas. (Figure

adapted from Kapoor et al., 2009c). B: Histological appearances of diffuse CHI vs focal

CHI. In diffuse CHI, enlarged ß-cell nuclei (indicated by arrows) are visualised on H&E

staining throughout the pancreas.

Diffuse disease
Entire pancreas is affected

Focal disease
A focal area of the pancreas is affected

A

B
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2.2.1 The genetic mechanisms causing CHI

As discussed in section 1.1.5.1.1, the pancreatic ß-cell adenosine triphosphate-sensitive

potassium channels (KATP channels) play a pivotal role in glucose stimulated insulin

secretion (GSIS). The channels couple glucose metabolism to membrane electrical activity

and insulin release in pancreatic ß-cells. The SUR1 and Kir6.2 proteins are encoded by

the ABCC8 and KCNJ11 genes, respectively. Activating mutations in these genes are

known to cause neonatal diabetes mellitus (Flanagan et al., 2007). Therefore, it is not

surprising that inactivating mutations in these two genes lead to CHI. The molecular

mechanisms causing CHI due to mutations in these genes and other genes known to

cause CHI are discussed below.

2.2.1.1 ABCC8 and KCNJ11 gene mutations

A. Recessive inactivating mutations in ABCC8 and KCNJ11

The ABCC8 gene consists of 39 exons and spans more than 100kb of genomic DNA

(Aguilar-Bryan et al., 1995). The human SUR1 cDNA contains a single open reading frame

that encodes for 1,582 amino acids with a molecular weight of 177kDa (GenBank

NM_000352.2). Kir6.2 consists of a single exon encoding for a protein of 390 amino acids

(GenBank NM_000525.2). The ABCC8 and KCNJ11 genes are both located on

chromosome 11p15.1, separated by only a small stretch of 4.5 kb of DNA (Aguilar-Bryan

et al., 1995). Missense, frameshift, nonsense, insertions/deletions (macrodeletion), splice

site and regulatory mutations have been reported in ABCC8 and KCNJ11. So far more

than 150 mutations have been reported in ABCC8 and 25 in KCNJ11 (Flanagan et al.,

2009). In the Ashkenazi Jewish population two common mutations (F1388del and c.3992–
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9G>A) account for 90% of all cases of CHI (Nestorowicz et al., 1996) whereas in the

Finnish population, two founder mutations have been reported (V187D and E1507K)

(Otonkoski et al., 1999; Huopio et al., 2000). Recessive inactivating mutations in ABCC8

and KCNJ11 usually cause severe CHI which in the vast majority of patients is

unresponsive to medical therapy (with diazoxide- the mainstay of medical treatment in

CHI). However some recessively inherited mutations may be milder and may respond to

treatment with diazoxide (Dekel et al., 2002). The molecular basis of recessive inactivating

ABCC8 and KCNJ11 mutations involves multiple defects in KATP channel biogenesis and

turnover, in channel trafficking from the endoplasmic recticulum and Golgi apparatus to the

plasma membrane and alterations of channels in response to both nucleotide regulation

and open-state frequency. Compound heterozygous mutations may result in complex

interactions (Muzyumba et al., 2007) and the response to treatment is likely to be

dependent on the combined effect of the two mutations.

i. Defects in channel biogenesis and turnover

The mechanisms that control the maturation and assembly of KATP channels are not well

understood. Pulse-labeling studies have shown that when Kir6.2 is expressed individually,

it is either degraded rapidly (about 60% is lost with a half life of 36 min) or it assembles

very slowly into a long-lived species (half life of 26 h) (Crane et al., 2004). Expressed

alone SUR1 has a long half life of 25.5 h. When Kir6.2 and SUR1 are co-expressed, they

associate rapidly and the fast degradation of Kir6.2 is eliminated (Crane et al., 2004). Two

mutations, KCNJ11 (W91R) and ABCC8 (F1388del), identified in patients with the severe

form of CHI, profoundly alter the rate of Kir6.2 and SUR1 turnover, respectively (Crane et

al., 2004). Both mutant subunits associate with their respective partners but dissociate

freely and degrade rapidly suggesting that the mutations alter channel biogenesis and

turnover.
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ii. Defects in channel trafficking

Some mutations in ABCC8 (such as R1437Q(23)X, F1388del and R1394H) have been

shown to cause loss of channel activity due to a defect in the trafficking of the channel

subunits from the endoplasmic recticulum compartment to the cell surface (Dunne et al.,

1997; Cartier et al, 2001; Partridge et al., 2001 and Shyng et al., 1998). Trafficking of KATP

channels requires that the endoplasmic reticulum-retention signal, RKR, present in both

SUR1 and Kir6.2 is shielded during channel assembly. Mutations such as L1544P may

cause a trafficking defect by improper shielding of this RKR signal (Taschenberger et al.,

2002). In addition, an anterograde signal on the C-terminus has also been identified to

play an important role in the surface expression of the KATP channels (Sharma et al.,

1999). Hence mutations in ABCC8 that lead to C-terminal truncation may cause CHI by

preventing normal trafficking.

Mutations in KCNJ11 can also cause defective trafficking and truncated non-functional

proteins. For example the Kir6.2 mutation (Y12X) causes the synthesis of a truncated

nonfunctional protein (Nestorowicz et al., 1997) whereas another mutation (W91R) leads

to defective channel assembly with a rapid degradation in the endoplasmic reticulum (ER)

(Crane et al., 2004). Recently a new homozygous mutation H259R (KCNJ11) has been

shown to lead to a nonfunctional KATP channel with impaired trafficking to the cell

membrane (Marthinet et al., 2005).

iii. Defects of channel regulation

The SUR1 subunit plays a key role in determining the pharmacological regulation of KATP

channels with SUR1 acting as a conductance regulator of Kir6.2. The sensitivity of KATP

channels to changes in ATP, ADP, and guanosine (GTP, GDP) nucleotides involves both

subunits. The functional regulation of KATP channels is induced by changes in the ATP/ADP
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ratio. This involves cooperative interactions of nucleotides at both subunits with the actions

of ATP-induced inhibition of Kir6.2 being countered by the activation of ADP at SUR1.

Hence mutations that affect the regulation of the KATP channels by altering its sensitivity to

changes in ADP/ATP will lead to unregulated insulin secretion. Several mutations in

ABCC8 (for example R1420C, T1139M and R1215Q) have now been described that result

in the loss of ADP-dependent gating properties of the channel (Shyng et al., 1998; Matsuo

et al., 2000 and Nichols et al., 1996). Loss of ADP-dependent gating results in the

constitutive inhibition of KATP channels by ATP.

B) Dominant inactivating ABCC8 and KCNJ11 mutations

Dominant inactivating mutations in ABCC8 and KCNJ11 have been described which lead

to CHI (Huopio et al., 2000; Thornton et al., 2003; Lin et al., 2006 and Pinney et al., 2008).

However the phenotype of patients with dominant inactivating mutations in ABCC8 and

KCNJ11 seems to be much milder to that of patients with recessive inactivating ABCC8

and KCNJ11 mutations. Patients with dominant mutations seem to be responsive to

medical therapy with diazoxide, may present later than those with recessive mutations and

do not require a pancreatectomy (Pinney et al., 2008). In one large study of 16 families

with dominant CHI caused by mutations in ABCC8 or KCNJ11 all of the mutations were

conservative single–amino acid changes, allowing for normal channel formation at the

plasma membrane (Pinney et al., 2008). Whereas recessive mutations cause near

absence of KATP channel activity (have defects in channel biogenesis or trafficking of

mature functional channels to the plasma membrane) dominant mutations demonstrate

normal channel assembly with their respective wild type partner and normal trafficking of

assembled channels to the plasma membrane when expressed in vitro.
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A dominant missense CHI causing mutation F55L (KCNJ11) has also been shown to

greatly reduce the open probability of KATP channels in intact cells without affecting channel

expression (Lin et al., 2006). It was shown that the low channel activity was due to

reduced channel response to membrane phosphoinositides and/or long-chain acyl-CoAs,

as application of exogenous phosphatidylinositol-4, 5-bisphosphate (PIP2) or oleoyl-CoA

restored channel activity similar to that seen in wild type channels.

C) The genetic basis of focal CHI

CHI presents as two different morphological forms: a diffuse form with functional

abnormality of islets throughout the pancreas and a focal form with focal islet cell

adenomatous hyperplasia, which can be cured by partial pancreatectomy (Rahier et al.,

2000). Focal CHI is characterized by nodular hyperplasia of islet-like cell clusters,

including ductuloinsular complexes and hypertrophied insulin cells with giant nuclei (Rahier

et al., 2000; Goossens et al., 1989). The genetic aetiology of focal CHI is distinct from that

of diffuse CHI. Focal adenomatous hyperplasia involves the specific loss of the maternal

chromosome 11p15 region (loss of heterozygosity or LOH) and a constitutional mutation of

a paternally inherited allele of the genes ABCC8/KCNJ11 encoding the KATP channel

(Verkarre et al.,1998; de Lonlay et al., 1997; Fournet et al., 2001; Fournet et al., 2000). It

has been recently demonstrated that the LOH results from paternal uniparental disomy

(UPD) of chromosome 11p15.5-11p15.1 (Damaj et al., 2008). The UPD unmasks the

paternally inherited KATP channel mutation at 11p15.1 (figure 2.2) which leads to

uncontrolled secretion of insulin.

LOH studies have shown that the affected region encompasses two regions of interest: the

11p15.5 region, subject to imprinting, and the 11p15.1 region containing the ABCC8/
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KCNJ11 genes, which are not imprinted (de Lonlay et al., 1997). The 11p15.5

chromosome region involved contains an imprinted domain, including several imprinted

genes characterized by mono-allelic expression (Giannoukakis et al., 1993; Lee et al.,

1997; Matsuoka et al., 1995 and Zhang et al., 1992). These include four maternally

expressed genes (H19 a candidate tumour suppressor gene, P57KIP2 a negative

regulator of cell proliferation, KVLQT1 the gene coding for the potassium channel involved

in the long QT syndrome, HASH2 a transcription factor and one paternally expressed gene

the insulin-like growth factor 2 (IGF2) (Giannoukakis et al., 1993; Zhang et al., 1992; Hao

et al., 1993; Hatada et al., 1996 and Guillemot et al., 1995). The imbalance between

imprinted genes (increased IGF2 and diminished H19 and P57KIP2) gives rise to the

increase in the proliferation of the affected ß-cell, a striking feature of focal adenomatous

hyperplasia not observed in the diffuse form (Fournet et al., 2001). H19 seems directly or

indirectly to modulate cytoplasmic levels of the product of the IGF2 allele and thus the H19

gene seems to be an antagonist to IGF2 in trans (Fournet et al., 2001).

The probability for this somatic chromosomal event to occur in a foetus carrying a

heterozygous mutation of ABCC8/KCNJ11 of paternal origin is < 1% (Fournet et al., 2001).

Recently it was demonstrated that individual patients with focal CHI may have more than

one focal pancreatic lesion due to separate somatic loss of the maternal allele

encompassing the 11p15 region (Giurgea et al., 2006).



40

Fig 2.2: Genetic aetiology of a focal lesion (figure adapted from James et al., 2009).

Fig 2.2A shows normal parental chromosomes 11 with the distal region of the short arm

harboring the ABCC8 and KCNJ11 channel genes, and imprinted genes that influence

cellular proliferation.

Fig 2.2B explains the genetic basis of a focal lesion caused by paternal uniparental disomy

(UPD) of chromosome 11p15.5-11p15.1 within a single pancreatic ß-cell. The UPD

unmasks the paternally inherited KATP channel mutation at 11p15.1 and causes altered

expression of imprinted genes that include the maternally expressed tumour suppressor

genes H19 and CDKN1C, and the paternally expressed growth factor IGF2, at 11p15.5.

This disruption in the expression of key cell cycle genes results in clonal expansion of the

single cell and dysregulated insulin secretion from the resulting focal lesion.

ABCC8
KCNJ11

11p15.5 H19
IGF2
KvDMR1

11p15.1

B: Focal lesion

A: Normal pancreatic tissue
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Figure 2.3A/ 2.3B: 2.3A: Cartoon showing location of known mutations along a

representation of the GLUD1 gene, the different colours signify the subunits of the protein.

2.3B. Representation of the structure of the GDH monomer, six of these make up the

functional hexamer. The blue region interacts with GTP and ADP, the yellow structure is

the pivot helix, the green region represents the antenna and the purple region represents

the glutamate binding domain.

Figure 2.3A:

Figure 2.3B:

1 2 3 3 5 6 7 8 9 10 11 12 13

S217C
R221C

F440L
Q441R
S445L
G446D
G446S
G446R
G446C
G446V

N410T
L413V

A447T
S448P
K450E
H454T

H262Y
R265K
R265T
Y266H
Y266C
R269H
R269C
E296A

GTP

ADP

NADP

NAD Domain

Glutamate Domain

Antenna

Exon 11 and 12
mutations

Exon 10
mutations

Exon 6 and 7
mutations



44

Most of the described mutations are at residues that directly bind with GTP, impairing the

inhibition of GDH by GTP. However mutations occurring in residues that do not directly

bind with GTP are also known to cause impaired GTP inhibition. It is postulated that these

mutations either impair the communication between the subunits that is essential for GTP

inhibition or have a deleterious effect on the complex motion of the protein causing loss of

GTP binding (Smith et al., 2008). Islets isolated from mice that express the mutant GDH in

pancreatic ß-cells show an increased rate of glutaminolysis, increased insulin release in

response to glutamine, and increased sensitivity to leucine-stimulated insulin secretion (Li

et al., 2006). Transgenic GDH mice expressing the H454Y mutation have a similar

phenotype to humans with fasting hypoglycaemia as well as demonstrating leucine and

glutamine stimulated insulin secretion (Li et al., 2006).

The exact mechanism causing the hyperammonaemia remains unknown. It is possible that

the hyperammonaemia is the result of increased GDH activity in the hepatocytes leading

to either an increase in the production of ammonia from glutamate and/ or a depletion of

glutamate with reduction in the production of N-acetylglutamate, an allosteric activator

essential for the first step of ammonia detoxification (Kelly and Stanley 2001). N-

acetylglutamate regulates the activity of carbamyl phosphate synthetase 1 (CPS) which

produces urea from ammonia. These high levels of ammonia are resistant to treatment

with drugs such as sodium benzoate, N-carbamyl glutamate or to protein restriction. The

hyperammonaemia observed in these patients seems to be asymptomatic compared to

patients who have hyperammonaemia due to other metabolic disorders such as the urea

cycle disorders (Kelly and Stanley 2001). Figure 2.4 shows the postulated biochemical

pathways leading to hyperinsulinaemia in the pancreas and hyperammonaemia in the

liver.
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Patients with HI/HA develop seizures and other neurological complications more frequently

than other patients with CHI (Raizen et al., 2005; Bahi- Buisson et al., 2008a; Bahi-

Buisson et al., 2008b). In a cohort of patients with HI/HA, 77% of patients were reported to

have a learning disability and 50% developed epilepsy (Bahi- Buisson et al., 2008b) in

comparison with a prevalence of 26-44% of developmental delay and 25% of epilepsy in

all forms of CHI (Menni et al., 2001; Meissner et al., 2003). The frequency of seizures at

presentation may be due to the effect of hypoglycaemic brain injury or the

hyperammonaemia, or may be due to increased GDH activity in the brain (Bahi-Buisson et

al., 2008a). A study done on patients with HI/HA who developed epilepsy showed that

they had structurally normal brain MRI scans, except for one patient who had frontal

atrophy (Bahi- Buisson et al., 2008b). Mutations in exon 6 and 7 of the GLUD1 gene have

been reported to be associated with the development of epilepsy in childhood in patients

with HI/HA compared with mutations in exons 11 and 12 (Bahi- Buisson et al., 2008b).

Treatment of seizures with anticonvulsants such as carbamezapine or oxcarbezapine can

worsen seizure frequency and therefore should be used with caution (Raizen et al., 2005).

HI/HA is characterised by having mild to moderate hypoglycaemia which is usually

responsive to diazoxide treatment at minimal doses (5-15mg/kg/day) in the majority of

cases. In some patients protein restriction will also help in the management of the

hypoglycaemia. It also has been shown that carbohydrate ingestion prior to ingestion of

protein may reduce the leucine hypersensitivity of these patients (Kelly et al., 2001).

However there has been a case reported of severe hypoglycaemia in a patient with a

GLUD1 gene mutation who was resistant to medical treatment and required a

pancreatectomy (MacMullen et al., 2001).
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In summary the HI/HA syndrome occurs due to activating mutations in the GLUD1 gene.

These mutations remove the inhibitory effect of GTP on the enzyme GDH and in turn

increase enzyme activity by leucine. Patients typically present with HH following the

ingestion of a protein meal (leucine hypersensitivity). The characteristic biochemical

finding is hyperammonaemia, which is unaffected by feeding, fasting or pharmacological

intervention. Patients with HI/HA syndrome have a high risk of developing epilepsy.

Dietary protein restriction and pharmacological intervention with diazoxide is the mainstay

of treatment.
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2.2.1.3 Activating mutations in Glucokinase (GCK) gene

Glucokinase (hexokinase IV or D) is one member of the hexokinase family of enzymes.

The name, glucokinase, is derived from its relative specificity for glucose under physiologic

conditions. Glucokinase is a key regulatory enzyme in the pancreatic ß-cells. It operates

as a monomer and phosphorylates glucose on carbon 6 with MgATP as a second

substrate to form glucose-6-phosphate (G6P) as a first step in the glycolytic pathway. It

plays a crucial role in the regulation of insulin secretion and has been termed the

pancreatic ß-cell glucose sensor on account of its kinetics, which allows pancreatic ß-cells

to change glucose phosphorylation rate over a range of physiological glucose

concentrations (4–15mmol/L) (Matschinsky, 2002). These kinetic characteristics are the

enzyme’s low affinity for glucose (concentration of glucose at which the enzyme is half

maximally activated, 8–10mmol/L), positive cooperativity for glucose, and lack of inhibition

by its product G6P (Matschinsky, 2002). The enzyme has at least two clefts, one for the

active site, binding glucose and MgATP and the other for a putative allosteric activator.

Glucokinase activity is closely linked to the KATP and calcium channels of the ß-cell

membrane, resulting in a threshold for glucose-stimulated insulin release of approximately

5mmol/L, which is the set point of glucose homoeostasis (Zelent et al., 2005).

Heterozygous inactivating mutations in GCK cause maturity-onset diabetes of the young

(MODY), homozygous inactivating GCK mutations result in permanent neonatal diabetes

whereas heterozygous activating GCK mutations cause CHI (Glaser et al., 1998; Gloyn et

al., 2003; Cuesta-Munoz et al., 2004). A number of heterozygous GCK mutations have

been reported in sporadic cases (de novo mutations) or families with dominantly inherited

CHI. Activating GCK mutations increase the affinity of GCK for glucose and alter (reset)

the threshold for glucose stimulated insulin secretion. All reported activating mutations
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cluster in a region of the enzyme which has been termed the allosteric activator site and is

remote to the substrate-binding site. The allosteric site of GCK is where small molecule

activators bind, suggesting a critical role of the allosteric site in the regulation of GCK

activity (Ralph et al., 2008). Both GCK activators and activating mutations increase

enzyme activity by enhancing the affinity for glucose (Heredia et al., 2006). There is no

evidence to suggest that over expression of GCK (increased gene dosage effect) is a likely

cause of CHI (Van de Bunt 2008).

The clinical symptoms and course of patients with GCK mutations cover a broad spectrum

even within the same family with the same mutation, implicating a complex mechanism for

GCK regulation. Most of the GCK mutations reported to date cause mild diazoxide

responsive CHI. However a “de novo” mutation in GCK (Y214C) was described in a patient

with medically unresponsive CHI (Cuesta-Munoz et al., 2004). This mutation was located

in the putative allosteric activator domain of the protein and functional studies of purified

recombinant glutathionyl S transferase fusion protein of GK-Y214C showed a sixfold

increase in its affinity for glucose with the threshold for GSIS predicted to be 0.8mmol/L, as

compared with 5mmol/L in the wild-type enzyme. Recently, three patients were described

where diazoxide therapy was effective in the patient with the M197I mutation, ineffective in

the patient with the ins454A mutation and only partially effective in the patient with the

W99L mutation (Sayed et al., 2009). The threshold for GSIS was estimated to be

1.1mmol/L for the ins454A mutation, 2.2mmol/L for the W99L mutation and 3.5mmol/L for

the M197I mutation, accounting for the heterogeneity in the phenotype. In the largest study

performed to date on a pool of patients (n=108) who were negative for mutations in the

ABCC8 and KCNJ11 genes the prevalence of CHI due to mutations in GCK was estimated

to be about 7% (Christesen et al., 2008).
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2.2.1.4 Loss of function mutations in Hydroxyacyl-CoA Dehydrogenase (HADH)

gene

HADH encodes for the enzyme L-3-hydroxyacyl-Coenzyme A dehydrogenase (HADH),

(previously known as Short-chain L-3-Hydroxyacyl-CoA dehydrogenase SCHAD), which is

an intra-mitochondrial enzyme that catalyses the penultimate step in the ß-oxidation of

fatty acids, the NAD+ dependent dehydrogenation of 3-hydroxyacyl–CoA to the

corresponding 3-ketoacyl-CoA. Human HADH encodes a 314-amino acid protein with 8

exons and spans approximately 49 kb (Vredendaal et al., 1996). It is composed of a 12-

residue mitochondrial import signal peptide and a 302-residue mature HADH protein with a

calculated molecular mass of 34.3kD (Vredendaal et al., 1998).

Loss-of-function mutations in the HADH gene are associated with CHI (Clayton et al.,

2001; Molven et al., 2004; Hussain et al., 2005c). The clinical presentation of all patients

reported is heterogeneous, with either mild late onset intermittent HH or severe neonatal

hypoglycaemia. All reported cases so far have presented with increased 3-

hydroxyglutarate in urine and hydroxybutyrylcarnitine in blood which may be used as

diagnostically useful markers for HADH deficiency. In the first patient reported sequencing

of the HADH genomic DNA from the fibroblasts showed a homozygous mutation

(c.773C>T) changing proline to leucine at amino acid 258 (Clayton et al., 2001). Analysis

of blood from the parents showed they were heterozygous for this mutation. Western blot

studies showed undetectable levels of immunoreactive HADH protein in the patient’s

fibroblasts. Expression studies showed that the P258L enzyme had no catalytic activity.

This patient presented with intermittent hypoglycaemia at 4 months of age.
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A novel, homozygous deletion mutation (deletion of the six base pairs CAGGTC at the

start of HADH exon 5) was found in the second patient who presented with severe

neonatal hypoglycaemia (Molven et al., 2004). The mutation affected RNA splicing and

was predicted to lead to a protein lacking 30 amino acids. The observations at the

molecular level were confirmed by demonstrating greatly reduced HADH activity in the

patients’ fibroblasts and enhanced levels of 3-hydroxybutyryl-carnitine in their plasma.

Urine metabolite analysis showed that HADH deficiency resulted in specific excretion of 3-

hydroxyglutaric acid. Finally the third patient reported to date was found to be

homozygous for a splice site mutation (IVS6-2 a>g) in the HADH gene with western

blotting with an anti-HADH antibody indicating a decrease in the amount of

immunoreactive protein in fibroblasts from the patient consistent with the observed

decrease in enzyme activity (Hussain et al., 2005c). This patient presented at 4 months of

age with HH that responded to treatment with diazoxide.

The molecular mechanism of how loss of function in the HADH gene leads to unregulated

insulin secretion is still unclear. Several recent studies in rodents have begun to give some

insight into how HADH regulates insulin secretion and its interaction with other genes

involved in ß-cell development and function (Hardy et al., 2007; Martens et al., 2007; Lantz

et al., 2004). The normal ß-cell phenotype is characterized by a high expression of HADH

and a low expression of other ß-oxidation enzymes. Down-regulation of HADH causes an

elevated secretory activity suggesting that this enzyme protects against inappropriately

high insulin levels and hypoglycaemia (Hardy et al., 2007; Martens et al., 2007). Hence

HADH seems to be a negative regulator of insulin secretion in ß-cells. Further studies will

be required to fully understand the biochemical pathways by which defects in HADH lead

to dysregulated insulin secretion.
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2.2.1.5 Mutations in the promoter region of SLC16A1 gene: the cause of exercise

induced hyperinsulinism (EIHI)

In the glycolytic pathway glucose is metabolised to pyruvate which then enters in the

mitochondria. Pyruvate can be converted into lactate or enters into the tricarboxylic acid

(TCA) cycle, generating reducing equivalents. This leads to stimulation of the respiratory

chain and ATP synthesis. The transport of monocarboxylates such as lactate and pyruvate

is mediated by the SLC16A family of proton-linked membrane transport proteins known as

monocarboxylate transporters (MCTs). Fourteen MCT-related genes have been identified

in mammals and of these seven MCTs have been functionally characterized. Despite their

sequence homology, only MCT1–4 have been demonstrated to be proton-dependent

transporters of monocarboxylic acids (Halestrap and Price, 1999).

The SLC16A1 gene encodes for MCT1 that mediates the movement of lactate and

pyruvate across cell membranes. The SLC16A1 gene maps to chromosome 1p13.2-p12,

spans approximately 44 kb, and is organized as 5 exons intervened by 4 introns (Cuff and

Shirazi-Beechey, 2002; Garcia et al., 1994). The first of these introns is located in the 5’

UTR-encoding DNA, spans >26 kb, and thus accounts for approximately 60% of the entire

transcription unit (Cuff and Shirazi-Beechey, 2002). Analysis of a 1.5 kb fragment of the

MCT1 5’ flanking region shows an absence of the classical TATA-Box motif. However, the

region contains potential binding sites for a variety of transcription factors (Cuff and

Shirazi-Beechey, 2002).

Studies in whole rat and mouse islets have shown that pyruvate and lactate cannot mimic

the effect of glucose on insulin secretion despite active metabolism (Zhao and Rutter,

1998; Ishihara et al., 1999). This is postulated to be due to low expression of MCT in ß-
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cells. However over expression of LDH and MCT1 leads to pyruvate induced insulin

secretion (Ishihara et al., 1999). In exercise induced CHI there is increased expression of

MCT1 transporter in ß-cells due to dominant mutations in SLC16A1 (Otonkoski et al.,

2007). In these patients anaerobic physical exercise induces HH that is preceded by an

inappropriate increase in the circulating insulin concentration (Meissner et al., 2001;

Meissner et al., 2005). Affected patients become hypoglycemic within 30 min after a short

period of anaerobic exercise. A pyruvate load test causes a brisk increase in the serum

insulin concentration suggesting that pyruvate metabolism or transport is in some way

involved in signaling insulin secretion from ß-cells in these patients (Otonkoski et al.,

2003). A genome scan performed on two families with 10 affected patients first mapped

the gene to chromosome 1 (Otonkoski et al., 2007). Mutations in the promoter region of

SLC16A1 gene were confirmed in all patients. Studies on cultured fibroblasts from affected

patients showed abnormally high SLC16A1 transcript levels, although the MCT1 transport

activity was unchanged in fibroblasts (possibly reflecting additional posttranscriptional

control of MCT1 levels in extrapancreatic tissues).

The mutations identified in two separate pedigrees were in the binding sites of several

transcription factors (nuclear matrix protein 1, albumin negative factor (ANF) and AML-1a,

simian- virus-40-protein-1 (Sp1), upstream stimulatory factor (USF), myeloid zinc finger 1

(MZF1) and GATA-1–binding site). They resulted in increased protein binding to the

corresponding promoter elements and marked (3- or 10-fold) transcriptional stimulation of

SLC16A1 promoter-reporter constructs (Otonkoski et al., 2007). These studies suggested

that activating mutations in the promoter region of SLC16A1 induce increased expression

of MCT1 in the ß-cell (where this gene is not usually transcribed) allowing pyruvate uptake

and pyruvate-stimulated insulin release despite ensuing hypoglycaemia (Otonkoski et al.,

2007).
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Figure 2.5: Figure published by Kulkarni et al. (2004) demonstrating the interaction of

HNFs in the pancreatic ß-cells and the regulation of several target genes by the

transcription factors. HNF4 is the most widely acting transcription factor, regulating the

expression of other transcription factors and that of several key genes involved in glucose

stimulated insulin secretion

The HNF4A gene is located on human chromosome 20q13.1-13.2. The gene has two

promoters P1 and P2 with P2 being upstream to P1. At least nine isoforms (HNF4A1-9)

are known to be produced by the gene by means of alternate splicing, polyadenylation

(addition of poly(A) tail to the RNA molecule) and production of different transcripts by the

two promoters (Harries et al., 2008). The P1 derived isoforms are most abundant in the

hepatic tissues while the P2 promoter represents the major transcription site in ß-cells

Cited by Kulkarni et al., Science. 2004,303;1311-1312
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(Harries et al., 2008). Transfection assays with various deletions and mutants of the P2

promoter revealed the presence of functional binding sites for HNF1A, HNF1B, and IPF1

(Thomas et al., 2001). The HNF4 protein consists of an N-terminal ligand-independent

transactivation domain (amino acids 1-24), a DNA binding domain containing two zinc

fingers (amino acids 51-117), and a large hydrophobic portion (amino acids 163-368)

composed of the dimerization, ligand binding, cofactor binding, and ligand-dependent

transactivation domain (Hadzopoulou-Cladaras et al., 1997).

Transfection assays with various deletions and mutants of the P2 promoter revealed

functional binding sites for HNF1A, HNF1B, and IPF1 (Thomas et al., 2001). The HNF4

protein consists of an N-terminal ligand-independent transactivation domain (amino acids

1-24), a DNA binding domain containing two zinc fingers (amino acids 51-117), and a large

hydrophobic portion (amino acids 163-368) composed of the dimerization, ligand binding,

cofactor binding, and ligand-dependent transactivation domain (Hadzopoulou-Cladaras et

al., 1997).

Heterozygous mutations in the human HNF4A gene classically lead to maturity onset

diabetes of the young subtype 1 (MODY1). MODY is a type of monogenic diabetes that

usually presents in early adulthood and is characterized by autosomal dominant

inheritance and impaired glucose-stimulated insulin secretion from pancreatic ß-cells

(Yamagata et al., 1996). These mutations in the HNF4A gene cause multiple defects in

glucose stimulated insulin secretion and in expression of HNF4A dependent genes (Wang

et al., 2000; Stoffel and Duncan, 1997). Recently mutations in the HNF4A gene were

reported to cause macrosomia and transient HH (Pearson et al., 2007). In this

retrospective study the birth weight of the HNF4A mutation carriers compared to non-

mutation family members was increased by a median of 790 g. Transient hypoglycaemia
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was reported in 8/54 infants with heterozygous HNF4A mutations and documented HH in

three cases (Pearson et al., 2007).

At present it is unclear how heterozygous mutations in HNF4A lead to hypoglycaemia.

Using the conditional Cre-loxP-based inactivation system to delete HNF4A specifically in

the pancreatic ß-cell, Gupta et al studied glucose homeostasis in the adult mice (Gupta et

al., 2005). These mice were hyperinsulinaemic in fasted and fed state but also

paradoxically had impaired glucose tolerance with inadequate insulin secretion after

glucose stimulation. Cotransfection assays demonstrated that these mice had a 60%

reduction in the expression of the Kir6.2 subunit of the potassium channel. However two

further studies (Pearson et al., 2007; Miura et al., 2006) have reported no change in the

expression of Kir6.2 in HNF4A- deficient mice suggesting that this loss of expression of

Kir6.2 in the pancreatic ß-cell may not be the cause of the dysregulated insulin secretion.

Hence, it is unclear how heterozygous mutations in the HNF4A gene cause HH in the

newborn period followed by the opposite phenotype of MODY-1 in young adulthood.

In summary, several molecular mechanisms due to mutations in seven different genes are

known to cause CHI. These mechanisms are enlisted in table 2.3 and are schematically

represented in a cartoon model of the pancreatic ß-cell in figure 2.6.
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Table 2.3: The genes implicated in CHI with the gene loci, proteins affected and patterns

of inheritance (AD- autosomal dominant, AR- autosomal recessive) (James et al., 2009).

Gene (locus) #OMIM Protein Mechanism Inheritance

ABCC8
(11p15.1)

600509
Sulphonylurea receptor1
(SUR1)

Defects in KATP biogenesis and
turnover, trafficking and
nucleotide regulation

AR/ AD

KCNJ11
(11p15.1)

600937
Inward rectifying
potassium channel
(Kir6.2)

Defects in KATP biogenesis and
turnover, trafficking and
nucleotide regulation

AR/ AD

GLUD1
(10q23.3)

138130
Glutamate
dehydrogenase (GDH)

Loss of inhibition of GDH by GTP
and increased basal GDH activity

AD

GCK
(7p15-13) 138079 Glucokinase

Increased affinity of GCK for
glucose AD

HADH
(4q22-26)

601609
3-hydroxyacyl-CoA
dehydrogenase

Unknown AR

SLC16A1
(1p13.2-p12)

600682
Monocarboxylate
transporter 1 (MCT1)

Increased expression of MCT1 AD

HNF4A
(20q12-13.1)

600281
Hepatocyte nuclear factor
4 alpha

Unknown AD
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2.2.2 Clinical management of CHI

Early diagnosis and immediate meticulous management are the cornerstones for

preventing brain injury in patients with CHI. The mainstay of medical therapy is diazoxide-

a drug that binds to the intact SUR1 component of the KATP channels. It acts by keeping

the KATP channels open, thereby preventing depolarisation of the ß-cell membrane and

insulin secretion. Diazoxide therapy may sometimes be supplemented by dietary

manipulation in patients where a dietary trigger is established.

In patients that are unresponsive to diazoxide it is essential to differentiate focal from

diffuse disease as the surgical approaches are radically different. The precise preoperative

localisation and limited surgical removal of the focal domain “cures” the patient (Otonkoski

et al., 2006). In contrast, patients with diffuse disease may require a near total

pancreatectomy which will have lifelong implications (high risk of diabetes mellitus,

pancreatic exocrine insufficiency).

Some infants who fail to respond to diazoxide may be managed with long term

subcutaneous octreotide injections in combination with frequent feeding. Octreotide is a

long-acting analog of the natural hormone, somatostatin. Somatostatin inhibits insulin

release via activation of the somatostatin receptors (SSTR) which belong to the G-protein-

coupled receptor family. Five distinct SSTRs are known, SSTRs 1-5. Octreotide is known

to bind to SSTR2 and SSTR5, both of which mediate inhibition of insulin release from the

pancreatic islets (Singh et al., 2007). Octreotide is used in the short and long term

management of some patients with CHI. In the short term (with and without glucagon) it is

used to stabilise patients pending further investigations. Octreotide has been successfully

used in the long term management of some CHI patients in combination with frequent
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feeding (Glaser et al., 1989). The principle of this treatment is based on the fact that the

hypoglycaemia in some patients gradually gets milder over time. The long term medical

management of diffuse disease with frequent subcutaneous injections of octreotide and

frequent feeding may impose a huge burden and is extremely stressful on the family. A

gastrostomy is often required in these patients for the delivery of bolus and continuous

overnight feeds.

2.2.3 Clinical relevance of the molecular genetic classification:

Diazoxide is ineffective in diffuse forms of CHI due to recessively inherited inactivating

mutations in ABCC8 and KCNJ11 and in patients with focal CHI as it requires a functional

channel to act upon. All of the other forms of CHI are responsive to diazoxide, although

there are recent reports that CHI due to a mutation in the GCK gene can cause diazoxide

unresponsive disease (Cuesta- Munoz et al., 2004; Sayed et al., 2009).

The availability of rapid genetic analysis for mutations in ABCC8 and KCNJ11 allows early

confirmation of the diagnosis and identification of the majority of patients with diffuse

disease (homozygous or compound heterozygous mutations in ABCC8 and KCNJ11). This

information helps in predicting the likely course of the disease and institution of appropriate

treatment. Patients with a paternal mutation in ABCC8 and KCNJ11 (or those with no

mutations in these genes) potentially have focal disease and thus enables selection of

patients who require further imaging studies with 18F-DOPA-PET scan for precise pre-

operative localisation of the focal lesion. The clinical approach to this complex disease has

hence been transformed by the understanding of the molecular and histological

classification and is summarized in figure 2.7.
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The confirmation of a GLUD1 mutation informs clinicians of the protein sensitive nature of

hypoglycaemia and allows the manipulation of diet (protein restriction) as a useful

(sometimes mandatory) adjunct to diazoxide therapy in controlling recurrent

hypoglycaemic episodes.

The identification of a disease causing mutation in a proband has implications for other

family members too. In a dominantly inherited mutation, unless the mutation is ‘de novo’,

the proband’s siblings will have a 50% chance of inheriting the mutation. In contrast,

siblings of probands with recessively inherited mutations will have a 25% risk of inheriting

both the mutations and developing the disease. Furthermore, the identification of a HNF4A

mutation in a proband would identify infants who are at a risk of developing diabetes

(MODY) in adulthood. Unless the mutation has arisen de novo, one of the parents (and

potentially other family members) will also be heterozygous for the HNF4A mutation and at

risk of developing diabetes, if not already developed. A molecular genetic diagnosis in the

proband may therefore also be of benefit for other relatives.
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Figure 2.7: Flow chart outlining the management cascade of CHI (Kapoor et al., 2009c).
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2.2.4 Aims of the thesis

As outlined in the introduction, the knowledge of the molecular genetic mechanisms

underlying the different subtypes of CHI has transformed the clinical management of the

patients and has provided unique insights into pancreatic ß-cell physiology. However, the

genetic basis of CHI and phenotypic characterisation of the sub groups is only just

beginning to be unravelled. Although CHI due to mutations in the KATP channel genes has

been well studied, novel aspects of the phenotypic variation are still emerging. For

example, controversy exists on whether these mutations are a risk for future development

of diabetes. This knowledge not only has implications for the patients and family members,

but also may help in understanding the pathophysiology of a common condition such as

diabetes mellitus.

The less well studied sub groups, where little is known about the molecular mechanisms

and the phenotype, include CHI due to mutations in the HADH and HNF4A genes. Further

understanding of the genotype-phenotype correlations due to these known and novel

causes of CHI will be very important for the diagnosis and subsequent management of

these patients. With the knowledge of the lacunae within the field of CHI, the aims of this

thesis include:

4. To investigate genotype/phenotype correlations in a large cohort of patients with

CHI by comparing different genetic aetiologies

5. To examine the prevalence and phenotype of patients with HH resulting from

HNF4A gene mutations

6. To study the phenotype of dominantly inherited KATP channel mutations causing

CHI and functionally characterize the novel dominant mutations identified
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Chapter 3- General Methods

This section gives an overview of the methodologies used throughout this thesis. Further

details are provided in the methods section for each chapter.

3.1 Ethical Approval

Ethical approval for the study was obtained from the Research Ethics Committee at the

Institute of Child Health and Great Ormond Street Children’s Hospital NHS Trust (GOSH)

in 2006 by Dr Hussain. In 2007, the protocol was amended and a ‘Parent Information

Sheet’ and ‘Proforma and Consent’ pack was designed (appendix 12.1-12.2) by me. I then

submitted a notice of substantial amendment to the Research Ethics Committee. This

notice was reviewed at the meeting of the Sub-Committee of the REC held on 24 April

2007 and was given a favourable opinion (appendix 12.3). The study was also exempted

from Site-Specific assessment at other NHS sites.

3.2 Recruitment of patients

Patients with congenital hyperinsulinism are referred to GOSH, a national centre for the

management of children with CHI. The study was discussed with all the patients referred

to the CHI service at GOSH who met the inclusion criteria. The information sheet was also

provided to the parents and an informed consent was obtained prior to recruitment.

A thorough assessment of the phenotype of each patient was carried out at the initial

admission/ referral. Along with this a blood sample (2-5 ml) for extraction of DNA was also
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collected. Blood samples from parents or any other family member were requested

depending on the family history.

Information regarding the study was disseminated to the neonatalogists in the UK via the

bulletin published by the BAPM (British Association of Perinatal Medicine). National and

international referring clinicians were also informed about the study. Hence, patients have

also been recruited from other NHS trusts in the UK and worldwide with the help of local

and international collaborators.

3.3 Inclusion Criteria

All patients with HH, usually defined as:

a. Hypoglycaemia (blood glucose concentration <3.0 mmol/L) with detectable

concentrations of insulin and/or C-peptide with

b. Glucose requirement of > 8mg/kg/min (intravenous glucose infusion rate of

>8mg/kg/min and

c. Inappropriately low concentrations of ketones and fatty acids during the

episode of hypoglycaemia

3.4 Exclusion criteria

All patients with a secondary cause of HH were excluded. This included patients with the

following risk factors:

– Perinatal asphyxia

– Intra-uterine growth restriction (IUGR)

– Rhesus isoimmunisation
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– Infant of diabetic mothers with HH <48 hours

3.5 Clinical and biochemical phenotyping

3.5.1 Data collection using a proforma

A proforma (see appendix 12.1) was designed to collect data on patients with CHI that met

the inclusion criteria. Apart from identifying details (name, date of birth, hospital number,

gender), personal data included ethnic background of the patients according to the Office

for National Statistics (ONS) classification (Office for National Statistics, 2003).

Phenotype assessment included a detailed clinical and biochemical profiling for each

patient. Clinical assessment included a thorough history with a focus on birth-weight,

gestational age, age at presentation, treatment details and family history of hypoglycaemia

or diabetes mellitus. Examination details of the patient (presence or absence of syndromic

features) were recorded. Biochemical assessment carried out at the time of investigating

hypoglycaemia whether at the primary referring hospital or at our center was also

recorded. This included serum insulin, c-peptide, ammonia and acylcarnitines.

Response to medical therapy and results of 18F-DOPA-PET scan, if applicable were also

documented. Finally, for the patients who required surgery, the type of the surgical

procedure and the results of the histological analysis of the pancreas were documented.

In cases where the child had been previously treated in the hospital and discharged, a

review of the medical records and telephone interviews were conducted to complete the

data collection. Home visits were also conducted to obtain blood samples from the patient

and/ or family members for genetic analysis.
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Children with CHI who had an established molecular diagnosis were not excluded from the

study. The phenotypic data on these children were retrospectively collected from them and

their medical case notes.

A database using Microsoft Access was created to allow ease of entry and access to the

data. The database has been designed, completed and updated by myself throughout the

period of the study.

3.5.2 Further phenotypic data

In some patients, the phenotype was further defined with the help of the following

provocation tests, as detailed in individual chapters:

a. Oral glucose tolerance test

b. Oral protein tolerance test

c. Leucine tolerance test

3.5.3 Statistics

In order to correct for the gestational age, birth weight standard deviation scores (birth

weight SDS) were calculated for each patient. The mean birth weight SDS and age of

presentation of patients with diazoxide responsive CHI due to a KATP channel mutation,

GLUD1 mutation, HADH mutation or an HNF4A mutation were compared using one-way

analysis of variance (ANOVA) followed by the Fisher's Least Significant Difference (LSD)

post-test to test for statistical significance (SPSS, version 16).

The one way ANOVA test is a common statistical test used to test the difference between

three or more groups. The test can be applied to test the equality of means between

samples that are independent and normally distributed. Prior to applying this test, it was
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ensured that the samples within the groups were normally distributed. The one way

ANOVA test showed that the mean birth weight SDS and age of presentation of the groups

were different. The LSD post-hoc test (which makes individual comparisons) was then

applied to understand where the differences were.

3.6 Molecular genetic testing

3.6.1 Sequence analysis of genes known to cause CHI

The DNA samples were analysed for mutations in genes known to cause CHI (ABCC8,

KCNJ11, HNF4A, GCK, GLUD1 and HADH genes) at the Diagnostic Molecular Genetics

Laboratory at Peninsula Medical School in Exeter under the supervision of the Consultant

Clinical Molecular Geneticist, Professor Sian Ellard. DNA was extracted from blood

samples by the staff at Peninsula Medical School using their standard protocol (appendix

12.3). The amplification of specific regions of DNA by polymerase chain reaction (PCR)

was the principal methodology used, followed by detection of mutation using DNA

sequencing.

Polymerase chain reaction (PCR): Initially, the DNA is denatured, separating the double

helix, allowing the primers to bind to their complementary DNA sequences. Primers extend

in the presence of DNA polymerase and deoxynucleotide triphosphates, allowing the

synthesis of a complementary DNA sequence. The process is repeated approximately 35

times resulting in over 2 million copies of the target DNA sequence.

Dideoxy Chain Termination Sequencing: Purified PCR products were sequenced using the

ABI Prism Big Dye Terminator Cycle Sequencing ready reaction kit 1.1 (Applied

Biosystems, Warrington, UK). The method utilises a single- stranded PCR product which
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acts as a template for the synthesis of a complementary strand of DNA. The sequencing

reactions contain a DNA polymerase, primer and four dideoxynucleotides which lack a 3’

hydroxyl group. Each ddNTP is labelled with a base specific fluorescent dye. The absence

of the 3’ hydroxyl group prevents phosphodiester bonding resulting in the formation of

many hundreds of oligonucleotide fragments which differ in length. The sequencing

reactions are then separated by size on a capillary sequencer (ABI 3730 Sequencer,

Applied Biosytems, Warrington, UK). The DNA sequence is generated by computer

software and analysed using either Staden software (hhtp://staden.sourceforge.net) or

Mutation Surveyorv2.61 (Softgenetics, State College, PA, USA).

The single exon of KCNJ11 gene was amplified in five patient samples by me using three

primer pairs (primer sequences published in Flanagan et al., 2006). I performed

sequencing in both directions using the BigDye Terminator Cycler Sequencing Kit v1.1

(Applied Biosystems, Warrington, UK) and analysed the five reactions on the ABI 3730

Capillary sequencer (Applied Biosystems). The sequences were then compared by me

with the published sequence (NM_000525) using the Staden analysis software. Analyses

of these five samples taught me the principles and details of the techniques employed

(primer designing, polymerase chain reaction, gel electrophoresis and sequencing) in

analysing the samples. Sequencing of the other patient samples and analysis was carried

out by the laboratory staff at Peninsula Medical School. Sequencing of genes known to

cause CHI is routinely carried out at this large Diagnostic Molecular Genetics Laboratory in

Exeter. After recruitment, detailed phenotyping and collection of DNA samples from the

patient and family members, I organized genetic testing at this laboratory where

sequencing of the genes was carried out by the diagnostic service.
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3.6.2 Sequencing strategy (Figure 3.1)

ABCC8 and KCNJ11 genes were sequenced in all patients with diazoxide unresponsive

CHI.

In patients with diazoxide responsive CHI,

i) mutations in GLUD1 were sought if the patient had hyperammonaemia or

leucine sensitivity

ii) HADH was sequenced if there was raised plasma 3-hydroxybutyrylcarnitine

iii) if no mutations were identified and in the absence of above features; KCNJ11,

ABCC8 and HNF4A genes were sequenced in that order

iv) Sequencing of GCK was considered if there was a positive family history of

hypoglycaemia or delayed presentation of hypoglycaemia

If it was not possible to establish whether a patient with CHI was diazoxide responsive or

not, KCNJ11, ABCC8 and HNF4A genes were sequenced in that order.

Sequencing of SLC16A1 was planned in case of a history of exercise induced

hypoglycaemia. However, no patients with EIHI were recruited during the study period.
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Figure 3.1: Schematic representation of the Experimental Design
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3.7 Functional analysis of novel mutations

The functional consequences of certain novel mutations identified in the ABCC8 or

KCNJ11 genes were undertaken under the supervision of Professor Tinker at the Rayne

Institute, University College London. Briefly, mutations were introduced into hamster SUR1

cDNA or mouse Kir6.2 cDNA using the QuickChange site-directed mutagenesis kit.

Functional consequences were then examined by reconstituting the KATP channel in

HEK293 cells and evaluating the effect of drugs (diazoxide, glibenclamide) and metabolic

poisoning on the channels using Rb86 flux assay. Western blotting was carried out to

confirm expression of the mutant proteins. The details of these techniques and the

statistics used for functional evaluation of the novel mutants are provided in chapter 9.

Through established collaboration with experts in functional characterisation of GLUD1

and HADH mutations (Dr Bernadette Chadefaux and Dr Simon Eaton respectively),

functional consequences of selected novel GLUD1 and HADH gene mutations were

investigated to provide insight into the mutational mechanisms.
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Chapter 4- Overview of Results

Patient Recruitment and Prevalence of the Different Genetic

Aetiologies

Three hundred patients with CHI were recruited in this study, forming the largest cohort of

children with CHI in the world. As outlined in chapter 3, mutational analysis of various

genes known to cause CHI was carried out depending on the phenotype of the patient.

The patients were broadly classified into diazoxide responsive (n=183) and diazoxide

unresponsive (n=105) groups (figure 4.1), diazoxide responsiveness being defined as

normoglycaemia maintained during normal feeding volume and frequency with normal

fasting tolerance for age of the child. Twelve patients with CHI were not able to be grouped

within these two broad categories. These included patients with transient CHI that did not

require treatment with diazoxide (n=9) and 1 patient who was not treated with diazoxide

following an anaphylactic reaction to the drug.

Figure 4.1: Categorisation of the 300 recruited patients, according to their responsiveness

to diazoxide

Recruited:
300

Diazoxide
responsive:

183

Diazoxide
unresponsive:

105

Diazoxide
responsiveness

unknown:
12
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4.1 Diazoxide responsive CHI

The largest category of patients with CHI in this cohort included patients with diazoxide

responsive CHI. Of the 183 patients with diazoxide responsive disease, a genetic

diagnosis was possible in 51 patients (Fig 4.2).

Diazoxide responsive CHI

0
0%

16
9%7

4%

3
2%

25
14%

132
71%

No mutations

ABCC8/KCNJ11

HNF4A

GLUD1

HADH

GCK

Figure 4.2: Figure demonstrating the genetic aetiologies identified in patients with

diazoxide responsive CHI

168 patients had mutational analysis of the KATP channel genes, of which 25 were

identified to have a mutation in the KCNJ11 or ABCC8 genes. The phenotypic

characteristics of these patients are outlined in chapter 5.
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20 patients with diazoxide responsive CHI (19 patients with hyperammonaemia and 1 with

leucine sensitivity) had mutational analysis of GLUD1 gene, of which 16 were positive for a

mutation in this gene. The genotype-phenotype correlations of these patients are

discussed in chapter 6.

Of the 105 patients with diazoxide responsive CHI who had mutational analysis of the

HNF4A gene, 7 were identified to have a mutation in this gene. The phenotypic

characteristics of these patients are presented in chapter 8.

This cohort also contains 3 patients with a mutation in the HADH gene, of which 2 patients

were known to have CHI due to recessively inherited mutations in the HADH gene and

have been described previously (Clayton et al., 2001; Hussain et al., 2005c). The novel

phenotypic characteristics of the patients with HADH mutations causing CHI are presented

in chapter 7.

GCK was analysed in patients with a delayed age of presentation (> 6 months) if sufficient

DNA was available after analysis of the KCNJ11 and ABCC8 genes. No patients with GCK

mutation were identified on analysis of the DNA of 17 patients.

4.2 Diazoxide unresponsive CHI

In this cohort, there were 105 patients who did not respond to 1st line treatment with

diazoxide and required additional treatment measures. All of these patients had

sequencing of the ABCC8 and KCNJ11 genes. A significant proportion (92/105; 87.6%) of

these patients had a mutation in one of these genes. This included 10 patients with a

mutation in the KCNJ11 gene and 82 patients with a mutation in the ABCC8 gene. No

mutation in these genes were found in 13 patients (12.4%).



77

4.3 Diazoxide responsiveness not known

There were 12 patients where it was not possible to establish whether they were

responsive to diazoxide or not. These included 11 patients who had transient HH (lasting

1-10 days) that was managed with supportive treatment (intravenous dextrose solutions)

alone. The remaining patient had a severe reaction to the first dose of diazoxide and

hence diazoxide was discontinued. A further attempt to re-start diazoxide was met with a

similar reaction where the child developed a generalized rash and difficulty in breathing.

Hence, diazoxide was not continued and the child underwent a partial pancreatectomy to

manage the HH. All these patients had sequencing of the ABCC8 and KCNJ11 genes and

a mutation in the ABCC8 gene was identified in two patients. Six patients had sequencing

of the HNF4A gene (DNA sample was insufficient for the remaining 4), of which one

patient with transient HH had an HNF4A mutation.

These results are summarized below in figure 4.3.
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Recruited:
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Figure 4.3: Figure summarizing the results of mutational analysis of 300 patients with CHI:
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4.4 Discussion

In this cohort of patients, with the designed strategy of the order of sequencing and the

limitation of low DNA sample in some patients, a genetic diagnosis was possible in 48.6%

of patients. The vast majority of patients with an unknown genetic cause were diazoxide

responsive (132/154; 85.7%). This may be reflective of the sequencing strategy rather

than the actual prevalence of the genetic aetiologies. For example, GCK was only

sequenced in patients with a delayed age of presentation as patients with GCK-CHI were

initially reported to be diagnosed at a much later age (Glaser et al., 1998; Christensen et

al., 2002; Cuesta-Munoz AL et al., 2004). A recent study looking at the prevalence of GCK

mutation in patients with CHI reported five patients with GCK mutation who presented in

the neonatal period with hypoglycaemia (Christensen et al., 2008). Hence, this low

prevalence of GCK mutations in our group of patients with diazoxide responsive CHI may

be an underestimate and a thorough sequencing of all patients with diazoxide responsive

CHI and no mutations in the ABCC8/ KCNJ11 genes is indicated. Similarly, sequencing of

GLUD1 and HADH were limited to patients with specific phenotypic features

(hyperammonaemia for GLUD1 and abnormal plasma acyl carnitine profile for HADH). In

the chapters to follow, it will be clear that patients may have CHI due to mutations in these

two genes in the absence of these biochemical markers that were previously thought to be

diagnostic. Hence, sequencing of these two genes in this large cohort of patients with

diazoxide responsive CHI may also be indicated. This large cohort of patients with an

unknown aetiology forms a unique cohort for further studies investigating the known and

novel genetic causes of CHI.

Unlike the cohort with diazoxide responsive CHI, a genetic diagnosis was possible in the

vast majority of patients with diazoxide unresponsive CHI that underwent sequencing of
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the ABCC8 and KCNJ11 genes. A genetic diagnosis in this group of patients helps in the

clinical management by determining whether a patient may have focal disease that is

potentially curable by a limited pancreatectomy or whether the patient has diffuse disease

and is a candidate for near-total pancreatectomy (Kapoor et al., 2009c). Hence, the high

possibility of finding a KATP channel mutation in patients within this cohort confirms the

importance of rapid sequencing of the ABCC8 and KCNJ11 genes in these patients. Only

13/105 (12.4%) patients with diazoxide unresponsive patients did not have a mutation in

these genes. Mutations in the GCK gene have recently been described to cause medically

unresponsive CHI (Cuesta-Munoz et al., 2004; Sayed et al., 2009). Sequence analysis of

the GCK gene in this cohort of patients is hence indicated, prior to further research

investigating novel genetic aetiologies.

The patients identified to have a genetic mutation are varied in their phenotypes

depending on their genotypes. In the chapters to follow, I describe the phenotype of

patients with KATP channel mutations (chapter 5), GLUD1 mutations (chapter 6), HADH

mutations (chapter 7) and HNF4A mutations (chapter 8) and compare the clinical

characteristics of the patients according to their genetic aetiology (chapter 8).
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Chapter 5

Congenital Hyperinsulinism due to mutations in the ABCC8/

KCNJ11 genes

5.1 Background

Mutations in the ABCC8 gene were the first genetic cause identified and are the

commonest cause of CHI. So far over 150 mutations in the ABCC8 gene have been

identified that are distributed throughout the gene (Flanagan et al., 2009). Relatively, fewer

mutations have been described in the KCNJ11 gene (Flanagan et al., 2009). The

mutations are commonly recessively inherited and cause diazoxide unresponsive disease

in the vast majority of patients. However, there have been reports of dominantly inherited

mutations in these genes causing diazoxide responsive disease (Huopio et al., 2000;

Thornton et al., 2003; Pinney et al., 2008). Compound heterozygous mutations in the

ABCC8 have also been reported to cause diazoxide responsive disease (Dekel et al.,

2002). Mutations in these genes are also associated with the pathogenesis of focal CHI,

where a focal area of the pancreas is affected which is amenable to curative surgery.

The identification of an ABCC8 or KCNJ11 mutation in a patient helps to predict the likely

course and influences the management of the patient (Kapoor et al., 2009c). In patients

with medically unresponsive disease, rapid genetic testing of these genes identifies those

who have diffuse disease (homozygous/ compound heterozygous mutations) where a

near-total pancreatectomy may be considered. It also helps in identifying patients who may

have a focal lesion (single, paternally inherited mutation) that is potentially curable with

resection of the focal lesion.
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In this chapter, the phenotype and genotype of the 119 patients with a mutation in the

ABCC8/ KCNJ11 genes is discussed. This section reports several novel mutations

identified in these genes and summarises the associated clinical picture in each patient.

5.2 Methodology

Of the 300 patients recruited, 2 patients with known HADH mutations and 15 patients with

hyperammonaemia that screened positive for a GLUD1 mutation did not have sequence

analysis of the KATP channel genes. The remaining 283 patients had mutational analysis of

the KCNJ11 and ABCC8 genes, in that order. KCNJ11 was sequenced as outlined in

section 3.6.1. The coding regions and conserved splice sites of the ABCC8 gene were

amplified using 38 primer pairs (primer sequences published in Proks et al., 2006). PCR

products were sequenced using standard methods on an ABI 3730 (Applied Biosystems,

Warrington, UK) and compared to the published sequence (NM_000352.2) at Peninsula

Medical School, Exeter. When a mutation in the ABCC8/ KCNJ11 gene was identified, the

parents were tested (if available) to ascertain the mode of inheritance. Novel mutations

were confirmed by testing 500 control chromosomes, of mixed ethnicites (as are our

patients). In addition, these genes are also analysed by Peninsula Medical School in

patients with neonatal diabetes (>300 and increasing). These patients also serve as

additional controls, although ethnic differences cannot be guaranteed.

All the patients had standard clinical and biochemical phenotyping, as outlined in chapter

3. The patients positive for a mutation in the ABCC8 gene were categorized into those with

homozygous mutations, compound heterozygous mutations and single, heterozygous

mutations. The clinical data were tabulated, according to these categories summarizing
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the most pertinent clinical features, with particular emphasis on the responsiveness to

diazoxide therapy and outcome.

Clinical features of the patients with a KCNJ11 mutation were tabulated separately.

Data on ethnic backgrounds of the patients was also tabulated to study whether certain

mutations were more prevalent in certain ethnic populations. The Office for National

Statistics (ONS) classification was used to categorise ethnicity (Office for National

Statistics, 2003).

5.3 Results

Of the 119 patients with a mutation in the KATP channel gene, 106 patients had a mutation

in the ABCC8 gene while 13 patients had a KCNJ11 mutation.

5.3.1 KCNJ11 gene mutations

Thirteen different KCNJ11 mutations were identified; eleven of which are novel. The

genotype and phenotype of these patients is summarized in table 5.1. The mean age of

presentation of these patients was 4 days (median of 1 day) and the mean birth weight

SDS was +1.69 standard deviation score (SDS).

Diazoxide unresponsive disease:

Six patients had diazoxide unresponsive disease associated with homozygous mutations

in the KCNJ11 mutation. Four (table 1- patients 26, 323, 379 and 395) of these patients

underwent a near total pancreatectomy while two (67, 74) were treated conservatively with

octreotide. Diffuse disease was confirmed histologically in the four patients who underwent
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a near- total pancreatectomy and in patient 74 via a pancreatic tail biopsy. The histological

diagnosis was not established in patient 67.

Three patients (133, 244 and 365) with diazoxide unresponsive disease and a paternal

mutation in KCNJ11 had focal disease, confirmed on histological examination following a

limited/ sub-total pancreatectomy. One of the patients (148) with diazoxide unresponsive

disease who was heterozygous for a novel paternal mutation had diffuse disease requiring

a near total pancreatectomy.

Diazoxide responsive disease:

Three others who were heterozygous for a mutation in the KCNJ11 gene had diazoxide

responsive disease. Two (22 and 56) of these had transient disease, requiring diazoxide

therapy for 4- 6 months. Patient 56 has inherited the mutation from an unaffected mother

and the inheritance of the mutation in the second patient could not be determined

(mother’s DNA was negative and unable to obtain paternal DNA sample). The third patient

(285) has inherited the mutation from her affected father (who has a history of neonatal

hypoglycaemia), confirming dominant inheritance.

There were no common KCNJ11 mutations in our cohort and hence an intra-gene

genotype-phenotype correlation was not possible.


