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Abstract 

Type 2 diabetes (T2D) and fasting plasma glucose (fpg) levels have distinct genetic components 
which are as yet only modestly understood.  Understanding the genetics of this complex disorder 
and its related traits is likely to be of significant benefit to the field.  Not only will it shed light on 
critical genes, pathways and mechanisms of regulation, but it may also contribute to the 
development of pharmaceutical anti-hyperglycaemic agents via the identification of key 
therapeutic targets.  Therefore the aim of this thesis was to utilise a broad, multidisciplinary 
approach to study the genetics of insulin secretion and signalling. 

 

Traditionally genes which harbour rare variants causing monogenic beta-cell dysfunction have also 
been found to harbour common variants associated with T2D and fpg.  As genome-wide 
association studies (GWAS) identify an increasing number of common variants and genes, they also 
increase the number of genes which act as monogenic candidates.  I screened G6PC2, a novel fpg 
associated gene, in patients with monogenic forms of beta-cell dysfunction and demonstrated that 
rare variants in this gene are unlikely to be a common cause of monogenic beta-cell dysfunction. 

 

Although GWAS have been of considerable benefit to our understanding of complex disease 
genetics, they are not without their own limitations, primarily concerning signal refinement.  To try 
to overcome this barrier for T2D and fpg signals I established a pipeline for fluorescence activated 
cell sorting of human islets to obtain pure beta-cells.  In these cells, I performed transcript profiling 
of genes falling within T2D and fpg associated loci, demonstrating how this approach, alongside 
physiological analysis, can be of benefit for GWAS researchers and provide a starting point for fine 
mapping.  Access to human beta-cells also enabled me to follow up one novel fpg association 
signal, SLC2A2.  Through analysis within this metabolically relevant tissue I was able to establish 
that the mechanism for increased fpg levels is unlikely to be mediated via a beta-cell pathway.  

 

Although GWAS have highlighted a number of key genes associated with beta-cell dysfunction; 
they have been far less successful at identifying genes associated with insulin resistance, another 
key component of T2D pathogenesis.  Additional approaches, including the study of rodent models, 
may be required to study this aspect of T2D.  PTEN is known to negatively regulate the insulin 
signalling pathway and adipose tissue specific Pten-/- animals were shown to be markedly insulin 
sensitive.  To assess the role of PTEN in human insulin sensitivity I performed mRNA expression 
profiling of PTEN in human adipose tissue biopsies from subjects with T2D and matched controls, 
demonstrating that PTEN is significantly reduced in the subcutaneous adipose tissue of the former.  
This response is likely to be a compensatory mechanism to counteract muscular insulin resistance 
although further investigation needs to be performed to determine the mechanism of 
compensatory downregulation. 

 

These data provide insights into a number of aspects of T2D genetics, and demonstrate how a 
multidisciplinary approach is of benefit to T2D genetic research. 
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1.1 Insulin 

Insulin is a hormone which is crucial for all forms of eukaryotic life.  Since its discovery in the 

early twentieth century it has been found to have a multitude of physiological effects 

including vasodilation as a direct consequence of insulin-stimulated nitric oxide release, as 

well as aiding in brain functions including mood, confidence and in particular verbal memory 

(Benedict, et al., 2004; Zeng and Quon, 1996).  Its most well-studied function, however, is in 

the regulation of carbohydrate and fat metabolism [reviewed in (Saltiel and Kahn, 2001)].  Its 

central role in regulation of these processes ensures that when deficient or deregulated, 

severe metabolic disturbances occur including increased glucose levels and lipid 

accumulation.  Insulin is synthesised and processed within the pancreatic beta-cells, one 

cellular component of the pancreatic endocrine tissue, commonly referred to as the islets of 

Langerhans (Steiner, et al., 1985).  

 

1.1.1 The discovery of insulin 

Islets of Langerhans are so termed following their identification by a German medical student, 

Paul Langerhans, in 1869.  He carefully described these irregular shaped clumps of cells of 

0.1-0.24mm diameter and defined their location throughout the pancreas, however by his 

own admissions at the time, was unable to postulate any viable explanation as to the role of 

these novel pancreatic structures (Jolles, 2002).  Twenty years later Minkowski and 

colleagues established the connection between the pancreas and diabetes following their 

discovery that a pancreatectomised dog demonstrated elevated blood sugar levels, glycosuria 

and excessive weight loss despite nutritional supplementation (Luft, 1989).  However, it 

wasn’t until 1901 that the specific link between the islets of Langerhans and diabetes was 

finally established.  
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The pioneering work of Banting and Best in 1920 saw the final breakthrough in identification 

of the functional role (and secretory product) of islets when they were able to keep a 

pancreatectomised dog alive using crude canine islet extract.  At this time, individuals 

suffering with diabetic ketoacidosis were treated in hospitals where they were inevitably 

expected to die as a result of their condition.  In 1922 Banting and Best felt ready to 

implement their islet extract therapy on humans in Toronto General Hospital with Leonard 

Thompson being the first patient recorded to have received isletin (insulin) therapy (Banting, 

et al., 1922).  Through enlisting the help of the biotechnology company, Eli Lilly, vast 

quantities of insulin were able to be generated for clinical use.  The decades following the 

discovery saw a huge amount of work performed to generate synthetic insulin which was 

finally achieved in the 1960s by Helmut Zahn at Aachen University (Zahn, 2002). 

 

The primary structure of bovine insulin was identified in 1951 by Fredrik Sanger.  It was the 

first protein whose primary structure was totally elucidated for which Sanger received the 

Nobel Prize in 1958 (Sanger and Tuppy, 1951a; Sanger and Tuppy, 1951b).  The primary 

structure of the insulin gene from over 30 species including homo sapiens has now been 

established using similar techniques (Bell, et al., 1980).  Interestingly, its structure is 

extremely well conserved across all species demonstrating the crucial role of this protein 

from an evolutionary perspective (Steiner, 1976). 

 

1.1.2 Insulin processing 

In humans, insulin is transcribed from the proinsulin gene (INS) located on the short arm of 

chromosome 11 (p15.5) (Owerbach, et al., 1980). Full-length proinsulin consists of an A chain 

and a B chain linked by a connecting peptide (C-peptide) and four basic residues (Arginine or 

Lysine) in the order of NH2-Bchain-Arg-Arg-C-peptide-Lys-Arg-Achain-COOH (Chance, et al., 

1968; Nolan, et al., 1971; Steiner and Oyer, 1967).  The initial translational product of the INS 
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gene however is preproinsulin, which includes an additional 24 amino acid signal peptide 

linked to the N terminal of proinsulin (Bell, et al., 1979; Chan, et al., 1976).  Cleavage of the N-

terminal signal peptide occurs in the endoplasmic reticulum (ER), and is believed to be linked 

closely to translation, therefore proinsulin is generated rapidly and preproinsulin is not 

present at high levels in the cell (Steiner, et al., 1984).  

 

Proinsulin is transported from the ER to the Golgi where it is packaged into secretory vesicles 

with converting proteolytic enzymes including prohormone convertases and 

carboxypeptidase E (Steiner, et al., 1984; Vollenweider, et al., 1995).  During maturation of 

the secretory vesicle, granule contents are crystallised with zinc ions whilst the C peptide is 

simultaneously cleaved from the peptide.  The remaining A chain (21 amino acids) and B 

chain (30 amino acids) are linked by two disulphide bridges to generate the full length 51 

amino acid insulin protein (Figure 1.1) (Humbel, et al., 1972; Sanger and Tuppy, 1951a; 

Sanger and Tuppy, 1951b).  Insulin and C-peptide are therefore secreted in a 1:1 ratio (Steiner, 

et al., 1971). 

 

Figure 1.1 Structure of human insulin peptide composed of a 21 amino acid A chain and a 30 amino 
acid B chain.   Following cleavage of the intermediate C-peptide, the A and B chain are held together by 
two disulfide bridges between Cys7(A)-Cys7(B) and Cys20(A)-Cys19(B), whilst the A chain also contains 
an internal disulfide bridge Cys6-Cys11. S-S represents disulfide bridge formations. 

 

Gly Ile Val Glu Gln Cys Cys Thr Ser Ile Cys Ser Leu Tyr Gln Leu Glu Asn Tyr Cys Asn

S S
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1.1.3 Insulin secretion from pancreatic beta-cells 

Insulin secretion from the pancreatic beta-cells occurs in a glucose-dependent manner with a 

sigmoidal relationship observed between the two (Ashcroft, et al., 1972).  In healthy 

individuals the postprandial increase in blood glucose concentration is sensed by the 

pancreatic beta-cells.  Glucose enters the beta-cell via facilitated diffusion using passive 

glucose transporters.  Intracellularly, glucose enters into glycolysis and is phosphorylated on 

carbon 6 by glucokinase (GCK) to generate glucose-6-phosphate (G6P) (Matschinsky, 2002).  

This is the rate limiting step of glycolysis and as such GCK is termed the pancreatic glucose 

sensor.  G6P is further metabolised to generate ATP with the subsequent increase in the 

ATP:ADP ratio resulting in closure of the ATP sensitive potassium channel (KATP) (Tucker, et al., 

1997).   

 

In response to an increase in intracellular K+ the beta-cell membrane undergoes slow 

membrane depolarisation from the resting membrane potential of -70mV to a less negative 

membrane potential.  Electrical activity switches between depolarised and repolarised phases 

such that oscillations in membrane potentials are observed.  Each membrane depolarisation 

triggers the opening of voltage gated L-type calcium channels with subsequent calcium influx 

into the cells.  The increase in intracellular calcium levels triggers the exocytosis of the 

previously synthesised insulin secretory vesicles (Barbosa, et al., 1998; Hedeskov, 1980; 

Hellman, et al., 1971; Henquin, 1978a; Henquin, 1978b; Prentki and Matschinsky, 1987).  In 

1993 it was demonstrated that the oscillations in membrane depolarisation correspond with 

the pulsatile release of insulin from the beta-cells (Bergsten, et al., 1994). A schematic 

representation of the insulin secretion pathway is provided in Figure 1.2 

 

Insulin secretion from the pancreatic beta-cells in vivo is not continuous in response to a 

glucose challenge.  Instead insulin release typically occurs in a bi-phasic manner with a rapid 
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increase in insulin secretion within the first 5-10 minutes, commonly referred to as the “first 

phase” followed by a secondary prolonged secretion phase (Grodsky, et al., 1968).  It has 

been speculated that the bi-phasic secretion is due to the occurrence of distinct pools of 

secretory granules.  A small quantity of vesicles (<5%) are believed to exist in a readily 

releasable pool (RRP) whilst the majority (>95%) exist within a reserve pool as has been 

observed with a variety of other excitable cells (Parsons, et al., 1995). 

 

Figure 1.2 Insulin secretion from the pancreatic beta-cells.  Glucose enters the pancreatic beta-cells via 
glucose transporters (GLUT).  Once inside the cell, glucose is metabolised by glucokinase (GCK), the 
first enzyme in glycolysis.  The product of this reaction, glucose-6-phosphate, is metabolised further 
leading to an increase in the cellular ATP:ADP ratio.  An increase in ATP levels leads to closure of the 
ATP sensitive potassium (KATP) channel, resulting in membrane depolarisation and subsequent opening 
of voltage gated L-type calcium channels.  The rise in intracellular calcium (Ca

2+
) is the trigger for 

exocytosis of insulin secretory granules. 

 

1.1.4 Insulin Signalling 

Insulin is secreted from the pancreatic beta-cells directly into the bloodstream where it is 

transported to peripheral target tissues expressing the insulin receptor (gene name INSR).  

The physiological effects of insulin are wide ranging as are the tissues through which these 

effects are mediated, however many of these tissues and mechanisms work synergistically to 

control glucose homeostasis.  For example, insulin binding to INSR on the surface of 

hepatocytes is of pivotal importance as it stimulates the disposal of glucose as glycogen, in 



13 
 

turn rendering glucose-generating gluconeogenic pathways non-functional (Saltiel and Kahn, 

2001).  In myocytes, insulin stimulates the translocation of GLUT4 to the plasma membrane 

increasing glucose uptake and glycogen synthesis, whilst in adipocytes insulin additionally 

stimulates the synthesis and esterification of fatty acids.  As a result, blood glucose 

concentrations are reduced and maintained at physiological levels [reviewed in (Saltiel and 

Kahn, 2001)]. 

 

The metabolic consequences of insulin are mediated via a complex signalling cascade, itself 

regulated by numerous serine/threonine/tyrosine protein kinases and protein and lipid 

phosphatases.  Insulin binding to its cell surface tyrosine kinase receptor (INSR) results in 

auto-phosphorylation of the intracellular β-subunit kinase domain, in turn recruiting and 

phosphorylating (p-Tyr) a number of intracellular effector molecules including the insulin 

receptor substrates 1 and 2 (IRS1/2) (Kasuga, et al., 1982; Sun, et al., 1991; Sun, et al., 1995).  

The p-Tyr residues of IRS1/2 subsequently interact directly with Src-homology-2 (SH2) domain 

containing intracellular molecules including phosphatidylinositol-3 kinase (PI3K) (Taniguchi, et 

al., 2006a).  PI3K is a heterodimer composed of a regulatory (p85) and a catalytic (p110) 

subunit.  Binding of IRS1/2 to regulatory subunit SH2 domains results in activation of the 

catalytic subunit and production of the phospholipid secondary messenger 

phosphatidylinositol(3,4,5)-triphosphate (PIP3) from its precursors,  phosphatidylinositol(4,5)-

bisphosphate (PIP2) and ATP (Hawkins, et al., 1992; Myers, et al., 1992).  PIP3 activates the 

relocalisation of a multitude of proteins with pleckstrin homology (PH) domains to the plasma 

membrane, including 3-phosphoinositide-dependent protein kinase 1 (PDK1) (Alessi, et al., 

1997b) and protein kinase B (PKB/AKT), resulting in activation of a serine/threonine 

phosphorylation cascade.  PDK1 is constitutively active within the cell but it is believed that 

the binding of AKT to PIP3 alters the AKT conformation such that PDK1 is able to 

phosphorylate (Thr308) and activate the protein (Alessi, et al., 1997a).  Other molecules also 
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phosphorylated and activated by PDK1 include PKCζ at Thr410 (Le Good, et al., 1998).  For 

complete activation AKT/PKB must also be phosphorylated at Ser473 by mTORC2 (Alessi, et 

al., 1996; Sarbassov, et al., 2005). 

 

Figure 1.3 Insulin signalling within skeletal muscle and adipose tissue.  Insulin binding to its tyrosine 
kinase receptor triggers a serine/threonine/tyrosine signalling cascade.  Activation of the catalytic 
subunit of p110β stimulated the conversion of PIP2 to PIP3, a key secondary messenger which is able to 
recruit AKT/PKB to the plasma membrane to undergo PDK1 and mTORC2 phosphorylation.  AKT is then 
able to phosphorylate a number of key downstream targets. P represents phosphorylation. 

 

Phosphorylation and activation of AKT is a critical node in the insulin signalling pathway as it 

functions as a primary regulator of a number of downstream metabolic signalling targets 

including glycogen synthase kinase-3 (GSK-3), forkhead box O1 (FOXO1), tuberous sclerosis 

complex 2 (TSC2) and AKT substrate 160kDa (AS160).  Phosphorylation of GSK-3 at Ser9 

inactivates the protein thus preventing inhibition of glycogen synthase (GS) and promoting 

the conversion of glucose to glycogen (Cross, et al., 1995).  Activated AKT also phosphorylates 

and inhibits AS160, leaving Rab-GTPase’s free to mediate cytoskeletal organisation and 

participate in GLUT4 translocation to the plasma membrane (Sano, et al., 2003).  

Phosphorylation of TSC2 results in inactivation of this protein reducing mTORC1 pathway 

inhibition and resulting in increased protein synthesis (Harris and Lawrence, 2003).  Finally 
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AKT is also known to phosphorylate FOXO1 causing it to associate with 14-3-3, stopping 

translocation of this transcription factor to the nucleus and preventing transcription of a 

number of gluconeogenic genes (Tran, et al., 2003). 

Figure 1.4 Insulin signalling within key target tissues downstream of AKT/PKB.  The node/pathway 
which the signal may take is tissue-dependent but the key signalling mechanisms are outlined above. 

 

1.1.5 Disorders of insulin secretion and signalling 

Insulin secretion and signalling are tightly regulated as the above signalling cascades 

demonstrate.  The temporal regulation of insulin secretion with concomitant stimulation of 

glucose disposal ensures that glucose levels are maintained within the physiologically 

desirable range of 4-6mmol/L.  As this hormone is of utmost importance for glycaemic control 
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it goes without saying that deregulation of either the secretion or signalling pathway may 

manifest in metabolic disorders with severe homeostatic consequences. To date, a number of 

metabolic disorders with a strong insulin signalling and/or insulin secretory defect have been 

well characterised. 

 

1.1.5.1 Disorders of insulin signalling 

Insulin receptoropathies 

Severe insulin resistance is characterised clinically as the presence of acanthosis nigracans 

and ovarian hyperandrogenism alongside hyperinsulinaemia and aberrant glucose 

homeostasis (Semple, et al., 2011).  To date, mutations within the insulin receptor gene (INSR) 

have been shown to be the most common cause of severe monogenic insulin resistance 

syndromes (Longo, et al., 2002; Suliman, et al., 2009).  The mode of inheritance, coupled with 

the location of the INSR mutation, is often predictive of disease severity with autosomal 

recessive disorders (Donahue and Rabson-Mendenhall syndromes) located towards the 

severe end of the spectrum, whilst autosomal dominant Type A insulin resistance (Type A IR) 

is located towards the milder end (Semple, et al., 2011).  

 

Donohue syndrome was initially discovered in 1954 by Donohue and Uchida following the 

identification of a severe growth retardation phenotype in two sisters born to 

consanguineous parents, originally termed Leprachaunism (Donohue and Uchida, 1954).  The 

subjects were found to exhibit truncated growth from seven months of gestation, elfin 

features, flaring nostrils, enlarged pancreas and premature death (<1 year) (Donohue and 

Uchida, 1954).  An increase in the number of probands diagnosed with the disorder since the 

initial study has seen the phenotype extended to incorporate additional symptoms including 

acanthosis nigracans, hyperinsulinaemia and reduced subcutaneous adipose tissue (Elsas, et 
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al., 1985).  The life-expectancy for subjects with Donohue syndrome is <1 year (Elsas, et al., 

1985; Psiachou, et al., 1993). 

 

Rabson-Mendenhall syndrome was discovered in 1956 following identification of an unusual 

phenotype in three siblings born to consanguineous parents (Rabson and Mendenhall, 1956).  

Subjects showed signs of early dental development, skin abnormalities and severe hirsutism.  

In addition each subject also showed signs of early mental development and upon autopsy 

enlargement of the endocrine pineal gland was found (Rabson and Mendenhall, 1956).  Each 

of the siblings developed insulin resistant diabetes which led to diabetic ketoacidosis and 

premature death (Rabson and Mendenhall, 1956).  As with Donohue syndrome, mutations 

within the INSR gene were also found within these probands, although the majority of 

mutations causing this syndrome are believed to affect intracellular components of the 

insulin receptor, allowing some residual insulin binding to the receptor (Longo, et al., 1994; 

Longo, et al., 1999; Longo, et al., 2002). 

 

In contrast, inheritance of an INSR mutation in an autosomal dominant manner results in a 

markedly less severe insulin resistance phenotype, often termed Type A insulin resistance 

(Type A IR).  This disorder is often diagnosed in peripubertal, lean women in whom 

hyperandrogenism, oligomenorrhoea and acanthosis nigracans are also present (Musso, et al., 

2004). To date around 10-20% of all Type A IR patients have been found to possess 

heterozygous mutations within the intracellular domain of INSR (Semple, et al., 2010).   

 

Severe Insulin Resistance due to Insulin Signalling Gene Mutations 

The observation that only 10-20% of Type A IR patients possess an INSR mutation dictates 

that mutations within additional insulin signalling genes, downstream of the insulin receptor, 

are likely to harbour monogenic insulin resistance mutations (Semple, et al., 2010).  Despite 
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this hypothesis, and increased understanding of the insulin signalling cascade, only a small 

number of mutations have been identified in key downstream signalling genes.  These include 

identification of a heterozygous AKT2 mutation in a family with acanthosis nigracans, 

hyperandrogenism and dyslipidemia (George, et al., 2004) and a heterozygous mutation 

within TBC1D4 (encoding AS160, a key downstream target of AKT) in a severely 

hyperinsulinaemic family (Dash, et al., 2009).  Interestingly, there is one report within the 

literature of a severe digenic form of insulin resistance due to inheritance of heterozygous 

mutations in two insulin signalling genes (Savage, et al., 2002).  Affected family members all 

possessed a heterozygous frameshift mutation in peroxisome proliferator-activated receptor 

gamma (PPARG) and a heterozygous mutation in protein phosphatase 1, regulator (inhibitor) 

subunit 3 (PPPIR3A) (Savage, et al., 2002; Savage, et al., 2008).  PPARG functions as a 

regulator of adipocytes differentiation (Chawla and Lazar, 1994; Tontonoz, et al., 1998) whilst 

PPP1R3A is a regulator of glycogen accumulation in muscle (Savage, et al., 2008).  Family 

members who were heterozygous for only the PPARG or the PPPIR3 mutation all 

demonstrated normal insulin sensitivity, whilst the five individuals who were compound 

heterozygotes demonstrated severe hyperinsulinaemia (Savage, et al., 2002).  This was the 

first and only time a digenic cause of severe insulin resistance has been documented. 

 

Familial Partial Lipodystrophy (FPLD) 

The term FPLD is used to describe a heterogeneous group of lipodystrophies which are all 

inherited in an autosomal dominant manner and characterised by a general lack of 

subcutaneous adipose tissue (Garg, 2004).  As lipids are unable to accumulate in adipose 

tissue, they amass ectopically and within skeletal muscle, leading to insulin resistance and 

subsequent beta-cell dysfunction (Savage, 2009).  Molecular and genetic aspects of the two 

most common forms of FPLD, FPLD2 and FPLD3 have demonstrated that they are caused by 

heterozygous mutations in LMNA and PPARG respectively.  FPLD-LMNA predominantly 
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affects the gluteal and peripheral adipose depots demonstrating modest to severe insulin 

resistance (Jackson, et al., 1997).  FPLD3-PPARG however shows a lack of gluteal and 

peripheral adipose tissue whilst central adipose tissue is preserved and generally enlarged 

(Semple, et al., 2006).  Individuals tend to present with severe insulin resistance as a result of 

lack of PPARγ transcriptional activity and it has been suggested that even the remaining 

adipose tissue in the central areas does not function normally (Savage, et al., 2003; Tan, et al., 

2008). 

 

Polycystic Ovary Syndrome (PCOS) 

Unlike the previous insulin resistance syndromes, PCOS is a relatively common (5-10%) 

neuroendocrine disorder observed in pre-menopausal women (Asuncion, et al., 2000; Azziz, 

et al., 2004).  Although the disorder is relatively heterogeneous, classical hallmarks include 

hyperandrogenism, anovulation and polycystic ovaries, with two of the three symptoms 

resulting in a clinical diagnosis (Azziz, 2006).  In 1980, Burghen et al. identified a positive 

correlation between hyperandrogenism and hyperinsulinaemia in PCOS patients, absent in 

weight matched control subjects (Burghen, et al., 1980).  Most women with PCOS have since 

been shown to have impaired glucose tolerance, reduced insulin sensitivity and to be at 

increased risk of developing T2D (Baptiste, et al., 2010; Dunaif and Thomas, 2001).  A routine 

part of the clinical diagnosis procedure now involves assessment of clinical manifestations of 

the insulin resistance syndrome including waist circumference (>88cm), triglyceride 

(>1.68mmol/L) and fpg (>6.05mmol/L) (Sheehan, 2004).   Although the molecular 

mechanisms are not fully understood, research to date suggests that insulin resistance in 

individuals with PCOS occurs post insulin binding (Diamanti-Kandarakis and Papavassiliou, 

2006; Dunaif, et al., 1995) whilst increased insulin levels directly stimulate androgen release 

from the ovaries (Nelson-Degrave, et al., 2005). 
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1.1.5.2 Disorders of insulin secretion 

Insulinomas 

Insulinomas are tumours derived from the insulin-secreting pancreatic beta-cells.  As a result 

of cellular overgrowth, beta-cells lose their normal stimulation-secretion coupling response 

to glucose, secreting insulin in an excessive and unregulated manner.  Subjects with an 

insulinoma therefore present with hypoglycaemia, elevated fasting insulin and C-peptide 

levels, lethargy and in severe cases may also suffer from seizures or even coma (Abbasakoor, 

et al., 2011).  The optimal treatment is surgical removal of the tumour however in unique 

cases, when this option is unavailable, subjects may respond to diazoxide treatment, a 

potassium channel activator which thus prevents beta-cell membrane depolarisation and 

insulin secretion (Gill, et al., 1997).  In the majority of patients (80-90%), insulinomas are 

benign and solitary and excision is sufficient to return a patients glycaemia to normal (Service, 

et al., 1991) however there are occasions when insulinomas are malignant and form part of 

the autosomal dominant cancer predisposition syndrome, multiple endocrine neoplasia 

Type1 syndrome (White and Doherty, 2008). 

 

Type 1 Diabetes 

Type 1 diabetes (T1D) also occurs as a result of defective insulin secretion, but more 

specifically as a result of auto-immune destruction of the pancreatic beta-cells in genetically 

susceptible individuals (Knip, et al., 2005).  Patients present clinically with classic signs of T1D 

including polyuria, polydipsia, polyphagia, fatigue and weight loss, generally after the age of 6 

months.  One of the earliest signs of auto-immune beta-cell destruction is the presence of 

diabetes-associated auto-antibodies, four of which are routinely tested in at risk or clinically 

presenting subjects (islet auto-antibodies, insulin auto-antibodies [IAAs], tyrosine 

phosphatase-related IA-2 molecule [ICA2] and glutamic acid decarboxylase [GAD] auto-

antibodies).   
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Familial clustering studies have demonstrated the sibling relative risk (λs) for T1D is 15, 

indicating a strong genetic component to this disease (Risch, 1987; Todd, et al., 2007).  Sibling 

relative risk, a measure of familial aggregation, is defined as the risk of suffering from a 

disorder given that one’s sibling is also affected, in comparison to the general population. To 

date the major susceptibility locus, identified through linkage analysis, has been shown to 

map to the HLA class II loci, HLA-DRB1 and HLA-DQB1, on the short arm of chromosome 6 

(p21) (Noble, et al., 1996).  Despite the evident genetic component to the disorder and data 

supporting familial aggregation, studies in monozygotic twins demonstrate only 13-33% 

concordance for T1D, indicating environmental factors are also of importance (Barnett, et al., 

1981; Kaprio, et al., 1992).  To further support this notion approximately 20% of the general 

population carry the T1D HLA-high risk genotype however the lifetime prevalence for T1D is 

only 1%.  The observation that only 5% of all risk allele carriers develop overt diabetes within 

their lifetime points to additional susceptibility factors which have yet to be elucidated (Knip, 

et al., 2005).   
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1.2 Non-insulin dependent diabetes mellitus 

The disorder most commonly associated with defective insulin regulation is non-insulin 

dependent diabetes mellitus.  The term is broadly used to define a heterogeneous group of 

disorders in which insulin regulation of glucose homeostasis is lost, and can be further 

subdivided into two major categories. 1) Type 2 diabetes mellitus, a common, complex 

disorder which occurs as the result of peripheral insulin resistance and beta-cell dysfunction 

and 2) Monogenic forms of beta-cell dysfunction, a heterogeneous group of rare disorders 

which occur as a result of mutations within key beta-cell genes. 

 

1.2.1 Type 2 diabetes (T2D) 

Diagnosis and Treatment of T2D 

The symptoms of T2D are much the same as T1D including increased thirst, urination and 

tiredness.  However, in comparison, the symptoms are far less pronounced and as such the 

disorder may go undiagnosed for a number of years.  Clinical diagnosis is usually made using a 

combination of the subjects fasting glucose value and their response to an oral glucose 

tolerance test (OGTT), as measured by their glucose levels 2 hours post glucose load (75g).  

The World Health Organisation (WHO) suggests that T2D be diagnosed when an individuals 

readings are ≥7mmol/L and ≥11.1mmol/l respectively (WHO, 2006).  They also suggest that 

those individuals with fasting values ≥6.1 - <7.0 mmol/L and those with 2 hour values of ≥7.8 

– <11.1mmol/L be diagnosed with impaired fasting glucose (IFG) and impaired glucose 

tolerance (IGT) respectively (WHO, 2006).  These individuals represent a pre-diabetic 

population who are at a significantly increased risk of developing T2D in the future and are 

therefore often targeted with lifestyle intervention strategies. 

 

Treatment of T2D initially focuses on improvement of insulin sensitivity through weight loss 

and lifestyle changes.  However, in the majority of cases, treatment with an oral 



23 
 

hyperglycaemic agent (OHA), or a combination of these drugs, is also required to reduce 

glucose levels.  Treatment with metformin, an insulin sensitizer, or a thiazolidinedione, a 

PPARγ agonist, may be administered initially.  Metformin binds AMPK and decreases glucose 

output from hepatocytes and has the added benefit of limited weight gain (Kim, et al., 2008; 

Zhou, et al., 2001).  Thiazolidinediones work by altering adipose tissue metabolism although 

weight gain is a side-effect observed in some patients (Fonseca, 2003; O'Moore-Sullivan and 

Prins, 2002; Spiegelman, 1998).  One final class of OHA used to treat patients with T2D are 

sulfonylureas which bind to the SUR1 subunit of KATP, stimulating insulin secretion.   

 

Treatment and medication are closely monitored on a case by case basis by physicians.  

Although only recently accepted as an appropriate marker for the diagnosis of diabetes by 

the WHO, glycated haemoglobin (HbA1c) levels are the benchmark for monitoring a patient’s 

glycaemic control (WHO, 2006).  This assessment mirrors the subject’s plasma glucose levels 

over the past 2-3 months with HbA1c levels ≤6.5% indicating good glycaemic control .  If a 

patient fails to control their HbA1c levels accordingly then a change in treatment strategy 

should be considered. 

 

Insulin Resistance in T2D 

In patients with T2D, loss of glucose homeostasis occurs as a result of an inadequate beta-cell 

response to increased insulin resistance in peripheral tissues (Stumvoll, et al., 2005).  Insulin 

resistance is believed to be caused by both a reduction in glucose disposal within myocytes as 

well as an increase in glucose production from the liver (Dinneen, et al., 1992).  Although its 

onset is complex there is strong evidence to suggest that it is, at least in part, related to the 

effects of physical inactivity and weight gain (Zimmet, et al., 2001).  Both of these factors 

reflect individual lifestyle choices and both, in turn, result in increased fat accumulation 

within adipocytes as well as ectopically.  Accumulation of triglycerides directly within adipose 
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tissue increases the size of the cell and reduces the ability of insulin to inhibit lipolysis (Boden, 

1997; Boden and Shulman, 2002).  As a result, levels of circulating non-esterified fatty acids 

(NEFA) increase, reducing insulin sensitivity in myocytes and increasing gluconeogenesis 

within hepatocytes (Boden, 1997; Boden and Shulman, 2002; Shulman, 2000).  The 

deposition of fat directly within hepatocytes and myocytes is also directly correlated with 

insulin resistance (Bajaj, et al., 2003; Machann, et al., 2004).  Increased adipose tissue mass 

results not only in the release of NEFA, but also leads to an increase in the release of 

inflammatory cytokines (adipokines) such as tumour necrosis factor α (TNFα) (Hotamisligil, et 

al., 1995).  TNFα acts in a paracrine manner to enhance lipolysis, thus further increasing NEFA 

(Boden, 1997; Patton, et al., 1986),  although in addition it has also been found to exhibit its 

own negative effects on insulin sensitivity in skeletal muscle (Plomgaard, et al., 2005).  

Interestingly, levels of an insulin sensitising adipokine, adiponectin, are also reduced when 

NEFA levels are elevated (Goldstein and Scalia, 2004). 

 

Beta-cell dysfunction in T2D 

Pancreatic beta-cells are capable of responding to changes in insulin sensitivity by increasing 

their insulin output, therefore it is widely accepted that an increase in insulin resistance is 

initially compensated by the beta-cells (Stumvoll, et al., 2003).  Progression to T2D occurs 

when the beta-cells can no longer meet the increased demand for insulin.  Many have 

speculated that beta-cell dysfunction in T2D occurs simply as a result of beta-cell exhaustion 

due to prolonged hyperglycaemia, however other studies have since shown that defective 

beta-cell function has a definitive genetic basis (Prokopenko, et al., 2009a; Saxena, et al., 

2007; Scott, et al., 2007; Sladek, et al., 2007; Steinthorsdottir, et al., 2007; Zeggini, et al., 

2007) .   
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Genetics of T2D 

T2D is a complex, multifactorial, polygenic disorder.  Within European populations the 

estimated sibling relative risk (λs) of T2D is 3 (Kobberling and Tillil, 1982).  Despite the well 

documented heritable component, only a handful of genes had been reproducibly associated 

with the disorder prior to 2007, TCF7L2 identified through classical linkage analysis and 

positional candidacy and PPARG and KCNJ11 via the candidate gene screening approach 

(Altshuler, et al., 2000; Gloyn, et al., 2003; Grant, et al., 2006; Kobberling and Tillil, 1982).  

Following the implementation of genome-wide association studies (GWAS), and multi-centre 

data sharing, the number of loci significantly associated with the disorder now lies at >30, 

providing proof of principle that this technique is an important tool for elucidating the 

genetic basis of complex, common disorders (Prokopenko, et al., 2009a; Saxena, et al., 2007; 

Scott, et al., 2007; Sladek, et al., 2007; Steinthorsdottir, et al., 2007; WTCCC, 2007; Zeggini, et 

al., 2008; Zeggini, et al., 2007). 

 

1.2.2 Monogenic disorders of beta-cell dysfunction 

Rare monogenic forms of beta-cell dysfunction are caused by mutations within genes integral 

to beta-cell function.  The disorders are themselves heterogeneous but can be subdivided 

into three major categories, neonatal diabetes mellitus (NDM) (both transient and 

permanent), maturity-onset diabetes of the young (MODY) and hyperinsulinaemic 

hypoglycaemia (HH).  Although monogenic forms of beta-cell dysfunction account for only 1-

2% of non-insulin dependent forms of diabetes (Ledermann, 1995), understanding the 

molecular mechanisms behind their presentation can not only tell us more about the biology 

of the beta-cell but enable improvement in patient care and treatment (Gloyn and Ellard, 

2006).   
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Neonatal diabetes mellitus (NDM)  

Neonatal diabetes is classically referred to as the onset of insulin-requiring diabetes within 

the first six months of life, which can be either permanent or transient (Shield, et al., 1997). 

Patients are distinguished from T1D subjects via their age at diagnosis (<6 months) as well as 

absence of any T1D associated auto-antibodies (Edghill, et al., 2006b; Iafusco, et al., 2002). 

 

 Transient neonatal diabetes (TNDM) accounts for around 50% of all NDM cases (Flanagan, et 

al., 2007), and is so termed due to its remittance in early childhood (within an average of 3 

months) (Mackay and Temple, 2010).  However in as many as 50% of cases, diabetes is found 

to relapse later in life (Metz, et al., 2002; Temple, et al., 2000).  Classical symptoms of TNDM 

include insulin-dependent hyperglycaemia and intra-uterine growth retardation (Diatloff-Zito, 

et al., 2007).  A breakthrough in defining the genetic aetiology of TNDM came from the 

observation that the majority of cases are caused by abnormalities of an imprinted region on 

chromosome 6q24 imprinted region (Temple, et al., 1996).  It is of interest that the 

abnormalities are due to overexpression of genes in the region rather than a loss of function 

(Mackay and Temple, 2010).  More recently, it has also been demonstrated that TNDM can 

be caused by mutations within the genes encoding the beta-cell ATP dependent potassium 

channel (KATP), ABCC8/KCNJ11 (Flanagan, et al., 2007; Gloyn, et al., 2005) and less frequently 

by mutations within HNF1B (Edghill, et al., 2006a) 

 

 As with TNDM, permanent neonatal diabetes mellitus (PNDM) cases present with insulin 

requiring diabetes within the first six months of life (Aguilar-Bryan and Bryan, 2008; Edghill, 

et al., 2006b), although in these cases, the disorder persists past the age of 12 months.  

Classical symptoms also include intrauterine growth retardation, reduced subcutaneous 

adipose tissue and low or undetectable C-peptide levels (Fosel, 1995).  PNDM is a rare 
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disorder affecting approximately 1/260,000 live births (Slingerland, et al., 2009).  The most 

common cause of PNDM are heterozygous activating mutations within KCNJ11 or ABCC8 

(Babenko, et al., 2006; Flanagan, et al., 2006; Flanagan, et al., 2007; Gloyn, et al., 2004; Massa, 

et al., 2005; Sagen, et al., 2004; Vaxillaire, et al., 2004), which collectively account for 

approximately half of all PNDM cases. These mutations may be inherited in an autosomal 

dominant manner however the majority of mutations within these genes have been shown to 

arise de novo (Edghill, et al., 2007; Gloyn, et al., 2004; Slingerland and Hattersley, 2005).   

Mutations located within KCNJ11 reduce the sensitivity of Kir6.2 to ATP, preventing channel 

closure and membrane depolarisation (Gloyn, et al., 2004) whilst mutations located within 

ABCC8 alter sensitivity to Mg-ADP leading to an increase in channel opening and 

hyperpolarisation (Babenko, 2008).  

 

Sulphonylureas have been recognised as an effective anti-hyperglycaemic agent for some 

time due to their ability to bind to pancreatic KATP channels, reducing potassium efflux and 

limiting membrane hyperpolarisation (Eliasson Science 1996).  The identification of PNDM 

mutations within KCNJ11, coupled with elucidation of their molecular mechanism, led to the 

hypothesis that closing of KATP channels via an ATP independent mechanism may be a useful 

strategy for reducing hyperglycaemia in these subjects (Gloyn, et al., 2004; Pearson, et al., 

2006; Sagen, et al., 2004).  A number of patients were therefore transferred from their 

classical therapy of insulin to high-dose sulphonylureas, with many demonstrating a 

significant improvement in glycaemic control (Pearson, et al., 2006).  The same approach has 

since been utilised for patients with ABCC8 PNDM mutations with similar positive benefits 

observed (Rafiq, et al., 2008). 

 

Rare mutations within other key beta-cell genes have also been shown to cause PNDM.  

These include homozygous, or compound heterozygous, mutations within glucokinase (GCK) 
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which are sufficiently inactivating that stimulation of glucose-stimulated insulin secretion 

(GSIS) cannot be reached (Njolstad, et al., 2003; Njolstad, et al., 2001), as well as both 

autosomal dominant and recessive mutations within the insulin gene (INS) itself  (Edghill, et 

al., 2008; Garin, et al., 2010; Stoy, et al., 2007).  A number of other rare causes of syndromic 

PNDM also exist.  For example, mutations within insulin promoter factor 1 (IPF1) cause PNDM 

in association with pancreatic agenesis (Stoffers, et al., 1997b), HNF1B mutations cause 

PNDM in association with polycystic kidneys and pancreatic atrophy (Edghill, et al., 2006a; 

Yorifuji, et al., 2004) whilst Walcott-Rallison syndrome encompasses PNDM and 

spondyloepiphyseal dysplasia and is caused by mutations within the eukaryotic initiation 

factor 2-α kinase 3(EIF2AK3) gene (Senee, et al., 2004). 

 

Maturity-onset diabetes of the young (MODY) 

MODY is used to describe an autosomal dominantly inherited form of diabetes which is non-

insulin dependent and typically presents in early life (<25 years) (Tattersall, 1974).  MODY is 

inherently a disorder of beta-cell function and to date a number of monogenic mutations 

have been identified in key beta-cell genes.  The genetic aetiology dictates disease severity, 

associated complications, clinical features and treatment regimes (Ellard, et al., 2008).   

 

The two most common causes of MODY in the UK arise from mutations in the genes encoding 

glucokinase (GCK) and the hepatocyte nuclear factor 1 homeobox A (HNF1A), collectively 

accounting for approximately 70% of all MODY cases (Ellard, et al., 2008; Frayling, et al., 1997; 

Froguel, et al., 1993; Hattersley, et al., 1992; Yamagata, et al., 1996).  Subjects with HNF1A-

MODY mutations experience a progressive decline in beta-cell function with age leading to 

diabetes in early adulthood (Frayling, et al., 1997).  In early life, mutation carriers are able to 

maintain sufficient insulin secretion to control fasting glucose levels within the physiological 

range however, in response to an oral glucose challenge, they demonstrate a markedly 
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blunted insulin response (Byrne, et al., 1996; Stride, et al., 2002).  As they age and their beta-

cell function declines, so does their regulation of insulin secretion at all glucose 

concentrations (Byrne, et al., 1996).  HNF1A-MODY has historically been misdiagnosed as T1D 

due to the presence of hyperglycaemia in young, lean adults and therefore patients were 

placed on insulin therapy from diagnosis.  The observation that HNF1A lies upstream of the 

KATP channel led to the discovery that HNF1A-MODY patients are sensitive to sulphonylurea 

therapy (Pearson, et al., 2003).  Although treatment with this oral hyperglycaemic agent is 

still  required for life, the benefits of taking one tablet a day, apposed to 2-4 injections, is of 

considerable benefit to the patient (Shepherd and Hattersley, 2004; Shepherd, et al., 2003). 

 

In contrast, GCK-MODY patients experience only mild, stable hyperglycaemia defined by fpg 

levels between 5.5-8mmol/L and a small increment (<3mmol/L) in 2 hour glucose levels as 

determined using an OGTT (Stride, et al., 2002).  This defect in glucose-sensing causes a shift 

to the right on the dose-response curve of GSIS but their maximal insulin secretion is not 

altered (Byrne, et al., 1994).  Patients show minimal reduction in beta-cell function with age 

(Frayling, et al., 2001) and are treated principally by dietary restrictions alone as oral 

hyperglycaemic agents and insulin have little, if any, effect on HbA1c levels (Gill-Carey, et al., 

2007; Stride, et al., 2002).  Individuals with GCK-MODY are often asymptomatic and therefore 

tend to evade clinical diagnosis unless identified during routine testing procedures, such as 

compulsory medical examinations or during pregnancy.  Identification of the precise genetic 

aetiology in these subjects is however of clinical importance and can alter patient 

management strategies.  A mother with a heterozygous GCK activating mutation has a 50% 

chance of passing the mutation to her offspring.  If the foetus inherits the mutation, they also 

inherit a shift in their GSIS threshold, therefore they secrete insulin normally and growth 

persists as normal (Hattersley, et al., 1998; Velho, et al., 2000).  If the foetus does not inherit 

the mutation then their GSIS threshold is lower than their mothers.  They therefore respond 
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to maternal hyperglycaemia by increasing insulin secretion, consequently resulting in 

macrosomia (Spyer, et al., 2001).  If the foetus is showing increased growth in utero, 

indicative of a GCK mutation, then insulin therapy will be required for the duration of the 

pregnancy to manage maternal hyperglycaemia and foetal growth (Spyer, et al., 2001).  This 

is the one instance where therapeutic intervention is required for management of glycaemia 

in GCK-MODY patients. 

  

Although the majority of MODY cases are accounted for by HNF1A and GCK mutations, 

around 30% are caused by mutations within other key beta-cell genes.  These include 

mutations within HNF4A, a transcription factor within the same pathway as HNF1A, which 

therefore results in a similar phenotype (Ellard, et al., 2008).  Rarer forms of MODY occur as a 

result of heterozygous mutations within IPF1 (Stoffers, et al., 1997a), NEUROD1 (Malecki, et 

al., 1999) and INS (Molven, et al., 2008).  Rare mutations also exist within CEL and HNF1B, 

although these cause syndromic diabetes associated with pancreatic exocrine dysfunction 

and renal cysts respectively (Edghill, et al., 2006a; Horikawa, et al., 1997; Raeder, et al., 2006). 

 

Hyperinsulinaemic Hypoglycaemia (HH) 

HH is defined as the inappropriate oversecretion of insulin despite hypoglycaemia.  It affects 

1/37,000 – 1/50,000 (Glaser, et al., 2000) live births every year and its early diagnosis in 

neonates is critical to avoid brain damage due to prolonged hypoglycaemia (Menni, et al., 

2001).  It is a clinically heterogeneous disorder with the most severe cases requiring total 

pancreatectomy.  Typical symptoms include poor feeding, irritability, macrosomia, seizures 

and mild facial dysmorphia in certain cases (Hussain, 2008). 

 

HH may occur transiently or persistently (congenital).  Transient cases usually occur as a 

compensatory mechanism to intra-uterine growth retardation whilst the persistent forms are 
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present from birth and continue into early childhood (Hussain, 2008).  The genetic aetiology 

behind the persistent forms can be further subdivided into two major categories, 

channelopathies, caused by mutations within the KATP channel genes, or metabolopathies, 

caused by mutations within genes which alter the intracellular accumulation of metabolites 

(Hussain, 2008) 

 

Mutations within KATP channel genes, ABCC8 and KCNJ11, are the most common cause of HH 

(De Leon and Stanley, 2007; Thomas, et al., 1996; Thomas, et al., 1995b).  These mutations 

alter the sensitivity of the channel to ATP and ADP, reducing channel activity (Nestorowicz, et 

al., 1997).  Recessive ABCC8/KCNJ11 mutations tend to cause medically unresponsive HH 

(Kapoor, et al., 2011) whilst dominant ABCC8/KCNJ11 mutations generally lead to milder HH 

(Huopio, et al., 2000; Pinney, et al., 2008), although instances have been reported of 

autosomal dominant ABCC8 mutations causing severe medically unresponsive HH (Flanagan, 

et al., 2011).  Histological analysis should be performed on these individuals to determine the 

correct management strategy.  If HH results from a focal lesion of hyperplastic islet cells, the 

likely cause is due to the loss of an imprinted maternal allele at 11p15 alongside a mutation 

of either ABCC8 or KCNJ11 on the paternal allele (Glaser, et al., 1999; Verkarre, et al., 1998).  

Surgery can be targeted to remove these specific lesions from the pancreas to treat the 

disorder.  If HH is diffuse then the KATP channel defect affects beta-cells throughout the entire 

pancreas and may require total pancreatectomy to control hyperinsulinism.   

 

Mutations have also been identified in key pancreatic enzymes including glucokinase (GCK) 

(Glaser, et al., 1998) and glutamate dehydrogenase 1 (GLUD1) (Stanley, et al., 1998).  

Heterozygous activating GCK mutations are a rare cause of HH, which function by lowering 

the threshold for GSIS (Christesen, et al., 2008).  Increased affinity for glucose increases 

glycolysis and subsequent insulin secretion, however these patients benefit from their 
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mutations existing upstream of the KATP channel.  They therefore tend to respond well to 

pharmacological agents such as diazoxide which bind to and open KATP channels, reducing 

insulin secretion (James, et al., 2009).  GLUD1 encodes the intra-mitochondrial enzyme 

glutamate dehydrogenase whose primary function involves the oxidative deamination of 

glutamate to α-ketoglutarate and ammonia (Fahien, et al., 1988).  Activating GLUD1 

mutations have been identified as a cause of the unusual hyperinsulinism and 

hyperammonemia (HI/HA) syndrome in which children present with recurrent hypoglycaemia 

and elevated serum ammonia levels (Stanley, et al., 1998).  Testing of ammonia levels within 

hypoglycaemic subjects may be utilised as a biomarker, with increased ammonia levels highly 

suggestive of a GLUD1 mutation.  Genetic and functional analysis has revealed that the 

majority of GLUD1 mutations fall within the allosteric GTP binding domain (Stanley, et al., 

2000).  These mutations are sufficient to reduce the sensitivity of GLUD1 to GTP inhibition 

leading to activation of the enzyme, elevated glutamate oxidation and insulin secretion 

accompanied by impairment of ammonia detoxification by the liver (Stanley, et al., 1998).  

More recently, autosomal dominant mutations within the monocarboxylate transporter 

(SLC16A1) have been shown to be a rare cause of exercise induced hyperinsulinism 

(Otonkoski, et al., 2007) whilst mutations within 3-hydroxyacyl-CoA dehydrogenase (HADH) 

(Clayton, et al., 2001) and HNF4A (Pearson, et al., 2007) have also been identified in HH 

probands, although the molecular mechanisms behind these later genes are as yet ill defined.  

 

1.2.3 Investigating the genetics of non-insulin dependent diabetes 

Diabetes is creating ever increasing pressures on health systems around the world.  T2D is 

now a disorder reaching epidemic status with the world health organisation predicting 336 

million will be affected by 2030 (WHO, 2011).  This will itself increase the socio-economic 

burden via an increased demand for therapeutic OHA whilst associated micro and 
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macrovascular complications, including diabetic retinopathy, nephropathy, neuropathy and 

cardiovascular disease (Fowler, 2008), will also pose their own burden.  

  

It is therefore of paramount importance to understand the pathophysiology behind these 

disorders.  The observation that each of the subtypes of non-insulin dependent diabetes has 

a clear genetic component is of importance as it provides a practical approach to 

pathophysiology elucidation. Identification of genes associated with the disorders will 

hopefully provide further insight into the biology of pancreatic beta-cells and insulin 

responsive tissues.  In addition, the identification of novel genes, pathways and mechanisms 

of regulation may also lend itself to assisting in the generation of novel therapeutic agents. 
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1.3 Approaches to studying the genetic component of diabetes and related 

metabolic traits 

1.3.1 Candidate gene approach 

In the era preceding the implementation of GWAS, candidate studies were a commonly used 

approach.  It is a hypothesis-driven approach, undertaken as a direct result of the gene’s 

location within a region of disease linkage or because the biological function of the gene fits 

with the disorder in question.  With regards to diabetes, the major successes have come from 

the study of disorders with a Mendelian, early onset mode of inheritance, such as those 

observed in monogenic disorders of beta-cell dysfunction, where in many cases the disease 

and variant are found to co-segregate completely between family members. 

 

One of the earliest linkage scans performed in hyperinsulinaemic hypoglycaemic (HH) families 

identified a region of linkage on chromosome 11p15.1 (Thomas, et al., 1995a).  The gene 

encoding SUR1 (ABCC8), the sulfonylurea receptor, was located within this region of linkage 

and due to its crucial role as a component of the beta-cell KATP channel was considered a likely 

candidate gene.  Sequencing of the gene in affected hypoglycaemic family members 

identified novel causal mutations (Thomas, et al., 1995b).  The beta-cell KATP channel is an 

octameric complex composed of four SUR1 subunits and four inwardly rectifying potassium 

channel subunits, Kir6.2, encoded by the KCNJ11 gene (Shyng and Nichols, 1997).  

Identification of HH causal mutations within the SUR1 subunit naturally led to investigation of 

the Kir6.2 subunit as a candidate for HH mutations (Thomas, et al., 1996).  Mutations within 

genes encoding the KATP channel genes now account for the majority of inherited cases of HH 

and are routinely screened for mutations in affected individuals. 

 

The identification of novel inactivating mutations within these genes cemented their 

importance in maintenance of glucose homeostasis (Thomas, et al., 1996; Thomas, et al., 
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1995b).  The observation that inactivating KATP gene mutations cause monogenic 

hypoglycaemia led a number of other research groups to hypothesise that activating 

mutations may be a novel cause of monogenic hyperglycaemia.  This hypothesis was 

supported by data from a transgenic mouse model which demonstrated that rodents with 

reduced KATP channel sensitivity present with hyperglycaemia and hypoinsulinaemia (Koster, 

et al., 2000).  The observation that KCNJ11 and ABCC8 do harbour rare activating PNDM 

mutations, provided proof of principle that candidate gene screening is of benefit for 

monogenic disorders of beta-cell function (Babenko, et al., 2006; Gloyn, et al., 2004).  The 

observation of both activating and inactivating mutations within the same gene also 

highlighted the importance of common genes and common pathways for this spectrum of 

monogenic beta-cell dysfunction disorders (Babenko, et al., 2006; Gloyn, et al., 2004; Thomas, 

et al., 1995a; Thomas, et al., 1995b).  Success has also been achieved using the above 

approach for other key beta-cell genes including GCK, originally identified via linkage analysis, 

which has since been shown to harbour both inactivating and activating mutations 

responsible for multiple forms of monogenic beta-cell dysfunction (Froguel, et al., 1992; 

Glaser, et al., 2000; Hattersley, et al., 1992; Njolstad, et al., 2001). 

 

Determining the genetic aetiology in patients with monogenic forms of beta-cell dysfunction 

is of utmost importance as it can transform their treatment strategy and clinical management.  

For example, the identification of heterozygous GCK mutations in MODY patients led to the 

observation that insulin therapy has little, if any, benefit for their glycaemic control (Gill-

Carey, et al., 2007).  Since this date the advice has been to remove all GCK-MODY patients 

from insulin therapy instead managing their hyperglycaemia through diet alone (Gill-Carey, et 

al., 2007).  Similarly the observation that activating KCNJ11 mutations are a common cause of 

PNDM saw infants transferred from insulin therapy to high dose sulphonylurea with a 
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concomitant improvement in glycaemic control (Gloyn, et al., 2004; Pearson, et al., 2006; 

Sagen, et al., 2004). 

 

The improvement to a patient’s wellbeing and quality of life, achieved by simply transferring 

from insulin therapy to OHA or diet management, should not be underestimated.  Patients 

with HNF1A-MODY were shown to be responsive to sulphonylureas and subsequently 

transferred from long-standing insulin therapy.  Interviews conducted with patients found 

that their lifestyle and self image improved dramatically with the removal of daily insulin 

injections providing proof of principle that determining the genetic aetiology in these patients 

is of benefit clinically (Shepherd and Hattersley, 2004). 

 

One very real difficulty faced when identifying novel causes of monogenic pancreatic beta-

cell dysfunction is that the vast majority of families, in which a genetic aetiology is unknown, 

are limited in size and therefore statistical power.  This problem has already presented itself 

to researchers interested in elucidating the genetic component of MODY in 23 small affected 

families (Frayling, et al., 2003).  Their approach of combining genome-wide data from all 

families demonstrated a number of chromosomal candidate regions but did not identify one 

clear MODY gene demonstrating that the remaining cases are likely to be heterogeneous 

(Frayling, et al., 2003). 

 

Identification of candidate genes in the future is likely to occur via two main routes.  Firstly, 

our understanding is likely to rely heavily upon our increased understanding of beta-cell 

biology, achieved via additional genetic approaches including genome-wide association 

studies (GWAS).  This non-hypothesis-driven approach to variant detection, although 

primarily utilised to identify variants associated with common traits, such as T2D, is likely to 

identify key beta-cell genes which may act as candidates for monogenic screening.  
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Historically the identification of rare variants of large effect size within key beta-cell genes 

has highlighted them as candidates for harbouring common variants of smaller effect size.  

Using this approach, substantial overlap has been observed between monogenic and related 

complex disorders (Agostini, et al., 2006; Altshuler, et al., 2000; Dupuis, et al., 2010; Froguel, 

et al., 1993; Gloyn, et al., 2004; Gloyn, et al., 2003; Weedon, et al., 2005a; Yamagata, et al., 

1996).  It is thought that in the future, working backwards from common variants may 

produce its own successes in rare variant identification.  The difficulty however, is likely to lie 

in identifying which if any of these genes are biologically plausible and worthy of mutational 

screening.  Secondly, as the field of next generation sequencing moves forwards, exome 

sequencing may be a useful approach to pathogenic variant identitication.  However, as the 

number of novel coding variants identified in this genome screen is likely to be extensive, the 

difficulties will lie in providing evidence of pathogenicity for any identified variant.  Never the 

less, this methodology has already been implemented by some researchers in the field of 

monogenic diabetes, with Bonnefond et al identifying a novel mutation in a patient with 

PNDM, which had been missed by traditional Sanger sequencing (Bonnefond, et al., 2010a). 

 

1.3.2 Genome-wide studies 

Genome-wide linkage studies 

As with candidate gene screening, linkage studies were traditionally used for disease gene 

identification and were particularly successful in identifying causal genes for monogenic 

disorders.  For example glucokinase was identified as the first MODY gene following linkage 

studies in multiple large French pedigrees and in two UK pedigrees (Froguel, et al., 1992; 

Hattersley, et al., 1992).  Similarly the first causal gene for HH was also identified following 

linkage to chromosome 11p14-15.1 in five consanguineous Saudi Arabian families (Thomas, 

et al., 1995a; Thomas, et al., 1995b).    
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The method utilises the presence of highly polymorphic markers (microsatellites) which are 

dispersed throughout the genome.  Genotyping of these markers in large, multi-generation 

pedigrees highlights regions of the genome which co-segregate with the disease in affected 

individuals more commonly than would be expected by chance (Dawn Teare and Barrett, 

2005).   Statistical tests can be applied to the data to generate a LOD score (logarithm [base10] 

of odds) which assesses the likelihood of obtaining the data if the loci are linked, compared to 

the likelihood of obtaining the results purely by chance.  A LOD score of >3 is arbitrarily 

considered evidence for linkage (Dawn Teare and Barrett, 2005; Morton, 1955).   

 

Monogenic disorders of beta-cell function are often clinically well defined and are frequently 

caused by rare, highly penetrant mutations.  They often present in early life which make the 

accumulation of large-scale pedigrees easier, thus increasing power to detect linkage.  This is 

in stark contrast to complex disorders which tend to present later in life, have lower 

heritability, relatively imprecise definitions of phenotype and are both polygenic and 

multifactorial (Hirschhorn and Daly, 2005).  All of these factors decrease the power of linkage 

studies to identify causal regions.  However the accumulation of large-scale data sets, 

including affected sib pairs and multi-generation T2D families, accompanied by the 

availability of whole genome polymorphic markers and improved genotyping technology 

meant these studies could be undertaken for complex T2D.  

 

Although numerous groups performed linkage analysis studies in independent cohorts, no 

single locus was linked to T2D.  Conversely multiple peaks of linkage (LOD>3) were identified 

at a multitude of chromosomal locations including 1q25.3, 2q37.3, 3p24.1, 3q28, 10q26.13, 

12q24.31,and 18p11.22 (Duggirala, et al., 1999; Ehm, et al., 2000; Hanis, et al., 1996; Hanson, 

et al., 1998; Mahtani, et al., 1996; Parker, et al., 2001; Vionnet, et al., 2000).  Linkage to 

chromosome 1q was initially identified in a scan in Pima Indians who are known to have an 
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extremely high incidence of T2D (Hanson, et al., 1998).  Additional evidence for linkage at this 

locus came from a number of other studies performed in American (Elbein, et al., 1999), 

French (Vionnet, et al., 2000) and UK (Wiltshire, et al., 2001) Caucasian subjects.  Coupled 

with the evidence that the equivalent region of the rat chromosome is the major 

susceptibility locus for T2D, made this an extremely interesting region for functional follow-

up (Galli, et al., 1999). Understanding linkage at this region became the basis of an 

international collaborative project ‘Type 2 diabetes 1q consortia’.  The region was found to 

encompass a large number of biologically plausible genes and fine mapping has since been 

performed to elucidate the variant driving the linkage.  Common variant fine mapping failed 

to identify any variants contributing to the signal (Prokopenko, et al., 2009b), whilst 

resequencing of candidate genes within the region including liver pyruvate kinase (PKLR) 

failed to identify any coding variants which could account for the linkage (Wang, et al., 2009).  

Work is still currently ongoing to refine the susceptibility genes at this locus, however this 

acts as a useful example of how genome-wide linkage studies, in some cases, can be utilised 

to identify complex disease susceptibility loci. 

 

Genome-wide association studies  

Completion of the human genome sequence with subsequent identification of its haplotype 

structure, open access to single nucleotide polymorphism (SNP) databases and improved 

quality and reduced cost genotyping methods have allowed association studies to be carried 

out on a genome-wide scale (Gibbs, 2003; Lander, et al., 2001; Sachidanandam, et al., 2001; 

Venter, et al., 2001).  Genome wide association studies (GWAS) are powerful tools for 

researchers interested in studying the genetic component of common diseases or 

quantifiable traits for whom the traditional approaches of linkage analysis and candidate 

gene screening have proved unsuccessful.   
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An association study requires a population for whom phenotypic information is available and 

on whom genotyping of a specific variant can be carried out.  If there is a 

genotype/phenotype correlation there is said to be association between the variant and the 

trait (Hirschhorn and Daly, 2005).  Genome-wide association studies investigate a subset of 

selected SNPs across the whole genome to identify associations between common variants 

and a particular trait or disease.  Due to the high levels of linkage disequilibrium (LD) which 

occur across regions of the genome a minimal number of tagging SNPs from each LD block 

can be selected for genotyping.  The high LD (r2>0.8) of these tagging SNPs with other SNPs in 

the LD block are seen to be informative for the genotype of the non-typed SNPs.  This 

significantly reduces the number of SNPs to genotype and it is thought that genotyping 

500,000 to 1,000,000 SNPs in European populations is sufficient to capture 67-89% of 

common genetic variation (Frazer, et al., 2007). 

 

The selection and genotyping of these carefully chosen, informative tagging SNPs across the 

entire genome provides researchers with an unbiased approach to genetic variation 

detection in thousands of individuals, a prerequisite for the common disease, common 

variant hypothesis (Hirschhorn and Daly, 2005).  Understanding of the genetic component of 

T2D and related traits including fasting plasma glucose, has considerably improved since the 

implementation of genome-wide association studies in 2007. 

 

Review of T2D GWAS to date 

The first wave of GWAS, undertaken in 2007, was largely performed in modest cohorts of T2D 

patients and control chromosomes by independent research groups.  Despite lack of power, 

these studies identified six novel loci reproducibly associated with T2D including CDKAL1, 

HHEX and SLC30A8, providing proof of principle that the method was of benefit for complex 

disease investigation (Saxena, et al., 2007; Scott, et al., 2007; Sladek, et al., 2007; 
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Steinthorsdottir, et al., 2007; WTCCC, 2007; Zeggini, et al., 2007).  Although invaluable in 

pinpointing key T2D-associated regions of the genome, the novel loci were found to account 

for only a modest percentage of the heritability of T2D.   

 

Explanations for this may be attributed to the fact that GWAS are unlikely to capture rarer 

variants of larger effect size or the potential overestimation of heritability; however it could 

also relate to the numbers of cases and controls included within the initial studies, with low 

sample sizes providing limited power to detect common variants of more modest effect sizes.  

To this end, since 2008 there has been a general consensus that combining genetic and 

phenotypic data from multiple centres via meta-analysis is likely to be of benefit. 

 

This belief was held by Zeggini et al. who in 2008 performed a meta-analysis study of three 

previously published case-control studies which were part of the initial wave of T2D GWAS 

(Zeggini, et al., 2008).  The meta-analysis combined data from the Wellcome Trust Case 

Control Consortium (WTCCC), Diabetes Genetics Initiative (DGI) and the Finland-United States 

Investigation of NIDDM Genetics (FUSION) and was referred to as the DIAGRAM (Diabetes 

Genetics Replication and Meta-analysis) consortium (Saxena, et al., 2007; Scott, et al., 2007; 

WTCCC, 2007).  Through combination a significantly larger sample size (4,549 cases and 5,579 

controls) was achieved providing Zeggini et al. with additional power to detect novel loci.  As 

a result the consortium identified 6 novel variants (JAZF1, CDC123-CAMK1D, TSPAN8-LGR5, 

THADA, ADAMTS9, NOTCH2) significantly associated with T2D (Zeggini, et al., 2008). 

 

Review of FPG GWAS to date 

Chronic hyperglycaemia in the fasting state is one criterion which can be used to identify 

individuals with T2D (Genuth, et al., 2003).  Within healthy individuals fasting glucose levels 

are tightly regulated within a small physiological range (4-6mmol/L) and are controlled 
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through complex feedback mechanisms (Mason, et al., 2007; Xiang, et al., 2006).  Despite this 

tight regulation even healthy individuals with fpg levels at the highest end of the physiological 

spectrum (5.6-6mmol/L) are at increased risk of mortality and a linear correlation between 

FPG and coronary heart disease has been shown to extend under the threshold for diabetes 

(Bjornholt, et al., 1999; Coutinho, et al., 1999; Khaw, et al., 2001).  Approximately one third of 

the inter-individual variation in FPG is believed to be heritable (Watanabe, et al., 1999).  The 

causal genes identified to date only account for a small percentage of this heritability 

however it has been demonstrated that they exert their effects predominantly through beta-

cell dysfunction and aberrant glucose-sensing.  It was therefore postulated that the 

assessment of FPG as a quantitative trait in healthy individuals using a GWAS approach may 

not only illustrate variants affecting physiological glucose levels and shed further light on its 

regulation, but may also highlight important genes and pathways implicated in pathological 

variance in glucose levels (T2D). 

 

In 2008 the MAGIC consortium (meta-analysis of glucose and insulin related traits consortium) 

was established as a collaborative effort to combine data from multiple GWAS with the aims 

of identifying novel variants associated with fasting glucose and related metabolic traits in 

the healthy, non-diabetic population (Prokopenko, et al., 2009a).  Data regarding fasting 

glucose levels initially came from four individual consortia, the European Network for Genetic 

and Genomic Epidemiology [ENGAGE], Genetics of Energy Metabolism [GEM], DFS [DGI, 

FUSION and SardiNIA] and Framingham Heart Study [FHS].  A meta-analysis of all individual 

GWA studies identified the three strongest association signals as mapping close to G6PC2, 

GCK and MTNR1B, the latter of which was a previously unknown FPG locus (Prokopenko, et 

al., 2009a).  Replication analysis has since shown the G allele at SNP rs10830963, mapping 

within an intron of MTNR1B, has an effect size of 0.07mmol/L and is also associated with 
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increased risk of T2D, demonstrating that the search for variants affecting quantitative traits 

can aid in the identification of novel disease loci (Dupuis, et al., 2010). 

 

The future of GWAS for T2D and related traits 

Identification of additional variants associated with T2D or fpg therefore seems to lie in the 

amalgamation of larger data sets of cases and controls via meta-analysis, providing additional 

power to detect common variants of more modest effect size.  Although this increased power 

is likely to be of significant benefit, diabetes scientists will still be faced with the difficulty of 

refining these association signals, identifying the true causal variant and translating these 

variants into molecular mechanisms.   

 

One approach to aiding signal refinement may come from the incorporation of 

complementary biological methods into the GWAS.  These may take the form of expression 

quantitative trait loci (eQTL) studies, whereby novel SNPs are tested for association with 

transcript levels to determine which if any of the genes in the associated loci are likely to be 

driving the observed phenotype.  Alternatively, the statisticians may benefit from information 

gleaned from transcript expression profiling within metabolically relevant tissues.  This is 

likely to be of particular use when an associated loci contains multiple genes or when the 

signal maps to a gene of unknown biological function.  For the study of T2D and related 

quantitative traits, expression profiling would need to take place within metabolically 

relevant human tissues where possible, including adipose tissue, liver, muscle, pancreas, 

islets and if available insulin-secreting beta-cells. 

 

1.3.3 Insights into glucose homeostasis from mouse models 

Our understanding of diabetes and its related traits have been enhanced through lessons 

learnt from the study of mouse models.  In a laboratory in Maine in 1950, researchers 
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observed sporadic obesity in a subset of their mouse stock (Ingalls, et al., 1950).  Affected 

animals demonstrated severe obesity by the age of 4-6 weeks and cross-breeding 

demonstrated this to be a recessive trait (Ingalls, et al., 1950).  Although researchers knew 

little of the gene involved or the mechanisms responsible they referred to this novel gene as 

obese, ob. 

 

This was the first example of a single gene mutation causing an obesity phenotype, however 

it was not until 1994 that positional cloning of the ob gene was performed (Zhang, et al., 

1994).  The study of ob mice demonstrated that the ob gene encoded an adipose tissue-

specific mRNA, the translated product of which is secreted from this tissue (Zhang, et al., 

1994).  The protein encoded by this gene has since been named leptin.  In the years following 

its discovery, the mechanistic action of leptin was shown to act through binding and signalling 

via hypothalamic receptors to suppress appetite, whilst leptin therapy in ob/ob mice was 

found to be beneficial in correcting their metabolic disturbances (Campfield, et al., 1995; 

Halaas, et al., 1995; Maffei, et al., 1995; Vaisse, et al., 1996).  However, at this point, there 

was no evidence that mutations in the human leptin gene could cause obesity in humans. 

 

In 1997, Montague et al. studied two cousins with severe early-onset obesity from a highly 

consanguineous family of Pakistani origin, in whom karyotype analysis was shown to be 

normal.  DNA sequencing of the leptin gene however, identified the presence of a frameshift 

mutation resulting in generation of a premature stop codon in both affected individuals, with 

concomitant lack of leptin secretion (Montague, et al., 1997).  The mutation was present in all 

four parents in the heterozygous state and homozygous in both probands confirming that this 

was a recessive trait.  This was the first observation that mutations within the leptin gene 

caused the same phenotype in man as observed in rodents and confirmed the importance of 

leptin in maintenance of human energy balance. 
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Since this discovery a number of other patients have been identified carrying the same leptin 

mutation alongside a large Turkish family who possess a distinct leptin mutation (Farooqi, et 

al., 2002; Gibson, et al., 2004; Strobel, et al., 1998).  Regardless of their specific mutation, all 

patients present with strikingly similar phenotypes.  They demonstrate normal weight at birth 

followed by rapid weight gain within the first months of life, with adipose deposition within 

the subcutaneous adipose tissue predominantly on the trunk and limbs (Farooqi, et al., 2002).  

Affected individuals also present with excessive hyperphagia, food seeking behaviour and are 

often aggressive if food is unavailable.  As a consequence of severe obesity, 

hyperinsulinaemia is also common (Farooqi, et al., 2002).  Leptin therapy has since been 

utilised in these leptin deficient probands with dramatic effects on weight loss.  Daily 

injections in affected individuals dramatically reduced hyperphagia and hunger scores 

(Farooqi, et al., 1999; Farooqi, et al., 2002).  Leptin identification, mutational analysis and 

subsequent therapeutic use therefore provides a succinct example of how studying mouse 

models of a disorder is able to lead to advancements in our understanding, and subsequently 

aid in the treatment, of humans with related disorders. 

 

Due to the complex, polygenic nature, of T2D many researchers have tried to establish inbred 

mouse models recapitulating many of the hallmarks of the disorder.  The hope is that genetic 

analysis in these models may be used as a complementary tool to further our understanding 

of the human disorder.  Although many of the models generated to date provide weak 

correlation with, and translation to, human forms of the disease, there are notable 

exceptions where our understanding of T2D has been aided through information gleaned 

from these animals.  
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One such model is the Goto-Kakizaki (GK) rat which was originally developed in Japan in 1976 

via the cross-breeding on Wistar rats with mild glucose intolerance (Goto, et al., 1976).  This 

spontaneous non-insulin dependent diabetic animal, demonstrating impaired insulin 

secretion, fasting hyperglycaemia and insulin resistance, is used routinely as a model for T2D 

(Goto, et al., 1976).  The major T2D susceptibility locus in the GK rat has been mapped to a 

52Mb locus on chromosome 1 (Galli, et al., 1999), which interestingly corresponds to the 

syntenic region of the human genome highlighted as a T2D susceptibility  loci through linkage 

analysis (Hanson, et al., 1998).  This locus within the GK rat was refined to identify a 16Mb 

segment which conferred susceptibility to impaired insulin secretion without defective insulin 

signalling (Lin, et al., 2001) whilst further analysis demonstrated a 1.4Mb region associated 

with aberrant beta-cell exocytosis (Granhall, et al., 2006; Rosengren, et al., 2010).  

Researchers interested in understanding the genetic component of polygenic beta-cell 

dysfunction believed that identification of the causal variant at this locus in rodents may also 

provide a useful locus for investigation in humans. 

 

The 1.4Mb locus on rodent chromosome 1 was found to encompass five genes of which 

Adra2a, encoding the alpha2a-adrenergic receptor [alpha(2A)AR], was considered the most 

biologically plausible (Rosengren, et al., 2010).  Alpha(2A)AR suppresses insulin secretion via 

an adrenaline mediated mechanism.  Whilst Adra2a knockout models have been shown to 

exhibit hyperinsulinaemia (Fagerholm, et al., 2004), this was the first study which highlighted 

a role for the receptor in the pathogenesis of diabetes.  The authors postulated that naturally 

occurring variants within Adra2a may result in increased alpha(2a)AR expression thus 

contributing to reduced beta-cell exocytosis.  Expression analysis showed that Adra2a mRNA 

levels were increased by 59% in the pancreatic islets of their GK rat strain, with a 90% 

increase in receptor expression (Rosengren, et al., 2010).  siRNA-mediated knockdown of the 

receptor rescued insulin secretion in these animals (Rosengren, et al., 2010). 
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Translating their findings into human studies, the authors genotyped common SNPs within 

ADRA2A in a cohort of patients for whom information on insulin secretion and fasting 

glycaemic traits was readily available (Rosengren, et al., 2010).  They observed significant 

association of a SNP within the 3’UTR of ADRA2A with increased ADRA2A islet mRNA and 

protein expression, reduced insulin levels, reduced insulin secretion and increased risk of T2D 

(Rosengren, et al., 2010).  Their findings have since been replicated by an independent study 

in over 50,000 individuals, confirming association between common ADRA2A variants and 

elevated fasting plasma glucose and increased T2D susceptibility (Dupuis, et al., 2010).  

 

This work provides a useful example of how the study of rodent models of a disorder can be 

of benefit to our understanding of complex, polygenic disorders.  In the future, the utilisation 

of mouse models and information gleaned from these studies is likely to be of considerable 

importance, especially for those disorders in which the traditional genetic approaches (i.e. 

GWAS) have been of little benefit.  As it currently stands, our understanding of the genetics 

of insulin resistance, a major component of T2D, is limited even after the implementation of 

GWAS.  Mouse models generated to study specific components of the insulin signalling 

pathway may help to further our understanding of the specific regulation of this important 

pathway. 

 

1.3.4 Thesis Aims 

The above examples demonstrate the success of using a multidisciplinary approach to 

investigate the genetic component of diabetes and related complications.  The aims of my 

thesis were therefore to use a combination of techniques and approaches to further our 

understanding of the genetics of diabetes and related traits. 
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More specifically, I aimed to use data generated from recent GWAS for T2D and related 

quantitative traits to select biologically plausible candidate genes for mutational screening 

within cohorts of patients with monogenic forms of beta-cell dysfunction.  I performed 

transcript profiling within human islets and beta-cells as a tool to aid in the refinement of 

novel T2D and fpg association signals, additionally highlighting the difficulties faced in 

following up these signals by studying one chosen variant in a physiologically relevant system.  

Finally I followed up data generated from mouse models to assess the effects of phosphatase 

and tensin homologue deleted on chromosome ten (PTEN) in the regulation of human insulin 

signalling in patients with T2D. 
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2.1 Subjects studied 

2.1.1 Patient cohorts – Monogenic disorders of beta-cell dysfunction 

Patients with monogenic disorders of beta-cell function were identified through existing 

collaborations with consultant molecular geneticists and clinicians at Peninsula Medical 

School, Exeter (Dr Sian Ellard) and Great Ormond Street Children’s Hospital, London (Dr 

Khalid Hussain).  Classification into monogenic subtypes was provided by clinicians based 

upon the patient’s clinical phenotype and providing they met specific inclusion criteria 

detailed further in Chapters 5.  DNA from maturity-onset diabetes of the young (MODY), 

permanent neonatal diabetes mellitus (PNDM) and hyperinsulinaemic hypoglycaemia (HH) 

cases were stored and screened at Peninsula Medical School, Exeter.  Further details on these 

individuals are provided in Chapter 5.  DNA from patients with glucokinase-like MODY were 

stored and screened at the Oxford Centre for Diabetes, Endocrinology and Metabolism. 

 

Glucokinase (GCK) like-MODY  

Forty two patients were identified who presented with a GCK-like MODY phenotype but in 

whom mutation screening of the GCK gene was found to be negative.  The mean age of 

diagnosis of these individuals was 17 years [range 1-29] with all individuals presenting with 

FPG≥5.5mmol/l (mean 6.6mmol/l [range 5.5-7.8mmol/L]) and with detectable C peptide 

levels.  The average BMI of the cohort was 23.6 kg/m2 (range 14.4-40 kg/m2).  In the majority 

of cases (27/42) the disorder was managed through diet alone however five individuals 

required treatment with oral hyperglycaemic agents (OHA) whilst the remaining eight were 

treated by insulin therapy. 

 

2.1.2 Human tissue samples – MOLPAGE surgical collection (MolSURG) 

MOLPAGE (molecular phenotyping to accelerate genomic epidemiology) was a 4 year 

European Union funded initiative co-ordinated from Oxford University by Professors John Bell 
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and Mark McCarthy.  The primary aim of the project was to identify biomarkers which may 

highlight individuals on a trajectory to develop diabetes and vascular disease using a range of 

genomic, proteomic and metabonomic techniques.  One component of the project 

undertaken at the Oxford Radcliffe Hospitals (MolSURG) focused primarily on the collection 

of solid tissue samples and blood from research participants undergoing elective surgery.  

Alongside a detailed extensive database of phenotypic data collating details on patient’s 

medical history, diabetic status, anthropometric measurements, full blood chemistry, C-

reactive protein and lipid profiles, tissue biopsy aliquots could be utilised for method 

development and biomarker discovery with additional replica aliquots stored for other 

research programmes within the consortium.   

 

The nature of the collection programme ensured that at the end of the study a significant 

proportion of the patients recruited (20/110) were classed as having type 2 diabetes (T2D).  

Collection of tissue from these individuals in such quantities is rare for research purposes and 

a request for access to the resource was granted to study the expression of PTEN in the 

adipose tissue and muscle of these individuals.  T2D patients were only selected if 

subcutaneous, visceral adipose tissue and muscle were available, reducing the numbers to 17.  

Extensive collection of additional phenotypic data ensured that the database could then be 

trawled to identify age, gender and BMI matched control subjects from the remaining 90 

normoglycaemic participants.  Individuals were classed as ‘normoglycaemic’ if they were self-

reporting non-diabetic and with fpg and/or HbA1c ≤7mmol/L and 6.5% respectively.  HbA1c 

was considered a more sound method for evaluating diabetic status as it represents a 

measure of glucose exposure over a period of three months.  Physiological stress of surgery 

was considered a variable which may have affected patients fasting plasma glucose values.  A 

summary of the 34 individuals (17 pairs) used for PTEN expression analysis is provided in 

Table 2.1. 
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MolSURG 

ID 

Diabetic 

Status 

Age at Collection 

(years) 

Gender BMI 

(kg/m
2
) 

Family history of 

diabetes 

Fasting Glucose 

(mmol/L) 

HbA1C 

(%) 

Treatment Regime 

OXO298 Diabetic 62 Male 24.2 No 14.2 14 Gliclazide, Metformin 

OXO271 Non-Diabetic 62 Male 24.1 No 5.4 NA - 

OXO412 Diabetic 64 Female 24.1 No 7.4 6.8 None 

OX1759 Non-Diabetic 65 Female 22.3 No 5.2 4.9 - 

OXO713 Diabetic 61 Female 30.4 No 10.1 7.3 Metformin 

OXO409 Non-Diabetic 61 Female 30.8 No 6.6 NA - 

OXO714 Diabetic 72 Male 38.3 No 13.8 10.9 Metformin 

OXO716 Non-Diabetic 71 Male 29.9 No 5.0 5.4 - 

OXO720 Diabetic 74 Female 24.1 Yes (paternal) 4.6 6.8 Gliclazide 

OXO719 Non-Diabetic 72 Female 22.2 No 7.0 5.9 - 

OXO722 Diabetic 69 Male 32.3 Yes (paternal) 11.9 8.1 Novorapid, Lantus, Metformin 

OXO399 Non-Diabetic 71 Male 32.2 No 7.8 6.0 - 

OXO723 Diabetic 25 Female 19.3 Yes (maternal) 6.2 6.1 Novorapid, Lantus, Metformin 

OX1764 Non-Diabetic 33 Female 19.1 No 5.3 5.1 - 

OXO921 Diabetic 72 Female 19.4 Yes (maternal) 13.5 9.8 Mixtard 

OX1752 Non-Diabetic 76 Female 21.3 No 5.6 5.4 - 

OXO923 Diabetic 71 Female 23.8 No 5.2 7.0 Rosiglitazone, Metformin 

OX1780 Non-Diabetic 68 Female 23.7 Yes 4.8 5.4 - 

OXO927 Diabetic 45 Male 30.8 Yes (paternal) 20.7 7.4 Metformin 

OXO936 Non-Diabetic 48 Male 30.3 Yes (maternal) 6.6 5.7 - 
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MolSURG 

ID 

Diabetic 

Status 

Age at Collection 

(years) 

Gender BMI 

(kg/m
2
) 

Family history of 

diabetes 

Fasting Glucose 

(mmol/L) 

HbA1C 

(%) 

Treatment Regime 

OXO930 Diabetic 56 Male 30.7 No 7.9 7.5 Insulin 

OXO730 Non-Diabetic 58 Male 31.1 No 8.2 5.5 - 

OXO935 Diabetic 63 Male 30.3 Yes 7.6 7.8 Insulin 

OXO727 Non-Diabetic 61 Male 31.4 No 5.6 4.8 - 

OXO940 Diabetic 67 Female 24.8 No 8.9 6.0 Gliclazide 

OXO396 Non-Diabetic 70 Female 27.5 No 7.9 NA - 

OXO944 Diabetic 67 Male 36.6 Yes 6.4 6.3 Metformin 

OXO947 Non-Diabetic 62 Male 33.7 No 6.6 5.3 - 

OXO945 Diabetic 40 Male  22.1 No 6.0 8.9 Gliclazide 

OXO933 Non-Diabetic 42 Male 21.3 No 7.3 5.6 - 

OX1751 Diabetic 45 Female 38.1 No 16.6 10.8 Metformin, Pioglitazone 

OXO929 Non-Diabetic 44 Female 38 Yes (paternal) 4.5 5.5 - 

OX1762 Diabetic 74 Male 32.5 No 11.1 6.6 Metformin, Glibenclamide 

OX1765 Non-Diabetic 73 Male 32.5 No 6.0 5.7 - 

Table 2.1 Seventeen patients with diabetes were individually matched on the basis of age, gender and BMI to 17 normoglycaemic controls.  Physiological data 
including fasting plasmas glucose, HbA1C and medication were available for most subjects.  Patients were considered normoglycaemic if FPG≤7mmol/L and/or 
HbA1C ≤6.5%, with HbA1C considered the more reliable measure.  No normoglycaemic individuals were receiving anti-diabetic therapies.  NA= not available 
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2.2 Genomic DNA amplification 

2.2.1 Primer design 

DNA sequences of novel candidate genes were identified using UCSC genome browser 

(http://genome.ucsc.edu/) (Kent, et al., 2002).  Primers for DNA amplification were designed 

using Primer 3 software (frodo.wi.mit.edu) (Rozen and Skaletsky, 2000) ensuring coverage of 

all coding regions, intron/exon boundaries, 5’ and 3’ untranslated regions (UTRs) and a 

minimal region of the promoter (<1000bp).  Primer pairs were selected on the basis of their 

length (18-27 bp), size of amplicon generated (300-700bp), melting temperature (57˚C-63˚C), 

guanine/cytosine (GC) content (40-60%) and were automatically excluded from consideration 

if they were found to span a single nucleotide polymorphism (SNP).  Universal M13 tags (F-

tgtaaaacgacggccagt, R-caggaaacagctatgacc) were added for sequencing ease where possible.  

Specific primer pairs designed for amplification of G6PC2 are provided in Chapter 5. 

 

2.2.2 Polymerase chain reaction (PCR) components & cycling conditions 

Polymerase Chain Reaction (PCR) was used to exponentially amplify fragments of genomic 

DNA providing sufficient quantity to perform dye-terminator DNA sequencing.  Standardised 

in-house PCR conditions were used for amplification of all gene segments where possible 

utilising the hot-start properties of AmpliTaq Gold.  40ng of patient DNA was amplified in 25µl 

reaction volumes comprising 10X PCR Buffer II, 25mM Magnesium Chloride (Applied 

Biosystems, Warrington, UK), 8mM deoxynucleoside triphosphates (dNTPs) (Promega, 

Southampton, UK), 5pM forward and reverse primers (Operon, Ebersberg, Germany), 0.1U 

AmpliTaq Gold (Applied Biosystems, Warrington, UK) and sterile water (see Table 2.2 for 

specific volumes). Samples were denatured at 95°C for 12 minutes followed by 35 cycles of 

94°C: 1 minute, specific primer annealing temperature: 1 minute, 72°: 1 minute and a final 10 

minute elongation step at 72°C.  Samples were stored at -20°C until required.  Where 
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deviation from the standard cycling conditions was required for successful amplification, 

further details are provided in the specific chapter methodology. 

PCR component Volume 

10X  PCR Buffer II 2.5μl 

25mM Magnesium Chloride 1.5μl 

8 mM dNTPs 1μl 

5pM Forward Primer 1μl 

5pM Reverse Primer 1μl 

Amplitaq Gold  0.1μl 

Distilled water 15.9μl 

DNA (20ng/μl) 2μl 

Table 2.2  PCR reagents and volumes to be used in standard 25μl reaction volumes. 

 

2.2.3 PCR product size validation using agarose gel electrophoresis 

2% agarose gels were generated by dissolving 3g agarose (Sigma Aldrich, Gillingham, UK) in 

150ml 1X Tris/Borate/EDTA (TBE) (NBS Biologicals, Huntingdon, UK).  4µl of the intercalating 

agent Ethidium Bromide (Sigma Aldrich, Gillingham, UK) was added to the gel prior to 

solidification.  PCR products were mixed in equal quantities (v/v) with sample loading buffer 

Orange G (4g sucrose in 10ml dH20 and 20mg Orange G [Sigma Aldrich, Gillingham, UK]) and 

10µl loaded into wells of the pre-poured gel.  Samples were run at 120V for 40 minutes 

alongside a 100bp ladder (New England BioLabs, Hitchin, UK) to ensure amplicons were the 

correct size.  Gels were visualised using Ultra Violet (UV) technology on a Gel Doc illuminator 

system (BioRad, Hemel Hempstead, UK). 
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2.3 DNA Sequencing 

DNA sequencing was performed bi-directionally for all samples using dye-termination 

methodology (Smith, et al., 1986).  1μl of PCR product was added to 0.5µl Exonuclease I (New 

England Biolabs, Hitchin, UK) and 0.5µl Shrimp Alkaline Phosphatase (Promega, Southampton, 

UK).  Reactions were heated to 37°C for 30 minutes allowing enzymes to remove residual PCR 

contaminants, before a final 15 minute heat shock of 80°C to denature the enzymes.  Samples 

were sequenced using Big Dye Terminator Sequencing Mix v1.1 (0.25μl) containing 

fluorescently labelled dideoxy nucleoside triphosphates (ddNTPs). Big Dye Dilution Buffer 

(1.875μl) (Applied Biosystems, Warrington, UK), 5µM M13 sequencing primers (2μl) [F-

tgtaaaacgacggccagt, R-caggaaacagctatgacc] (Operon, Ebersberg, Germany) and sterile water 

(3.875μl) were also added.    

 

All samples were amplified using 25 cycles of: 96°C: 10 seconds, 50°C: 5 seconds and 60°C: 4 

minutes.  Sequencing products were centrifuged at 1000xg for 2 minutes and 5µl deionised 

water added to each well.  Samples were transferred to wells of a 96well Performa DTR V3 

short clean up plate (VH Bio, Gateshead, UK) before centrifugation at 850xg for 5 minutes.  

Eluants were collected in a clean 96 well non-skirted PCR plate (ThermoScientific, 

Cramlington, UK) and dried down at 70°C for 90 minutes.  Samples were run on an ABI3730xl 

capillary sequencer (Applied Biosystems, Warrington, UK) at the Department of Zoology, 

Oxford University.  Fluorescence emitted by ddNTPs was detected, converted to a digital 

output ab1 file and sample read outs analysed against genomic reference sequences using 

Mutation Surveyor v3.4 (Soft genetics, Cambridge, UK).  Further details are provided in 

Chapter 5. 
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2.4 RNA Extraction 

2.4.1 Human islet processing and storage for RNA extraction 

Human islets were available through collaboration with Professor Paul Johnson and the 

Oxford Centre for Islet Transplantation (OXCIT).  Islets cells in suspension were transferred to 

a 15ml centrifuge tube before centrifugation at 300rpm for 3 minutes (4˚C) to pellet.  

Suspension media was removed and 1X phosphate buffered saline (PBS) (Sigma Aldrich, 

Gillingham, UK) added to sufficiently cover the pellet.  Islets were centrifuged at 300rpm for 

an additional 3 minutes before an additional two washes in 1X PBS were performed.  

Following the final wash, islets were fully re-suspended in 5 volumes of RNAlater® (Applied 

Biosystems, Warrington, UK) to prevent RNA degradation.  Samples were kept at 4˚C for 24 

hours before transferring to -80˚C for long term storage. 

 

2.4.2 RNA extraction from human islets using the phenol-chloroform methodology  

RNA extraction was performed using the guanidinium-thiocyanate-phenol-chloroform 

extraction method originally described in 1987 (Chomczynski and Sacchi, 1987) based on its 

sensitivity and ability to purify small RNAs (<200 nucleotides).  RNAlater® preserved islets 

were thawed on ice before centrifugation at 600rpm for 3 minutes (4˚C) to pellet the cells.  If 

RNAlater® appeared viscous an equal volume of 1X PBS was added to dilute the solution 

allowing pellet formation.  After removal of RNAlater®, 1 ml TRIZOL (Applied Biosystems, 

Warrington, UK) was added to the cells.  To ensure rapid inhibition of RNase activity, cells 

were lysed immediately by gently passing the solution ten times through a 20 gauge needle 

(Becton Dickinson, Oxford, UK).  Following 10 minute incubation at room temperature, 

lysates were transferred to clean 1.5ml RNase-free centrifuge tubes (Applied Biosystems, 

Warrington, UK) with 200µl chloroform (FisherScientific, Loughborough, UK).  Tubes were 

shaken vigorously for 15 seconds to begin organic and aqueous phase separation and 

incubated at room temperature for 5 minutes before centrifugation at 12,000xg for 10 
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minutes (4˚C).  After this time, phase separation was evident with a pink organic phenol 

phase at the base of the tube, DNA present in the white interphase and RNA present in the 

aqueous phase at the top of the tube.  The aqueous phase was transferred to a clean 1.5ml 

RNase-free tube and 500μl isopropanol (FisherScientific, Loughborough, UK) added to 

precipitate out RNA.  After inversion of the tube and 5 minute room temperature incubation, 

the solution was stored overnight at -20˚C.  The following day RNA/isopropanol fractions 

were centrifuged at 12,000xg for 50 minutes (4˚C) to pellet the RNA.  If a pellet was not 

visible after this time the samples were span for an additional 30 minutes at the same force 

and temperature.  Isopropanol was carefully removed ensuring the pellet was not dislodged 

and 1ml 75% ethanol (Sigma Aldrich, Gillingham, UK) added to wash the pellet.  After 

centrifugation at 12,000xg for 30 minutes the same procedure was repeated with 1ml fresh 

ethanol.  The final ethanol wash was removed and the RNA pellet allowed to air dry for 10 

minutes before resuspension in 20µl RNase-free water (Ambion, Warrington, UK). 

 

2.4.3 Human tissue biopsy processing and storage for RNA extraction 

Human tissues used for the duration of the project were either obtained from patients 

undergoing elective surgery or through voluntary adipose tissue biopsies in study subjects.  In 

all cases written consent was obtained from the patients.  Samples obtained through surgery 

were provided by collaborating surgeons and handed directly to a research nurse within 

theatre.  Samples were immediately washed in saline solution and dissected into smaller 

aliquots using a scalpel.  Samples were placed directly into aluminium foil before snap 

freezing in a dewar of liquid nitrogen.  Samples were then placed into labelled Cryovials 

(AlphaLabs, Hampshire, UK) before transferring to long term storage in liquid nitrogen tanks 

at OCDEM.  Samples obtained through voluntary adipose tissue biopsies were collected by 

research nurses within the clinical research unit, OCDEM.  Gluteal and abdominal biopsies 

were taken from the same individual following anesthetising of the biopsy site with 50mg 
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lignocaine.  Biopsies were washed using saline solution before sectioning into 200mg aliquots 

and snap freezing using liquid nitrogen.  

 

2.4.4 RNA extraction from human tissue biopsies using phenol-chloroform 

extraction methodology 

Samples were removed from liquid nitrogen and rapidly dissected on dry ice before 

transferring to 2ml eppendorf tubes with a ball bearing and 1ml TRIZOL per 100mg tissue.   

Tissues were homogenised for 5 minutes on the highest frequency of a Retsch free standing 

homogeniser (Retsch UK, Leeds, UK) to ensure total tissue ablation.  Lysate was transferred to 

a clean 1.5ml RNase-free tube and centrifuged at 12,000xg for 20 minutes (4˚C) to remove 

any insoluble fragments and lipids.  Supernatant was removed through the lipid layer into a 

clean 1.5ml RNase-free tube with 200µl chloroform.  From this stage onwards the RNA 

extraction protocol for human tissue biopsies followed the guanidinium-thiocyanate-phenol-

chloroform protocol as outlined above for human islets (2.4.2). 
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2.5 RNA Quality Determination 

Assessment of RNA quality was performed using a combination of spectrophotometric 

determination of RNA purity and Agilent BioAnalyser analysis of RNA integrity. 

 

2.5.1 RNA purity testing using spectrophotometric NanoDrop™ technology 

A ThermoScientific NanoDrop™ spectrophotometer was used to assess RNA purity.  After 

setting the equipment to measure RNA using the RNA-40 programme, 1μl of nuclease free 

water was added to the pedestal to blank the spectrophotometer.  1μl of each sample was 

added sequentially to the arm of the pedestal to determine the concentration of the sample 

and assess purity through 260/280 and 260 /230 ratios.  RNA was classified as pure if 260/280 

ratio’s were greater than 2 and if 260/230 values fell between 2 – 2.2. 

 

2.5.2 RNA integrity determination using Agilent Bioanalyser technology 

RNA integrity was determined using a total eukaryotic RNA 6000 nano kit (Agilent, 

Wokingham, UK).  The chip priming station and BioAnalyser were set up according to 

manufacturer’s instructions.  Prior to analysis gel solutions were prepared through filtration 

in a spin column at 1500xg for 10 minutes and 65μl aliquots generated in labelled RNase free 

tubes.  Aliquots were stable at 4°C for up to four weeks after the filtration date.  To perform 

the analysis 1μl of RNA 6000 Nano dye concentrate was added to a 65μl aliquot of gel matrix.  

After centrifugation at 13,000xg for 10 minutes, 9μl was added to well 12 (G) of the RNA chip.  

The chip priming station was locked for 30 seconds to allow the gel to disperse throughout 

the chip before 9ul of gel-dye mix was added to positions 4 and 8 of the chip.  5μl of marker 

was added to all other wells of the chip along with 1μl of sample in wells 1 – 11 and 1μl of 

RNA 6000 ladder into well 16.  The chip was vortexed at 2400rpm for 1 minute before placing 

on the BioAnalyser.  Samples were drawn sequentially through micro-channels of the chip 

where they were injected into the separation column.  RNA’s were separated on the basis of 
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size and detected after passing through a laser and emitting fluorescence.  RNA integrity was 

calculated using a computer derived algorithm presented as RIN scores with RIN scores >5.5 

deemed acceptable. 

 

Figure 2.1 RNA integrity testing as performed by the Agilent Bioanalyser.  The first trace is produced 
from good quality RNA generating a RIN score of 8.1 with strong identifiable peaks illustrating 
ribosomal 18S and 28S peaks.  The trace on the right is from a sample which has experienced 
considerable degradation generating a RIN score of only 2.3.  Identifiable peaks are no longer present 
and RNA would not be considered unusable. 

 
 
 

2.6 Reverse Transcription 

2.6.1 Removal of genomic contamination from RNA using DNase I 

To ensure RNA samples contained no residual genomic DNA contamination all samples were 

subjected to DNase I (Ambion, Warrington, UK) treatment prior to cDNA synthesis.  1μl 10X 

DNase I buffer and DNase I were added to each sample before incubation at 37˚C for 30 

minutes to activate the enzyme.  2µl DNase inactivation buffer was added to each sample to 

halt enzyme action and reactions incubated for 2 minutes at room temperature.  Samples 

were centrifuged at top speed in a desktop centrifuge to pellet the inactivation reagent and 

DNA free RNA supernatants transferred to clean tubes.    

 

2.6.2 cDNA synthesis 

Single stranded cDNA was generated from RNA using the high capacity cDNA reverse 

transcription kit (Applied Biosystems, Warrington, UK) containing MultiScribe™ reverse 

transcriptase, a recombinant Moloney murine leukaemia virus reverse transcriptase.  cDNA 
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synthesis reactions were performed in both the presence (RT positive) and absence (RT 

negative) of the MultiScribe™ reverse transcriptase enzyme in a 20µl reaction volume 

comprising 10X Buffer, 10X reverse transcription random primers, 100mM dNTP mix  and 50U 

reverse transcriptase (RT positive only) (Table 2.3).  The additional 10μl volume comprised 

RNA at a total starting amount of up to 2μg.  Samples were placed in a thermocycler and 

subjected to the following cycling conditions (optimised for the Multiscribe RT enzyme) 25˚C: 

10 minutes, 37˚C: 120 minutes and 85˚C: 5 minutes.  Samples were stored at -20˚ until 

required. 

 

cDNA synthesis RT positive RT Negative 

10X RT Buffer 2μl 2μl 

10X RT Random Primers 2μl 2μl 

100mM dNTP Mix 0.8μl 0.8μl 

Reverse Transcriptase 50U/μl 1μl - 

RNase free water 4.2μl 5.2μl 

RNA (2μg) 10μl 10μl 

Table 2.3 Reaction components for cDNA synthesis reactions RT positive and negative 
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2.7 mRNA Quantification 

2.7.1 Taqman methodology and probe selection 

Taqman technology was used for all quantitative real-time PCR (qRT-PCR) reactions due to its 

high specificity.  The Taqman methodology adapted by Applied Biosystems for research 

purposes utilises oligonucleotide probes which are designed to bind between specific primer 

pairs.  The probes themselves have a fluorophore covalently attached to the 5’ end of the 

oligonucleotide and a quencher at the 3’ end, the close proximity of which prevents emission 

of fluorescence from the fluorophore.  5’-3’ exonuclease activity of Taq polymerase 

hydrolyses the oligonucleotide during PCR releasing the fluorophore from its quenched state 

(Holland, et al., 1991) therefore this method dictates that fluorescence will be directly 

proportional to the amount of fluorophore released and therefore the amount of DNA 

generated.  Alternatively SYBR Green I is an additional method which can be used to perform 

qRT-PCR.  SYBR Green is an intercalating agent which will emit fluorescence when bound to 

double stranded DNA however this agent can also fluoresce when bound to single stranded 

DNA and other complexes including primer dimers.  The potential carcinogenic properties of 

this agent alongside its reduced specificity made it unsuitable for use in quantitative real-time 

PCR in these studies. 

 

All gene specific primer/probes were selected from an inventoried list at Applied Biosystems 

where possible.  To prevent non-specific amplification probes were selected on the basis that 

they crossed exon–exon boundaries (_m1) rather than lying within a single exon (_s1) or 

within genomic DNA (_g1).  Specific probe identification numbers are provided in Chapters 3, 

4 and 6.   
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2.7.2 Choice of analysis 

Analysis methods were pre-determined before each experiment to ensure sufficient data was 

available for correct and accurate quantification.  Of the two available quantification methods 

(absolute and relative), the relative comparative CT method (ΔΔCT) was used in almost all 

cases.   Fluorescence was emitted from each sample exponentially during each round of PCR.  

The cycle number at which fluorescence crossed a pre-determined threshold value (set in the 

exponential phase of the PCR reaction) was recorded for each sample as CT values. Expression 

levels of target genes were determined firstly through calibration to a control sample (ΔCT) 

before secondly normalising to an endogenous reference gene (ΔΔCT).  Prior to statistical 

analysis the exponential CT values were linearised using 2- ΔΔCT.  For the ΔΔCT to be suitable the 

efficiency of each assay must be similar.  To test this and correct for any minor differences 

within our calculations, standard curves of five serial dilutions of known concentration were 

run alongside samples for each assay.  The efficiency of each assay was calculated from the 

slope of the standard curve and incorporated into our calculations using (1 + Efficiency) – ΔΔCT, 

as originally defined by Pfaffl et al. (Pfaffl, 2001) 

 

2.7.3 Housekeeping gene selection 

Prior to each experiment a considerable amount of work was performed to elucidate the 

appropriate housekeeping genes (HKG)/endogenous references appropriate to that 

experiment.  When determining gene expression within adipose tissue peptidylprolyl 

isomerase A (PPIA) and ubiquitin C (UBC) were chosen as the principle HKGs as these have 

robustly been shown to be stable and ubiquitously expressed within this depot (Neville, et al., 

2010).  Analysis of appropriate housekeeping genes for use within human islets has 

previously been undertaken within our laboratory (data not shown).  Within this depot 

hypoxanthine-guanine phosphoribosylytransferase 1 (HPRT1), glyceraldehydes-3-phosphate 

dehydrogenase (GAPDH) and PPIA have been shown to be the most stably expressed 
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reference genes and other well established groups principally working in human islets have 

also found this to be the case (Yang, et al.).  Selection of housekeeping genes for use across a 

human tissue panel is notoriously more difficult as inter-tissue variation becomes more 

apparent.  Therefore when selecting appropriate housekeepers for this task we chose 

common, well established housekeepers including β-2-microglobulin (B2M), beta-actin (ACTB) 

and DNA topoisomerase 1 (TOP1) alongside previously mentioned HKG and performed test 

analysis prior to each experiment to select the most stable and ubiquitously expressed genes.  

Further explanations for the housekeeping genes selected are provided in Chapters 3, 4 and 6.  

Unless otherwise stated, at least two endogenous reference genes were used for analysis 

purposes as obtaining the geometric mean of carefully selected HKG has been shown to be a 

more accurate method of normalisation (Vandesompele, et al., 2002).   

 

2.7.4 Standard curve generation for use in the efficiency calculation 

A pool of concentrate cDNA was generated using 1μl of each sample to be used within the 

experiment.  Five standards were generated through serial dilution to encompass the dilution 

at which the samples would be run.  For example, if samples were to be run at a 1:100 

dilution, standards were generated at 1:50, 1:100, 1:200, 1:400 and 1:800 using 0.01M Tris 

HCl.  Linear regression was used to calculate a line of best fit and efficiency calculated using 

the equation Efficiency = (10^[-1/slope])-1 

 

2.7.5 Quantitative real-time PCR (qRT-PCR) 

Stock cDNA samples were diluted to reaction concentrations (predetermined prior to the 

experiment but normally 1:100) in Tris HCl (pH 6.8).  All samples assayed with one probe 

were run on the same plate as the standard curve for the same assay to ensure the efficiency 

calculation was appropriate.  4μl of sample cDNA was used in 10μl reaction volumes with 

5.5μl gene expression mastermix (Applied Biosystems, Warrington, UK) and 0.5μl gene 
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specific probe.  Standards were used at the same volume and all were amplified in triplicate.  

Samples were amplified on an ABI7900 HT machine using the following amplification 

programme: 50˚C: 2 minutes, 95˚C: 10 minutes, 40 cycles of 95˚C: 15 seconds and 60˚C: 1 

minute. 

 

2.7.6 qRT-PCR as a method to determine human islet purity 

qRT-PCR can be used as a tool to determine the purity of an islet preparation by directly 

comparing the expression of exocrine pancreas markers (Chymotrypsin, Amylase, alpha2A 

and Pancreatic Lipase) with markers of the endocrine pancreas (Somatostatin, Insulin and 

Glucagon).  Human islet cDNAs were diluted to a starting concentration of 1:100 and 4μl used 

in 10μl reaction as described in 2.7.5.  In total nine assays are required to determine islet 

purity, 3 markers of the exocrine pancreas, 3 markers of endocrine pancreas and 3 

housekeeping genes (HPRT, PPIA and GAPDH), therefore care must be taken to ensure 

enough starting material is present.  Samples were amplified using an ABI7900HT as 

mentioned previously and samples amplified alongside standard curves to calculate efficiency.  

ΔΔCT values were generated for each islet sample and six genes of interest (3 endocrine and 3 

exocrine).  Geometric means were then calculated individually for the endocrine genes versus 

the exocrine genes and the corresponding values used to calculate the exocrine:endocrine 

ratio of the preparation. 

Gene Assay ID 

Insulin (INS) Hs00355773_m1 

Glucagon (GCG) Hs00174967_m1 

Somatostatin (SST) Hs00356144_m1 

Chymotrypsin (CTRB) Hs00200713_m1 

Pancreatic Lipase (PNLIP) Hs00609591_m1 

Amylase, alpha-2A (AMY2A) Hs00420710_g1 

Table 2.4 Three exocrine and three endocrine markers of human pancreas with gene expression 
identification references (Applied Biosystems) which can be used to estimate the purity of a human 
islet preparation. 
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2.8 Protein Extraction and Quantification 

2.8.1 Protein extraction from human adipose tissue 

1ml ice cold lysis buffer (75mM Tris Base pH6.8, 3.8% SDS, 4M Urea, 20% glycerol) and a ball 

bearing were added to a 2ml eppendorf tube with 10μl Halt Protease and Phosphatase 

Inhibitor cocktail.  Adipose tissue samples were dissected on dry ice before adding to the lysis 

buffer and homogenising for 5 minutes in a Retsch free standing homogeniser (Retsch UK, 

Leeds, UK).  Samples were stored at 4°C for 2 hours on an orbital shaker ensuring constant 

agitation before centrifugation at 12,000xg for 15 minutes (4°C).  Whole cell lysate was 

removed through the solid upper lipid layer into a clean tube. 

 

2.8.2 Protein Quantification 

Protein quantification was performed using the BioRad DC assay (BioRad Laboratories, Hemel 

Hempstead, UK), a colorimetric modification of the Lowry assay (Lowry, et al., 1951).  Bovine 

Serum Albumin (BSA) (Serological Corporation, California, US) stock standard solutions of 

1.5mg/ml were generated by dissolving BSA in cell lysis buffer and standards of 0.2, 0.5, 0.8, 1, 

1.2, 1.5mg/ml generated again through dilution in cell lysis buffer.  Proteins to be quantified 

were run at neat concentration alongside 1/1.5 and 1/2 dilutions for accurate quantification.  

Samples and standards were run in triplicate and 5μl plated out into Costar 96 well assay 

plates (Appleton Woods, Birmingham, UK).  For the colorimetric reaction 25μl working 

reagent A (20μl detergent specific reagent S per 1ml of reagent A [alkaline copper tartrate 

solution]) was added to each well with 200μl reagent B (Folin reagent).  Under alkaline 

conditions copper (Reagent A) reacts with peptide bonds of the protein generating Cu+, which 

subsequently reduces Folin reagent (Reagent B) providing the deep blue colour change 

proportional to the amount of protein present in the sample.  The plate was incubated at 

room temperature for 15 minutes before reading on spectrophotometer at 650nm.   
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2.9 Western Blotting 

Prior to western blotting all samples were diluted to a starting concentration of 1mg/ml in 

cell lysis buffer to ensure equal loading of protein in all wells.  15μg cell lysate was added to 

5μl 4X NuPAGE LDS sample buffer (Invitrogen, Paisley, UK) and 5% beta-mercaptoethanol 

(Sigma Aldrich, Gillingham, UK).  Mastermix’s were heated to 70°C for 10 minutes ensuring 

reduction and denaturation of proteins.  An Invitrogen Novex Mini Cell was set up containing 

two pre-cast Novex 4-12% Bis-Tris mini gels, 1mm, 10well (Invitrogen, Paisley, UK) and filled 

with 1X 2-(N-morpholino)ethanesulfonic acid (MES) running buffer, 20μl mastermix was 

added to wells using gel loading tips.  One lane per gel was reserved for pre-stained See Blue 

II molecular weight marker (Invitrogen, Paisley, UK).  The outer tank of the chamber was filled 

with 1X MES running buffer and the gels run at 200V for 45 minutes. 

 

Proteins were transferred to polyvinylidene fluoride (PVDF) membranes using the iBlot dry 

blotting system, programme 3, 7 minutes.  Gels were incubated overnight in Simply Blue Safe 

stain (Invitrogen, Paisley, UK) to assess protein transfer efficiency.  PVDF membranes were 

washed twice in deionised water before incubating for 1 hour in blocking solution (10ml Tris 

buffered saline (TBS) [0.05M Tris Base pH7.5, 0.15M NaCl], 0.1% tween 20 [Sigma Aldrich, 

Gillinghham, UK] and 5% Marvel non-fat milk).  All incubations and washes took place on an 

orbital shaker.  Membranes were washed for 3 x 10 minutes in blotting solution (TBStween) 

before incubation overnight at 4°C in primary antibody solution (10ml TBS, 0.1% tween 20, 

5% non-fat milk, primary antibody).  Following overnight incubation membranes were 

washed for 1 hour in blotting solution, changing every 15 minutes, before incubating for an 

hour in secondary antibody solution (10ml TBS, 0.1% tween 20, 5% non-fat milk, goat anti-

rabbit horseradish peroxidase-linked secondary antibody [BioRad, Hemel Hempstead, UK]).  

Membranes were washed for 1 hour in blotting buffer, changing every 15 minutes, before 

incubation in 3ml SuperSignal West Pico Chemiluminescence detection substrate 
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(ThermoScientific, Cramlington, UK).  Membranes were exposed to Amersham hyperfilm (GE 

Healthcare, Chalfont St Giles, UK).  Semi-quantitative analysis was performed using Image J 

quantification (http://rsbweb.nih.gov/ij/).  Specific antibody concentrations and blotting 

conditions for anti-PTEN are provided in Chapter 6. 

 

2.10 Fluorescence-activated Cell Sorting (FACS) 

2.10.1 Human Islet Preparation 

Human islets were centrifuged in a non-stick 50ml Falcon centrifuge tube (Becton Dickinson, 

Oxford, UK) at 600rpm for 2 minutes to pellet the islets.  Cell culture suspension media was 

removed and islets resuspended in 1ml human islet culture media (88ml CMRL 1066 (without 

glutamine), 10ml foetal calf serum, 1ml glutamine stock (2mM final concentration), 1ml 

Hepes stock, 500μl gentamycin, 60μl penicillin/streptomycin).  Islets were plated onto 

polystyrene 10cm petri dishes (Becton Dickinson, Oxford, UK) at 3000 islets/petri and an 

additional 9ml human islet media added to each dish.  Islets were stored in an incubator at 

37°C overnight to allow recovery. 

 

2.10.2 Preparation of Krebs buffer for FAC Sorting 

Prior to the experiment 4X Bicarbonate Hepes Buffer was prepared using 0.1M Hepes (Sigma 

Aldrich, Gillingham, UK), 0.02M Sodium Chloride [NaCl] (Sigma Aldrich, Gillingham, UK) and 

0.02M Sodium Bicarbonate [NaHCO3] (FisherScientific, Loughborough, UK)}.  Mixed Salts were 

also prepared using 0.6M Sodium Chloride [NaCl] (Sigma Aldrich, Gillingham, UK), 0.02M 

Potassium Chloride [KCl] (Sigma Aldrich, Gillingham, UK), 0.005M Calcium Chloride Dehydrate 

[CaCl2.H20] (AppliChem, Lancaster, UK), 0.006M Potassium Dihydrogen Phosphate [KH2PO4] 

(Sigma Aldrich, Gillingham, UK) and 0.006M Magnesium Sulphate [MgSO4.7H20] (Sigma 

Aldrich, Gillingham, UK).  Modified Krebs-Ringer bicarbonate HEPES buffer (pH7.4) was 

prepared using 80ml dH20, 37.5ml 4X Bicarbonate Hepes Buffer and 30ml Mixed Salts with 
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2.8mM glucose (Sigma Aldrich, Gillingham, UK).  10ml of Krebs buffer was transferred to a 

separate beaker before 0.7g BSA was added to the remaining 140ml to generate Krebs+BSA 

(0.5%).  10ml was removed from Krebs+BSA (0.5%) and added to the pre-separated 10ml 

generating Krebs+BSA (0.25%).  Both buffers were incubated at 37°C before FACS.  

  

2.10.3 Preparation of islets for FACS 

Following overnight recovery, islets were transferred to a 50ml non-stick falcon tube pre-

coated with human islet media.  Islets were centrifuged at 600rpm for 1 minute and 

resuspended in 1ml fresh human islet media before transferring to a pre-coated 15ml non-

stick falcon tube.  To wash the islets 14ml Tampon Noir (0.15M Sodium Chloride [NaCl], 

0.008M Sodium Phosphate Dibasic Dihydrate [Na2HPO4.2H20], 0.003M Potassium Chloride 

[KCl], 0.0015M Potassium Dihydrogen Phosphate [KH2PO4] Sigma Aldrich, Gillingham, UK) was 

added to the tube and islets span at 600rpm for 1 minute.  An additional 2 washes in Tampon 

Noir were performed ensuring the pellet was dislodged to thoroughly wash the cells.  

Following removal of the final Tampon Noir wash, 1ml Accutase (PAA Laboratories, Yeovil, UK) 

was added to the disperse the islets into single cells.  The reaction was incubated in a water 

bath (37°C) for 10 minutes ensuring agitation and dispersal of the pellet every 30 seconds.  

The reaction was stopped by adding Krebs+BSA (0.5%) and spinning at 800rpm for 5 minutes 

(repeated twice) before resuspending the pellet in 1ml Krebs+BSA (0.5%).  2 FACS tubes 

(Becton Dickinson, Oxford, UK) were coated with Krebs+BSA (0.5%) and labelled Newport 

Green (NG) or Control.  200μl Krebs+BSA (0.5%) and 10μl resuspended cells were added to 

the control tube whilst the remainder of the cells were added to the NG tube with 40μl anti-

ductal antibody (AcNCA19-9) (Novacastra, Newcastle Upon Tyne, UK) (Gmyr, et al., 2004).  

Both tubes were incubated at 4°C for 1 hour, resuspending the pellet every 10 minutes. 
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Following incubation, Krebs+BSA (0.5%) was added to the NG cells and the sample span at 

1200rpm for 5 minutes (repeated twice).  The pellet was resuspended in 1ml Krebs+BSA 

(0.5%) and 5μl anti-mouse Alexa 633 antibody (Invitrogen, Paisley, UK).  Both the NG and 

control tube were incubated at 4°C for an additional hour, resuspending the pellet every 10 

minutes.  Krebs+BSA (0.25%) was added to the NG tube following this incubation and the 

sample span at 1200rpm for 5 minutes (repeated twice).  750μl Krebs+BSA (0.25%) was used 

to resuspend the pellet and an additional 750μl Newport Green solution (1ml Krebs+BSA 

(0.25%), 15μl pre-warmed pluritonic (Invitrogen, Paisley, UK), 2μl Newport green (Invitrogen, 

Paisley, UK) added to the resuspended pellet (Lukowiak, et al., 2001).  Both the NG and 

control tube were incubated for 30 minutes at 37°C resuspending every 10 minutes. 

   

1ml Krebs+BSA (0.5%) was added to the NG tube and the sample span at 1200rpm for 5 

minutes before the supernatant was removed and the pellet resuspended in a further 1ml 

Krebs+BSA (0.5%).  10μl 7-aminoactinomycin D (Invitrogen, Paisley, UK) was added to the NG 

tube and 2μl to the control tube as a means of detecting dead cells (Ichii, et al., 2005), and 

both tubes incubated at 4°C for 10 minutes.  Krebs+BSA (0.5%) was added to both the NG and 

control tubes and both span at 1200rpm for a further 5 minutes.  Pellets were resuspended 

thoroughly in 1ml Krebs+BSA (0.5%) before straining through a 100µm filter to ensure only 

single cells were added to the FAC sorter.  Sorting was performed using a Beckman Coulter 7 

– colour MoFlo high speed cell sorter.  Cells were sorted on the basis of low ductal marker 

expression, low 7-aad expression and high NG staining using gating parameters.  

 

2.10.4 FACS principles 

FACS can be utilised to sort a heterogeneous mixture of cells into subpopulations on a cell by 

cell basis.  Cells are suspended in a stream of liquid and the light scattering and fluorescent 

characteristics of each cell detected using lasers as they travel through the stream.  The laser 
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detection and gating systems used to obtain pure beta-cells are complex and shown in Figure 

2.2.  Initially a blank containing a small percentage of cells stained only with 7-AAD is used to 

calibrate the machine.  Any fluorescence detected from this sample will indicate apoptotic 

cells and a gating system can be implemented to class any cells falling within this spectrum as 

waste (Figure 2.2, R2).  This gating can then be carried over and utilised in the FACS of cells 

stained with AcN19-9, NG and 7-AAD.   

 

Cells to be sorted are firstly analysed on the basis of size and complexity.  A laser and 

detector are present within the cell sorter in line with the stream of cells and are used to 

detect the light scatter pattern for each individual cell.  If the cells are small the photons will 

experience an unobstructed path through the stream with very little signal detected.  

Alternatively if the cells are large, the photons will diverge via diffraction and a higher 

intensity signal will be detected.  This process is referred to as forward scatter (FSC) and the 

intensity of this signal generated is proportional to cell size.  In addition a detector is also 

present perpendicular to the laser to detect side scatter (SSC).  When photons strike an 

organelle within a cell the light is reflected at a larger angle than can be detected by the FSC 

detector and the presence of this side scatter detector is required.  The intensity of the SSC 

signal is therefore proportional to cell complexity.  For the sorting of human islets a gating 

system is used based upon FSC and SSC (Figure 2.2 – R1).  Cells which have low FSC and SSC 

values and fall within gate R1 are automatically rejected from the sorting process as they are 

too small and low in complexity to be a human beta-cell.  Cells are also excluded at this time 

if fluorescence emitted by 7-AAD falls within the limits originally established in the earlier 

calibration test (R2).  The final exclusion of cells is based upon their staining with AcN19-9, a 

marker for ductal cells.  The fluorophore Alexa 633 conjugated to the AcN19-9 antibody emits 

at 647nm when excited by a 632nm laser.  Staining for ductal cells is plotted logarithmically 

against staining for Newport Green and cells which are high in the ductal cell marker 
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excluded from the analysis.  Cells have up to this point been enriched in the 7-AAD and 

AcN19-9 negative populations.  The cells are subjected to one final analysis, determining 

which cells to sort on the basis of Newport Green staining.  Cells staining for Newport Green 

are excited by a laser at 495nm with maximal emission at 520nm.  A logarithmic scale of NG 

staining is plotted against side scatter profile for the cell, providing information on staining as 

well as cell complexity.  The cells which show the highest levels of NG staining and with the 

highest SSC values are likely to be the true beta-cells and are shown in gate R4, whilst cells 

which are slightly lower in staining and complexity (R5) are sorted into a separate tube and 

retained as a less pure fraction of beta-cells.  

 

 

 

Figure 2.2 Gating systems employed on Beckman Coulter MoFlo to obtain pure beta-cells.  Cells are 
initially rejected if their forward (FSC) and side (SSC) scatter intensities indicating cell size and 
complexity are low (R1).  Apoptotic cells will emit fluorescence of 7-AAD at 647nm when excited by a 
488nm laser.  Cells with high levels of 7-AAD fluorescence are also emitted from the sorting process 
(R2).  The final exclusion is based upon staining with a ductal cell marker AcN19-9, this fluorophores 
maximal emission is also at 647nm and if intensity is too high when plotted against NG staining (falling 
outside of gate R3) the cells are also excluded.  If negative for all of the above gating properties cells 
are finally assessed by levels of NG fluorescence (detected at 520nm) against SSC.  The cells with 
highest NG staining and cell complexity (SS) are pure beta-cells(R4) whereas cells which are less 
complex but high in NG staining (R5) are deemed less pure beta-cells. 
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2.10.5 Determination of beta-cell purity - Immunocytochemistry 

A fraction of pure and non-pure beta-cells were saved for purity testing. Beta-cells were 

incubated overnight in human islet media on adherent petri dishes pre-coated in Poly-Lysine 

(Sigma Aldrich, Gillingham, UK).  Human islet media was removed ensuring no disruption of 

the islets adhered to the polylysine and cells washed in 2ml PBS for 2 minutes.  An additional 

2 washes in PBS were performed before cells were fixed in 2% Paraformaldehyde (PFA) 

(Sigma Aldrich, Gillingham, UK) for 20 minutes.  PBS washes were performed before cells 

were permeabalised for 4 minutes using 0.5% Triton (Sigma Aldrich, Gillingham, UK).  Cells 

were washed again in PBS before incubating in PBS+BSA (0.5%) for 1 hour to block all non-

specific proteins.  PBS was removed and the petri dish blotted dry before cells were encircled 

using a hydrophobic pen (Sigma Aldrich, Gillingham, UK).  Anti-glucagon and anti-insulin 

primary antibodies (in house) were diluted to optimised strength in PBS and 100μl of each 

added to the centre of the hydrophobic ring.  After 2 hours incubation inside a humid 

chamber the primary antibodies were removed and cells washed 3 times in PBS.  Secondary 

antibodies were diluted to working concentrations in PBS and again 100μl of each added to 

the centre of the hydrophobic ring.  After 1 hour incubation in the dark, cells were washed 3 

times in PBS, before addition of 100μl of the nuclear stain at predetermined concentration.  

Cells were incubated for 15 minutes in the dark.  Cells were briefly washed in 3 quick changes 

of PBS before blotting of the petri dish.  Mounting media was applied to the cells with a glass 

cover slip placed on top, excess liquid was removed from the petri before the cover slip was 

fixed in place using nail varnish.  Cells were visualised using confocal microscopy with each of 

the nuclear, glucagon and insulin antibodies fluorescing a different colour and detectable 

using DAPI, Rhod and FITC. 
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3.1 Introduction 

3.1.1 Genome-wide association studies (GWAS) as a tool to further understand the 

genetic component of Type 2 diabetes (T2D) and related quantitative traits 

Within European populations the estimated sibling relative risk (λs) of T2D is 3; clearly 

demonstrating that alongside environmental factors there is a large heritable component to 

the disorder which is as yet only modestly understood (Kobberling and Tillil, 1982; Lango, et 

al., 2008).  Chronic hyperglycaemia in the fasting state is one criterion which can be used to 

identify individuals with T2D (Genuth, et al., 2003; WHO, 2006).  In healthy individuals fasting 

plasma glucose (fpg) levels are tightly regulated within a small physiological range (4-

6mmol/L) and are controlled through complex feedback mechanisms (Mason, et al., 2007; 

Xiang, et al., 2006).  Despite this tight regulation even healthy individuals with fpg levels at 

the highest end of the physiological spectrum (5.6-6mmol/L) are at increased risk of mortality 

and a linear correlation between fpg and coronary heart disease has been shown to extend 

under the threshold for diabetes (Bjornholt, et al., 1999; Coutinho, et al., 1999; Khaw, et al., 

2001).  Approximately one third of the inter-individual variation in fpg is believed to be 

heritable (Watanabe, et al., 1999).  It has therefore been postulated that the assessment of 

fpg as a quantitative trait in healthy individuals may not only identify variants affecting 

physiological glucose levels and shed further light on its regulation, but may also highlight 

important genes and pathways implicated in pathological variance in glucose levels, such as 

in T2D. 

 

The large heritable component of both T2D and fpg levels dictates that elucidation of their 

genetic architecture may be aided through utilisation of case-control or cohort-based 

genome-wide association studies (GWAS) respectively.  GWAS bypass the requirement for 

initial hypothesis generation and provide researchers with an unbiased approach to variant 

detection across the entire genome through genotyping of common SNPs in thousands of 
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individuals.  Prior to 2010 multiple centres, with access to genomic DNA and phenotypic 

information from T2D cases and normoglycaemic controls, performed GWAS within their 

independent data sets (Prokopenko, et al., 2009a; Saxena, et al., 2007; Scott, et al., 2007; 

Steinthorsdottir, et al., 2007; WTCCC, 2007; Zeggini, et al., 2007).  Novel T2D-associated loci 

identified in this manner collectively accounted for only ~10% of the heritability of the 

disorder (Bonnefond, et al., 2010b; Lango, et al., 2008), whilst those loci associated with fpg 

levels accounted for <10% of the heritability of this continuous trait (Prokopenko, et al., 

2009a).  Explanations for this may be attributed to the inability of GWAS to capture rarer 

variants or the potential overestimation of heritability; however it could also be that the 

GWAS performed prior to this date were poorly powered to detect common variants of more 

modest effect sizes.  To this end, the future of GWAS was postulated to lie in the ability and 

willingness of multiple centres to share data sets and conduct large-scale meta-analyses to 

identify additional susceptibility variants. 

 

Diabetes genetics replication and meta-analysis consortium+ (DIAGRAM+): 

The largest T2D meta-analysis to date 

To build on the successes of their earlier 2008 meta-analysis, the DIAGRAM+ consortium, led 

by Voight, Scott, Steinthorsdottir, Morris and Dina under the guidance of McCarthy, Boehnke, 

Altschuler and Stefansson, expanded their case-control cohort to include data from 42,542 

cases and 98,912 control subjects.  With additional power provided by the increased sample 

size the geneticists were able to identify 14 loci which upon replication reached levels of 

genome-wide significance (p<5x10-8) (Table 3.1).   
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SNP Chr Position Gene Risk 

Allele 

Frequency P value 

 

OR 

(95%CI) 

Novel susceptibility loci      

rs243021 2 60,438,323 BCL11A A 0.46 2.9 x 10-15 1.08 (1.06-1.10) 

rs4457053 5 76,460,705 ZBED3 G 0.26 2.8 x 10-12 1.08 (1.06-1.11) 

rs972283 7 130,117,394 KLF14 G 0.55 2.2 x 10-10 1.07 (1.05-1.10) 

rs896854 8 96,029,687 TP53INP1 T 0.48 9.9 x 10-10 1.06 (1.04-1.09) 

rs13292136 9 81,141,948 CHCHD9 C 0.93 2.8 x 10-8 1.11 (1.07-1.15) 

rs231362 11 2,648,047 KCNQ1 G 0.52 2.8 x 1013 1.08 (1.06-1.10) 

rs1552224 11 72,110,746 ARAP1 A 0.88 1.4 x 10-22 1.14 (1.11-1.17) 

rs1531343 12 64,461,161 HMGA2 C 0.10 3.6 x 10-9 1.10 (1.07-1.14) 

rs7957197 12 119,945,069 HNF1A T 0.85 2.4 x 10-8 1.07 (1.05-1.10) 

rs11634397 15 78,219,277 ZFAND6 G 0.60 2.4 x 10-9 1.06 (1.04-1.08) 

rs8042680 15 89,322,341 PRC1 A 0.22 2.4 x10-10 1.07 (1.05-1.09) 

rs5945326 X 152,553,116 DUSP9 G 0.21 3.0 x 10-10 1.27 (1.18-1.37) 

Previously known loci      

rs7578326 2 226,728,897 IRS1 A 0.64 5.4 x 10-20 1.11 (1.08-1.13) 

rs1387153 11 92,313,476 MTNR1B T 0.28 7.8 x 10-15 1.09 (1.06-1.11) 

Table 3.1 DIAGRAM+ associations which exceeded the threshold for genome-wide significance 
(p<5x10

-8
) as identified by lead statistical geneticists Voight, Scott, Steinthorsdottir, Morris and Dina.  

Gene names provided are those of the closest neighbouring genes. 

 

Association signals mapping close to MTNR1B and IRS1 had previously been discovered in 

T2D GWAS studies (Bouatia-Naji, et al., 2009; Lyssenko, et al., 2009; Prokopenko, et al., 2009a; 

Rung, et al., 2009) whilst signals close to BCL11A and HNF1A had also been highlighted but 

failed to reach genome-wide significance (Bonnycastle, et al., 2006; Weedon, et al., 2005b; 

Winckler, et al., 2005; Zeggini, et al., 2008).  KCNQ1 was shown to be a novel T2D gene in two 

East Asian GWAS populations (Unoki, et al., 2008; Yasuda, et al., 2008), although it is worth 

noting that the SNP identified in DIAGRAM+ was independent of these SNPs.  A role for 

DUSP9 in regulation of insulin action had previously been proposed following generation of a 

rodent model in which over-expression of this gene was shown to improve insulin 

sensitisation and reverse the negative effects of TNFα on insulin signalling (Emanuelli, et al., 

2008).  The remaining eight signals mapped close to genes which were associated with T2D 

for the first time by the DIAGRAM+ geneticists (Table 3.1). 
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Meta-analysis of glucose and insulin related traits consortium (MAGIC):  

FPG meta-analysis 

In 2010 the MAGIC consortium also extended their initial 2008 meta-analysis to identify novel 

fpg associated loci.   Led by Dupuis, Langenberg, Prokopenko, Saxena and Soranzo under the 

guidance of Barroso, Florez and McCarthy, meta-analysis was performed in up to 46,186 non-

diabetic individuals (fpg <7mmol/L) for whom information of not only fasting glucose but also 

fasting insulin was available.  The aims were to identify novel variants affecting glycaemia 

within the physiological range as well as assessing the effects these novel loci had on related 

metabolic traits including T2D.  Following replication in up to 76,558 non-diabetic individuals, 

my statistical collaborators led by Dupuis, identified 14 loci associated with fpg levels, nine of 

which were novel (Table 3.4).   

 

The SNPs mapping close to or within GCK, G6PC2, GCKR and MTNR1B had previously been 

associated with fpg (Prokopenko, et al., 2009a; Saxena, et al., 2007).  The association signal 

mapping to chromosome 7p21 fell between the genes DGKB and TMEM195.  An independent 

study had recently highlighted an fpg association at this locus although this did not reach 

genome-wide significance and the authors did not assert which was the likely candidate gene 

(Sabatti, et al., 2009).  Of the remaining 9 novel loci the association signal mapped to introns 

of ADCY5, MADD, FADS1, CRY2 and SLC2A2.  The novel association signal at 1q41 mapped to 

the promoter of PROX1 and the association signals at 9q24 and 15q22 mapped upstream of 

GLIS3 and downstream of FAM148B respectively.  The novel association signal at 10q25 

mapped within a gene desert with the closest gene (ADRA2A) lying 2Kb upstream.  



 82  

      Fasting Plasma Glucose HOMA-B T2D 

SNP Chr Position Gene Risk Frequency P value Effect size (mmol/L) P value  

 

Effect HOMA-B OR (95%CI) 

 

Novel FPG susceptibility loci        

rs340874 1 212,225,879 PROX1 C 0.52 6.6 x 10
-12

 0.13 5.3 x 10
-6

 -0.008 1.07 (1.05-1.09) 

rs11708067 3 124,548,468 ADCY5 A 0.78 7.1 x 10
-22

 0.027 2.5 x 10
-12

 -0.023 1.12 (1.09-1.15) 

rs11920090 3 172,200,215 SLC2A2 T 0.87 8.1 x 10
-13

 0.02 4.5 x 10
-6

 -0.012 1.01 (0.99-1.04) 

rs7034200 9 4,279,050 GLIS3 A 0.49 1 x 10
-12

 0.018 1.2 x 10
-13

 -0.020 1.03 (1.01-1.05) 

rs10885122 10 113,032,083 ADRA2A G 0.87 2.9 x 10
-18

 0.022 2 x 10
-6

 -0.010 1.04 (1.01-1.07) 

rs11605924 11 45,829,667 CRY2 A 0.49 1 x 10
-14

 0.015 3.2 x 10
-5

 -0.005 1.04 (1.02-1.06) 

rs7944584 11 47,292,896 MADD A 0.75 2 x 10
-18

 0.021 3.5 x 10
-5

 -0.007 1.01 (0.99-1.03) 

rs174550 11 61,328,054 FADS1 T 0.64 1.7 x 10
-15

 0.017 5.2 x 10
-13

 -0.020 1.04 (1.02-1.06) 

rs11071657 15 60,221,254 FAM148B A 0.63 3.6 x 10
-8

 0.008 0.002 -0.013 1.03 (1.01-1.05) 

Previously identified FPG loci        

rs780094 2 27,594,741 GCKR C 0.62 5.6 X 10
-38

 0.029 3.2 x 10
-4

 0.014 1.06 (1.04-1.08) 

rs560887 2 169,471,594 G6PC2 C 0.70 8.7 x 10
-218

 0.075 1.5 x 10
-66

 -0.042 0.97 (0.95-0.99) 

rs2191349 7 15,030,834 DGKB-

TMEM195 

T 0.52 3.0 x 10
-44

 0.030 2.8 x 10
-17

 -0.017 1.06 (1.04-1.08) 

rs4607517 7 44,202,193 GCK A 0.16 6.5 X 10
-92

 0.062 1.8 x 10
-16

 -0.025 1.07 (1.05-1.10) 

rs10830963 11 92,348,358 MTNR1B G 0.30 5.8 x 10
-175

 0.067 2.7 x 10
-43

 -0.034 1.09 (1.06-1.12) 

Table 3.2 Dupuis, Langenberg, Prokopenko, Saxena and Soranzo, as lead statistical geneticists of the MAGIC consortia, assessed fasting glycaemic traits in up to 
76,558 individuals, identifying 14 loci which upon replication reached genome wide significance (p<5x10

-8
) for either FPG and/or HOMA-B.  Effect sizes on both fpg 

and HOMA-B per copy of the risk allele are provided.  The gene mapping closest to the association signal is provided for ease of presentation.  
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3.1.2 Limitations of GWAS 

Despite the huge successes attributed to GWAS, as initial work by the DIAGRAM+ and MAGIC 

geneticists clearly demonstrate, they are not without their limitations.  For example, 

identification of an associated SNP within a gene does not necessarily infer causality of that 

gene.  The haplotype structure of the human genome is such that only a proportion of SNPs 

are typed in a GWAS, as determining the genotype of these so-called tagging SNPs is seen to 

be informative of the genotypes of neighbouring SNPs within the same linkage disequilibrium 

(LD) block (Gabriel, et al., 2002; Johnson, et al., 2001).  Therefore, when a SNP is associated 

with a disorder care should be taken when inferring this to be causal before further work has 

been performed to identify whether an additional SNP (within the same LD block) is the true 

variant driving the phenotype.  In instances where the LD block is large and spans numerous 

genes the true causal variant may lay within a neighbouring gene and therefore the signal 

must be subjected to fine-mapping.  Additionally, the lead association signal may map to an 

area of the genome in which no known genes are present (gene desert), to a gene of which 

little biological information is available or to a gene-dense region in which many biologically 

plausible genes reside making associations extremely difficult to explain mechanistically. 

 

These problems were encountered by my statistical collaborators within both the DIAGRAM+ 

and MAGIC consortia.  In the DIAGRAM+ meta-analysis, Voight provided a gene name with 

each of the novel association signals (Table 3.1) although these were provided as a reference 

point and are simply the closest gene (or the most biologically plausible) to the index SNP.  In 

seven of the 14 associated loci the signal fell close to only one gene (BCL11A and HMGA2) or 

close to genes already implicated in diabetes in previous studies (MTNR1B, IRS1, DUSP9, 

KCNQ1 and HNF1A).  In the remaining seven loci there were multiple genes of which the 

authors knew little of the biology (Table 3.3). 
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Lead candidate 

gene 

Chr Position (bp) Additional genes 

at susceptibility 

loci 

Position (bp) 

ZBED3 5 76,408,288 – 76,418,786 AGGF1 76,361,988 – 76,396,794 

   PDE8B 76,542,462 – 76,758,999 

KLF14 7 130,068,018 – 

130,069,400 

TSGA13 130,004,026 – 130,021,946 

   COPG2 129,933318 – 130,004,108 

TP53INP1 8 96,007,377 – 96,030,767 INTS8 95,904,710 – 95,961,897 

   CCNE2 95,961,628 – 95,976,660 

CHCHD9 9 81-196,002 – 81,196,775 TLE4 81,376,698 – 81,531,478 

ARAP1 11 72,073,762 – 72,115,821 STARD10 72,143,532 – 72,181,939 

   PDE2A 71,964,833 – 72, 063, 060 

   ATG16L2 72,203,099 – 72,218,328 

   FCHSD2 72,225,439 – 72,530,739 

ZFAND6 15 78,139,076 – 78,217,767 FAH 78,232,396 – 78,265,737 

PRC1 15 89,310,272 – 89,338,808 FURIN 89,212,889 – 89,227,691 

   FES 89,228,713 – 89,240,010 

   UNC45A 89,274,414 – 89,298,327 

   RCCD1 89,299,110 – 89,307,359 

   MAN2A2 89,248,424 – 89,266,819 

   HDDC3 89,275,159 – 89,276,780 

   VPS33B 89,342,907 – 89,366,817 

Table 3.3  Within seven of the novel loci the presence of a lead candidate gene was not obvious often 
due to the high density of genes and presence of a strong LD block at this locus.  Potential candidate 
genes at each of the associated loci are shown above.  Chromosomal positions, taken from NCBI build 
36, are presented in base pairs (bp). 

 

Dupuis and lead statistical collaborators within the MAGIC working group experienced similar 

difficulties.  The association signal mapping to chromosome 7p21 fell between two 

biologically plausible candidate genes DGKB and TMEM195 whilst the signal mapping to an 

intron of MADD on chromosome 11 also fell within the vicinity of an additional biological 

candidate gene SLC39A13.  Many of the remaining novel fpg signals mapped to genes of 

which little biological information was available including FAM148B. 
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Therefore although GWAS are clearly useful in identifying loci associated with a particular 

trait or disorder, additional biological investigation is often required to refine and determine 

the true causal gene.  Therefore although of considerable benefit they regularly generate 

further challenges regarding elucidation of molecular mechanisms driving associated 

phenotypes. 

 

3.1.3 Understanding molecular mechanisms of GWAS signals 

To aid in understanding, and to provide support for the epidemiological findings, it is 

becoming increasingly common for geneticists to utilise both biological and statistical 

methods to complement their GWAS analysis.  These techniques can be used alongside each 

other to refine novel signals and elucidate molecular mechanisms.   

 

The observation that the majority of GWAS signals identified to date lie outside of coding 

regions dictates that they may play important roles in gene regulation (Gilad, et al., 2008).  To 

this end, determining the association between genetic variants and gene expression, in which 

gene expression is viewed as a quantitative trait, is of paramount importance.  Expression 

quantitative trait loci (eQTL) mapping is increasingly utilised to determine whether novel 

genetic variants have any physiological consequences on proximal (cis eQTL) or distal (trans 

eQTL) gene expression (Gilad, et al., 2008).  Seminal work was performed in this field in 2007 

by Stranger et al. who performed eQTL analysis in transformed lymphoblastoid cell lines from 

all HAPMAP individuals (Stranger, et al., 2007).  Through testing of over 2.2 million SNPs they 

identified 831 genes with proximal eQTL and concluded that most proximal eQTL lie close (< 

100Kb) to the transcriptional start site of the regulated gene (Stranger, et al., 2007).  

Association testing of novel SNPs with transcript levels, both in cis and trans, is now 

performed routinely by numerous groups, a number of which have discovered novel 
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regulatory elements which will require functional follow-up (Below, et al., 2011; Small, et al., 

2011).   

 

An additional statistical tool which is of increasing importance in GWAS follow-up involves 

replication of novel susceptibility variants within ethnically diverse populations.  The 

Northern European population is relatively homogeneous with large LD structures dispersed 

throughout the genome, making refinement of the association signals difficult.  Replication 

within diverse populations including African, Japanese or Mexican-Americans, whose genetic 

background (and therefore LD structure) differ substantially, will not only confirm whether 

this signal confers susceptibility in distinct populations, but may also aid in refinement of the 

‘true’ association signal.  This method was of benefit to Icelandic researchers undertaking 

refinement of the TCF7L2 susceptibility variant (Helgason, et al., 2007).  Through studies 

within their own T2D case-control cohort they identified three associated SNPs within intron 

3 and exon 4 of TCF7L2.  Refinement was not aided through replication within an additional 

Danish cohort, however analysis within a West-African population demonstrated significant 

association for only one of the SNPs providing proof of principle that this technique is of 

significant benefit to signal refinement (Helgason, et al., 2007). 

 

Biological methods are also becomingly increasingly popular tools for signal refinement and 

mechanism elucidation.  Detailed physiological characterisation of the novel variants may be 

undertaken in appropriate situations to define the significance of these variants in vivo.  In 

the field of T2D genetics a number of similar studies have been undertaken to assess the 

effects of novel T2D risk alleles on insulin secretion, insulin sensitivity and surrogate 

measures of beta-cell function and insulin resistance in hundreds of individuals using OGTT 

and euglycaemic clamp data, providing further insight into how these variants are 

contributing to disease pathogenesis (Ingelsson, et al., 2010; Saxena, et al., 2010).  Tissue 
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expression profiling of novel candidate genes is an additional biological tool which can 

provide useful information regarding transcript/tissue-specific expression if the appropriate 

metabolically relevant tissues are tested.  For the field of T2D it is therefore pertinent to 

screen liver, muscle, adipose tissue and brain in the event that the variant may be affecting 

insulin sensitivity or obesity, alongside pancreas, islets and insulin-secreting beta-cells to 

assess whether the variant is likely to be acting through beta-cell dysfunction.   

 

Accumulating evidence suggests that rodent and human islets differ considerably more than 

originally believed therefore dictating that, where possible, expression studies be performed 

in human tissues (Bosco, et al., 2010; Braun, et al., 2008; Fiaschi-Taesch, et al., 2009).  Until 

recently access to human pancreas and islets and therefore research within these tissues was 

limited, however the current wealth of research into the viability of human islet 

transplantation has seen the evolvement of several islet isolation units with human islets 

becoming more accessible for research purposes.  Islet isolation from the pancreas by 

collaganase digestion is however a laborious process yielding islet preparations of varying 

purity, often with high levels of ductal and acinar cell contamination (Lee, et al., 2004; Street, 

et al., 2004).  In addition even pure hand-picked islet preparations will not elucidate a clear 

beta-cell signal as confounding noise exists from alpha and delta cells, which are more 

abundant in human islets compared to rodents.  Therefore the ability to isolate pure insulin-

secreting human beta-cells for genetic and physiological testing is of significant interest to 

diabetes researchers interested in further understanding the molecular basis of beta-cell 

dysfunction and for those interesting in developing and testing novel beta-cell specific 

compounds.   
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3.1.4 Purification of human beta-cells  

A number of groups have developed methodologies within their own laboratories to purify 

human beta-cells.  In 2008, Marselli et al. published on their use of laser capture 

microdissection (LCM) in which they utilised the auto-fluorescent nature of beta-cells to 

visualise target cell populations before dissecting directly from the pancreas using lasers 

(Marselli, et al., 2008).  The complex structure of human islets however means there is often 

the possibility that alpha and delta cells lie at the core of the section which would result in 

impure preparations (Weir, et al., 2009).  The procedure is also time consuming in proportion 

to the low yield of beta-cells obtained and by the authors own admissions their sectioning 

based on auto-fluorescence is unlikely to be representative of the entire beta-cell population.  

Data suggests that levels of beta-cell auto-fluorescence increases proportionally with 

accumulation of lipofucin bodies, storage organelles of the lysosomal system which 

accumulate in ageing cells (Cnop, et al., 2010).   

 

Banerjee et al. used magnetic sorting and differential antigenic presentation in endocrine and 

exocrine cells to obtain beta-cells (Banerjee and Otonkoski, 2009).  Their two-step process 

was based on previous rodent studies in which the antigen PSA-NCAM was shown to be 

expressed solely by pancreatic beta-cells (Bernard-Kargar, et al., 2001).  Banerjee et al. report 

the simplicity of this method over others however a pertinent observation is that unlike 

rodents, PSA-NCAM is present on all human islet endocrine cells (Banerjee and Otonkoski, 

2009).  Therefore although the authors assert that binding to beta-cells is preferential over 

other cell types there is potential for high levels of alpha and delta cell contamination using 

this technique. 

 

To date fluorescence-activated cell sorting (FACS) is the most commonly cited method for 

purification of human beta-cells (Parnaud, et al., 2008).  Parnaud et al. developed their 
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method through combination and adaptation of three previously reported methods (Gmyr, et 

al., 2004; Ichii, et al., 2005; Lukowiak, et al., 2001).  It utilises the differential staining of ductal 

cells with anti-Ac19-9, apoptotic cells with 7-amino actinomycin D and beta-cells with the 

lipophilic zinc binding dye Newport Green.  Through enrichment and calculated gating 

systems the group were able to obtain viable beta-cells with approximately 92% purity which 

they have reproducibly shown could be utilised in secretion, apoptosis and proliferation 

studies (Bouzakri, et al., 2009).  Other researchers have implemented this methodology 

within their own laboratories performing gene expression profiling in human beta-cells (Boni-

Schnetzler, et al., 2009; Kirkpatrick, et al., 2010).  I applied for and was successful in obtaining 

an Albert Renold Travelling Fellowship award from the European Foundation for the Study of 

Diabetes (EFSD) allowing me to travel to the laboratories of Professor Philippe Halban 

(Geneva, Switzerland) to learn this technique.  During this six week visit I was lucky enough to 

have access to a number of human islet preparations on which to learn, practice and develop 

the technique to be able to implement in Oxford.   

 

3.1.5 Flow sorted beta-cells as a tool for biological refinement of GWAS signals 

Regular access to human islets and pure beta-cells now provides us with a unique 

opportunity to perform expression profiling within these tissues.  As such I was asked to join 

the teams led by Voight (DIAGRAM+) and Dupuis (MAGIC) to add further biological weight to 

their epidemiological findings.   To this end the aims of the work presented in this chapter 

were to perform expression profiling for each of the genes falling within or close to the 

associated T2D and fpg loci, to firstly determine whether the genes are transcribed and 

expressed within human islets and beta-cells and secondly, for those loci containing multiple 

biological candidate genes, to aid in refinement of the signal and provide potential starting 

points for fine mapping studies. 
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3.2 Methods 

3.2.1 FACS of human islets 

Following overnight culture human islets were washed in Mg2+ and Ca2+ free buffer before 

Accutase (PAA Laboratories, Yeovil, UK) was added to disperse the islets.  After incubation 

(37°C, 10 minutes) the reaction was halted through addition of modified Krebs-Ringer 

bicarbonate HEPES buffer.  Dispersed cells were initially stained with mouse anti-pan-ductal 

cell antibody (AcNCA19-9) (Novacastra, Newcastle Upon Tyne, UK) for one hour before 

resuspension in buffer containing anti-mouse Alexa 633 secondary antibody (Invitrogen, 

Paisley, UK).  Following ductal cell staining, cells were resuspended in buffer containing 

Newport Green, a lipophillic zinc binding dye used to selectively detect beta-cells.  The final 

dye used to treat the cells, 7-amino actinomycin D, is a nuclear stain used as a marker for 

apoptosis (Invitrogen, Paisley, UK).  Pellets were resuspended thoroughly in Krebs-Ringer 

bicarbonate HEPES buffer before sorting on a Beckman Coulter 7-colour MoFlo using 

parameters defined further in Chapter 2. 

 

To determine purity, beta-cells were fixed in 2% paraformaldehyde (PFA) (Sigma Aldrich, 

Gillingham, UK) before being treated with 0.5% Triton (Sigma Aldrich, Gillingham, UK) to 

permeate the cells.  Cells were washed in PBS before incubating in PBS+BSA (0.5%) for 1 hour 

to block all non-specific proteins.  Anti-glucagon and anti-insulin primary antibodies (Vector 

Laboratories, Peterborough, UK) were diluted to optimised strength (1:500) in PBS and added 

to the cells.  Following 2 hour incubation, primary antibodies were removed and replaced 

with secondary antibodies.  After 1 hour, cells were washed in PBS, before addition of a 

nuclear stain (Invitrogen, Paisley, UK).  Cells were again briefly washed in PBS before 

mounting medium was applied to the cells with a glass cover slip placed on top.  Cells were 

visualised using confocal microscopy with each of the nuclear, glucagon and insulin 
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antibodies (attached to different fluorphore; DAPI, Rhod and FITC respectively) emitting at 

different wavelengths and detectable using separate filters. 

 

3.2.2 Samples 

Adult Total Pooled RNA samples (cerebellum[n=10], cortex[n=5], spleen[n=12], pancreas[n=3], 

lung[n=3], kidney[n=1], liver[n=1], skeletal muscle[n=2], heart[n=3], testes[n=39], 

adipocytes[n=3] and brain[n=1]) were purchased in the form of a commercially available 

tissue panel (Clontech, Oxford, UK) for mRNA expression profiling of genes within novel 

DIAGRAM+ and MAGIC associated loci.  Adult human islets and FACS beta-cells were available 

through existing collaborations at Oxford University, and were obtained with full ethical 

consent.  FACS beta-cell preparations contained >95% insulin-positive cells. 

 

3.2.3 Probe selection 

As gene expression profiling was to be splice variant independent, assays were selected on 

the basis of their coverage of all RefSeq genes.  All gene expression assays were purchased 

from Applied Biosystems (Warrington, UK) and where possible, selected on the basis that the 

oligonucleotide probe spanned exon junctions (_m1 suffix) to reduce non-specific 

amplification.  Assay identification numbers are provided in Table 3.3. 

 

3.2.4 mRNA expression - Novel T2D and fpg loci in a human tissue panel 

Samples were DNase I (Applied Biosystems) treated to remove residual genomic 

contamination before 1μg of each RNA sample was used in a random primed first strand 

cDNA synthesis reaction (Applied Biosystems).  Full details of these protocols are provided in 

Chapter 2.  Reverse transcription was also performed on all samples in the absence of the 

enzyme, reverse transcriptase, and these samples used as negative controls.  cDNA was 

diluted to 1:100 in 0.01M Tris-HCl and 4μl used in a 10μl qRT-PCR reaction with 5.5μl gene 
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expression mastermix (Applied Biosystems) and 0.5μl gene specific assay.  All samples were 

run in triplicate.  A standard curve was generated by pooling 1μl of each cDNA, serially 

diluting (1:50, 1:100, 1:200, 1:400, 1:800) and running as above.  Expression levels were 

determined with respect to the geometric mean of 3 endogenous housekeeping genes [HKG] 

(B2M, HPRT1, TOP1 in the DIAGRAM+ analysis and B2M, HPRT1 and β-actin in the MAGIC 

analysis).  HKG are notoriously difficult to select for tissue panel testing therefore each of the 

HKG was screened before the experiment to determine their ubiquitous expression.  Four 

HKG were included in each experiment although TOP1 failed within the MAGIC and β-actin 

within the DIAGRAM+ analysis.  Calibration was performed to the mean of the 1:100 standard 

for the assay of interest (ΔΔCT).  For ease of presentation the maximum gene expression has 

been equalled to one and all other tissue expressions reported as a fraction of this. 

 

3.2.5 mRNA expression - Novel T2D loci in flow sorted beta-cells  

cDNA was generated from 150ng RNA (as RNA was limiting) and treated as above.  Resulting 

cDNA was diluted 1:50 and 4μl used in a 10μl qRT-PCR reaction.  Assays which had failed to 

demonstrate expression in human islets were excluded from this experiment.  Analysis was 

performed as above.  The threshold value was set to the same arbitrary value for each assay 

and HKG to make comparisons uniform.  Relative expression was then calculated through 

normalisation to the housekeeping gene B2M and calibration to the expression of HNF1A 

within beta-cells.  Genes mapping close to fpg association signals were also assessed in 

purified beta-cells, however due to the collaborative nature of the project this work was 

performed by consortia members in Lille, France and are not presented here. 
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MAGIC Analysis 
Gene ID Gene Name Assay ID 

ADCY5 Adenylate cyclase 5 Hs00766287_m1 
ADRA2A Adrenergic, alpha-2A Hs00265081_s1 
CRY2 Cryptochrome 2 (photolyase-like) Hs00323654_m1 
DGKB Diacylglycerol kinase, beta, 90KDa Hs00391660_m1 
FADS1 Fatty acid desaturase 1 Hs01096547_m1 
FAM148B Family with sequence similarity 148, member B Hs02379187_s1 
GLIS3 GLIS family zinc finger 3 Hs00541450_m1 
MADD MAP kinase activating death domain Hs00366249_m1 
PROX1 Prosperohomeobox 1 Hs00160463_m1 
SLC2A2 Solute carrier family 2 (facilitated glucose transporter), 

member 2 
Hs01096904_m1 

SLC39A13 Solute carrier family 39 (zinc transporter), member 13 Hs00378317_m1 
TMEM195 Transmembrane protein 195 Hs00417148_m1 
   

DIAGRAM+ Analysis 

HNF1A HNF1 homeobox A Hs00167041_m1 
BCL11A B-cell CLL/lymphoma 11A (zinc finger protein) Hs00256254_m1 
HMGA2 High mobility group AT-hook 2 Hs00171569_m1 
ZBED3 Zing finger, BED-type containing 3 Hs00260688_m1 
AGGF1 Angiogenic factor with G patch and FHA domains 1 Hs00203293_m1 
PDE8B Phosphodiesterase 8B Hs00405493_m1 
TSGA13 Testis specific, 13 Hs00364691_m1 
KLF14 Kruppel-like factor 14 Hs00370951_s1 
COPG2 Coatomer protein complex, subunit gamma 2 Hs00273295_m1 
TP53INP1 Tumor protein p53 inducible nuclear protein 1 Hs01003820_m1 
INTS8 Integrator complex subunit 8 Hs00215334_m1 
CCNE2 Cyclin E2 Hs01051894_m1 
ZFAND6 Zinc finger, AN1-type domain 6 Hs00375275_m1 
FAH Fumarylacetoacetate hydrolase Hs00164611_m1 
ARAP1 ArfGAP with RhoGAP domain, ankyrin repeat and PH 

domain 1 
Hs00373707_m1 

STARD10 StAR-related lipid transfer (START) domain containing 10 Hs00246405_m1 
PDE2A Phosphodiesterase 2A, cGMP-stimulated Hs01042255_m1 
ATG16L2 ATG16 autophagy related 16-like 2 (S.Cerevisiae) Hs01057324_m1 
FCHSD2 FCH and double SH3 domains 2 Hs00207952_m1 
FURIN Furin (paired basic amino acid cleaving enzyme) Hs00159829_m1 
FES Feline sarcoma oncogene Hs01120751_m1 
PRC1 Protein regulator of cytokinesis 1 Hs01597831_m1 
UNC45A Unc-45  homolog A (C.elegans) Hs00218751_m1 
RCCD1 RCC1 domain containing 1 Hs00364408_m1 
MAN2A2 Mannosidase, alpha, class 2A, member 2 Hs00196172_m1 
HDDC3 HD domain containing 3 Hs00826828_g1 
VPS33B Vacuolar protein sorting 33 homolog B (yeast) Hs00218719_m1 
TLE4 Transducin-like enhancer of split 4 (E[spl] homolog, 

Drosophila) 
Hs00419101_m1 

CHCHD9 Coiled-coil-helix-coiled-coil-helix domain containing 9 Hs01892561_sH 
   

Housekeeping Genes 

B2M Beta-2-microglobulin Hs99999907_m1 
HPRT Hypoxanthine Phosphoribosyltransferase 1 Hs99999909_m1 
Β-ACTIN Beta-actin Hs99999903_m1 
TOP1 Topoisomerase 1 Hs01052828_m1 

 

Table 3.4 Gene names and gene ID’s of probes used to amplify genes within novel T2D and FPG  
associated loci as well as those used to amplify glucose transporters and all housekeeping genes.  All 
probes were purchased from Applied Biosystems and selected on the basis that they covered all 
RefSeq genes and specifically amplified mRNA (_m1) where possible.  
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3.3 Results 

3.3.1 mRNA expression profiling of genes within novel T2D loci: Human tissue panel 

Expression profiling of genes within the novel loci was performed in tissues from a 

commercially available panel.  Where possible, profiling was performed in tissues pooled 

from multiple donors to minimise single sample bias.  However, due to donor scarcity of 

certain tissues, and inability to collect human samples ourselves, profiling was only 

performed within brain, liver and kidney was only performed in tissue from a single individual. 

 

Expression profiling for the genes mapping close to signals on chromosome 11q21 (MTNR1B), 

2q36 (IRS1), 11p15 (KCNQ1) and Xq28 (DUSP9) was not deemed necessary as the biological 

candidacy and/or molecular mechanisms behind these signals were considered sound at the 

time.  I carried out gene expression profiling for all remaining loci which, upon replication, 

reached genome wide significance levels (p<5x10-8).   

Figure 3.1  Association signals mapping to chromosomes 2p16, 12q24 and 12q14 identified BLC11A, 
HNF1A and HMGA2 as likely candidate genes.  Expression profiles of the genes were determined in a 
panel of metabolically relevant tissues.  Relative expression is presented in arbitrary units (AU) with 
highest levels of expression equalled to one and everything else presented as a fraction of this. 
 

Signals mapping to 12q14 and 2p16 identified only HMGA2 and BCL11A respectively as 

potential susceptibility genes.  Interestingly BCL11A had been highlighted in a previous T2D 

association study but failed to reach genome-wide significance (Zeggini, et al., 2008).  The 
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same was also seen for HNF1A (Bonnycastle, et al., 2006; Weedon, et al., 2005b; Winckler, et 

al., 2005), and previous identification of rare HNF1A mutations as a leading cause of maturity-

onset diabetes of the young (MODY) led the authors to postulate that the T2D signal mapping 

to 12q24 was likely working through this biologically plausible gene.  Therefore at three of 

the novel T2D loci, only one gene was screened (Figure 3.1).  Expression profiling revealed 

that all three of these novel susceptibility loci were expressed within the pancreas and 

human islets.   

 

Chromosome 5 association signal (rs4457053)  

The association signal mapping to chromosome 5q14 was situated directly upstream of 

ZBED3 and downstream of AGGF1 with an additional candidate gene PDE8B situated 0.1Mb 

away.  All three genes were tested across the panel of metabolically relevant tissues (Figure 

3.2).  Of the three candidate genes at this locus ZBED3 and AGGF1 are ubiquitously expressed 

with maximal expression observed in liver and cortex respectively.  PDE8B shows more 

selective patterns of expression with highest levels seen in cortex and testes.  All three of the 

candidate genes were detected in both pancreas and islets at moderate levels; interestingly, 

PDE8B shows higher relative expression within islets compared to pancreas indicating this 

gene may be important to endocrine cells of the pancreas. 
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Figure 3.2 The association signal at 5q14.1 mapped close to three biologically plausible candidate 
genes.  Expression profiling of the three candidate genes was determined across a panel of 
metabolically relevant tissue with maximal expression equalled to one for ease of presentation. AU = 
arbitrary units. 
 

Chromosome 7 association signal (rs972283) 

The association signal at chromosome 7q32 lies upstream of the single exon gene KLF14.  A 

cluster of SNPs with p values <5x10-6 were also identified close to KLF14 which were in high 

LD (r2>0.8) with this index SNP.  Within 0.2Mb downstream of KLF14 lie an additional two 

genes COPG2 and TSGA13 which are transcribed in the same orientation as KLF14 and which 

were included in the expression analysis to refine the causal gene (Figure 3.3).  Interestingly 

TSGA13 expression was only observed in brain.  Of the other two candidate genes at this 

locus COPG2 was seemingly ubiquitously expressed whilst KLF14 was predominantly 

expressed within kidney and brain with similar levels of expression observed within skeletal 

muscle, adipose tissue and pancreas.  Both KLF14 and COPG2 were expressed within human 

islets. 
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Figure 3.3 The association signal at 7q23 warranted the screening of three biologically plausible genes 
within 0.2Mb of the index SNP (rs972283).  Expression levels were determined across metabolically 
relevant tissues and analysed using the ΔΔCT method. 
 

Chromosome 8 association signal (rs896854) 

The association signal on chromosome 8q22 mapped to an intron of TP53INP1.  TP53INP1 lies 

within a 0.3Mb region of chromosome 8 between two recombination peaks indicating it falls 

within an LD block.  This LD block contains a number of other genes including CCNE2 and 

INTS9 which lie downstream of TP53INP1.  DIAGRAM+ identified a number of SNPs located 

across these two genes which were in LD (r2>0.6) with the TP53INP1 index SNP.  With the 

presence of such a large LD block and limited biological knowledge of each of the genes it was 

plausible that the true causal SNP could lie within any of the highlighted genes. Of the three 

genes tested within this locus both INTS8 and TP53INP1 appear to be ubiquitously expressed.  

Interestingly TP53INP1 shows maximal expression within pancreas but relatively low levels 

within islets.  This could indicate it is playing a role within pancreatic exocrine tissue.  CCNE2 

showed maximal expression within brain with comparatively lower levels in all other tissues 

studied. 
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Figure 3.4 The association signal at 8q22.1 fell within a 0.3Mb LD block flanking TP53INP1, INTS8 and 
CCNE2.  The expression profile of each gene was ascertained within a human tissue panel through ΔΔCT 
analysis. 
 

Chromosome 9 association signal (rs13292136) 

A peak of associated SNPs was identified on chromosome 9 around CHCHD9 but not mapping 

within this gene.  The only other gene in the proximity was TLE4 and both genes were 

profiled across a human tissue panel.  Unfortunately the CHCHD9 assay was reproducibly 

shown to fail across all samples used and therefore data are not presented.  TLE4 expression 

was observed within all tissues tested, maximal expression was observed within brain whilst 

comparatively lower levels were seen in pancreas and islets.  The probe used to detect 

CHCHD9 is referred to as _sH which by definition means it was designed against a transcript 

with high sequence homology to CHCHD9 but not against the gene itself.  The lack of CHCHD9 

expression is likely due to probe failure however at the time of publication this was the only 

commercial probe available for the detection of the CHCHD9 transcript. Therefore, using 

Taqman methodology, it was not possible to determine whether this gene is expressed within 

human islets and gene expression profiling could not be used to aid in refinement of the 

signal at this locus. 
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Figure 3.5  The association signal on chromosome 9 mapped to a region containing only two genes.  
The associated SNP did not fall within either of these genes and both were tested across a tissue panel.  
The expression profile of TLE4 was analysed using ΔΔCT method, CHCHD9 assay failed across all tissues. 
 

Chromosome 11 association signal (rs1552224) 

The association signal at 11q13 mapped to the promoter of the CENTD2 (ARAP1) gene.  

CENTD2 however lies within a 0.6Mb region on chromosome 11 flanked by two 

recombination peaks.  The 0.6 MB LD block contained an additional four genes (PDE2A, 

ATG16L2, FCHSD2 and STARD10) in which additional SNPs had shown association with T2D in 

the DIAGRAM+ study.  To elucidate which gene within this locus was likely to be driving the 

associated phenotype, expression analysis of all five genes was determined in human tissues.  

The majority of genes within this locus were ubiquitously expressed and all showed 

expression within both pancreas and islets, however expression of PDE2A was comparatively 

low within these depots when compared to its maximal expression within testes. 
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Figure 3.6 Expression analysis of the five genes within the 0.6Mb LD block on chromosome 11 to which 
the novel association signal (rs1552224) mapped.  Analysis was performed using ΔΔCT method. 
 

Chromosome 15 association signal (rs11634397) 

The association signal mapping to chromosome 15q25 lay downstream of ZFAND6 and 

upstream of FAH between two recombination peaks.  Limited knowledge of the biological 

role of both genes and identification within an LD block meant it necessary to determine 

which gene the SNP was likely to be acting through and expression profiles of both genes 

were determined.  The expression of ZFAND6 was relatively ubiquitous across all tissues 

tested with maximal expression observed within brain with comparatively lower levels within 

pancreas and islets.  FAH expression was barely above background in human pancreas and 

islets although levels were highest within liver and adipose tissue which could suggest more 

of a role within insulin signalling rather than beta-cell dysfunction. 
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Figure 3.7  The association signal at 15q25 warranted the need to screen two potential susceptibility 
genes, ZFAND6 and FAH.  Expression profiles across a human tissue are presented for each gene with 
maximal tissue expression equalled to one for ease of presentation. 
 

Chromosome 15 association signal (rs8042680) 

This association signal at 15q26 mapped to an intron of PRC1.  PRC1 lies within a 0.25Mb 

region of chromosome 15 densely populated with other genes.  It also represents a region of 

the chromosome with very low recombination rates suggesting SNPs within this region are 

likely to be in high LD with each other.  In fact a number of other SNPs were identified in the 

DIAGRAM+ study across this region which were in LD (r2>0.6) with the lead index SNP.  To 

refine the signal, expression analysis of the eight genes within this region (PRC1, FURIN, FES, 

UNC45A, RCCD1, MAN2A2, HDDC3 and VPS33B) was performed.  PRC1 and FES were 

expressed at comparatively low levels within human islets when compared with their 

maximal expression within brain and skeletal muscle respectively.  VPS33B was not expressed 

at all within the pancreas or human islets.  All other genes tested appear to be ubiquitously 

expressed with UNC45A and FURIN showing relatively high expression levels within human 

islets.  The probe designed to detect HDDC3 could not be validated and therefore no results 

were obtained for its expression across the tissue panel.  In light of this we cannot rule 

HDDC3 out as the causal gene. 
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Figure 3.8 The novel association signal on chromosome 15 mapped to a 0.25Mb LD block 
encompassing eight genes.  Expression levels of the potential susceptibility genes were determined 
across a human tissue panel and maximal expression equalled to one for ease of presentation.  
Expression of HDDC3 is not presented due to probe failure. 

 

3.3.2 mRNA expression profiling of genes close to novel T2D loci: Human islets 

The potential susceptibility genes analysed to date have been compared within a human 

tissue panel, but to determine the effect and relative expression within human islets, the 

expression data were re-analysed within this one tissue.  The ΔΔCT method was used after 

ensuring threshold values were set to an arbitrary value for each assay (although not 

absolute quantification, this re-analysis should allow a trend to become evident within the 

data). 
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Figure 3.9 Relative expression of novel T2D loci within human islets when analysed using ΔΔCT method, 
normalising to the mean of three housekeeping genes and making relative to the raw Ct of HNF1A 
(which we already know to be highly expressed within human islets).  Genes have been grouped into 
novel loci for ease of presentation. 

 

Within the 11q13 and 15q26 loci expression analysis elucidates that the association may be 

driven by variants within STARD10 and MAN2A2/UNC5A respectively as these genes are 

expressed far in excess of any other genes within their respective loci.  Lead candidate genes 

within other loci are not as evident with all three genes studied within the 5q14 loci (ZBED3, 

PDE8B and AGGF1) showing similarly low levels of expression. 

 

3.3.3  mRNA expression profiling of genes close to novel T2D loci: Human beta-cells 

The observation that the majority of genes within the associated loci were expressed within 

human islets was somewhat surprising.  At this stage in the expression profiling it was 

expected that only a small subset of genes would warrant screening within human flow 

sorted beta-cells, instead we are able to only eliminate four genes.  Our data are however 

supported by data from other members of the consortia (Lang & Groop, DIAGRAM+) who 

studied the expression of all loci within human islets using a micro-array based approach.  

Using this method they were unable to rule out genes based on lack of expression within 
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human islets, although at the time this was believed to be due to reduced sensitivity of the 

method used. 

 

Figure 3.10 Immunohistochemistry determination of beta-cell purity.  Beta-cells were fixed and 
permeated before a nuclear stain (A, blue, DAPI), anti-insulin (B, green, FITC) and anti-glucagon (C, red, 
Rhod) were added.  Beta-cells were viewed using fluorescence microscopy and purity calculated as 
percentage of insulin-positive cells/nuclear positive cells.  Overlay of the three stains demonstrates the 
high purity of beta-cells within the preparation (D). 

 

Expression profiling within metabolically relevant human tissues demonstrated that TSGA13 

and VPS33B were not expressed within human islets whereas probe problems ruled out the 

detection of CHCHD9 and HDDC3.  All other genes were shown to be expressed within human 

pancreas and islets and warranted investigation within human beta-cells. Human islets 

preparations (n=2) were sorted using FACS and purity found to be >95% using 

immunohistochemistry (Figure 3.10).   
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Figure 3.11 Relative expression of novel T2D loci within human beta-cells when analysed using ΔΔCT 
method, normalising to B2M and making relative to the raw Ct of HNF1A (which we already know to be 
highly expressed within human islets).  Genes have been grouped into novel loci for ease of 
presentation. 

 

Within human beta-cells a similar pattern of expression is observed to that seen within 

human islets (Figure 3.11).  STARD10 remains the gene most strongly expressed at 11q13 

whilst at 15q26 UNC5A has overtaken MAN2A2 as the lead gene within this locus.  At 5q14 

AGGF1 is expressed at higher levels than the other two candidate genes and at 7q23 COPG2 

has emerged as the most strongly expressed gene.  At a number of loci, none of the 

highlighted genes were detected within flow sorted beta-cells.  However, it should be noted 

that the starting material used for expression analysis within human beta-cells was 

considerably less than is normally used in expression studies due to limited RNA availability.  

Therefore, genes within these loci may still be expressed within beta-cells but at lower levels 

than genes which have demonstrated expression within our study.  Alternatively, low 

expression of these genes may indicate they are exerting their effects through insulin-

sensitive tissue and effects on insulin sensitivity rather than beta-cell function. 
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3.3.4 mRNA expression analysis of genes adjacent to novel FPG loci: Human tissue 

panel 

Expression levels of the genes mapping closest to the lead association signals (ADRA2A, 

ADCY5, CRY2, GLIS3, PROX1, SLC2A2, FADS1, FAM148B, DGKB-TMEM195, MADD-SLC39A13) 

were determined in a panel of metabolically relevant human tissues including pancreas and 

islets.  All genes were shown to be expressed within human islets with the sole exception of 

TMEM195 (Figure 3.14).  TMEM195 lies within a region of association on chromosome 7 

which also encompasses DGKB and had previously been highlighted as a potential FPG locus 

in a recent GWAS study for metabolic traits in the Northern Finnish Birth Cohort (Sabatti, et 

al., 2009).  Both genes were included in the expression analysis to aid in refinement of this 

signal and although expression of TMEM195 was not observed in islets it was shown to be 

expressed at highest levels within liver, another tissue through which the effects on FPG 

could be mediated.  

 

Interestingly both FAM148B and GLIS3 showed highest levels of expression within whole 

pancreas and in both cases expression within this tissue were over two fold higher than 

expression within islets, indicating that these genes may play critical roles within pancreas 

but predominantly within the exocrine tissue. Of the other genes tested SLC2A2, FADS1 and 

PROX1 showed high levels of expression within liver whilst SLC39A13, ADRA2A and CRY2 

were shown to be widely expressed within all tissues (Figure 3.12). 
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Figure 3.12 Expression of genes mapping closest to the lead association SNP and/or biological 
candidate genes at the association loci were determined across a human tissue panel including 
metabolically relevant tissues.  For each gene tested the maximal tissue expression is equalled to one 
and expression in other tissues reported as a fraction of this for ease of presentation. 
 
 
 
To assess the relative expression of all genes within human islets, data were reanalysed after 

an arbitrary threshold value was set for each assay and calibration was performed using the 

average expression of GLIS3 (a known pancreatic transcription factor) within islets.  When 

comparing expression levels within this tissue, FADS1 and SLC39A13 were shown to be 

transcribed at the highest levels.  Expression of TMEM195 was once again confirmed in its 

absence in this depot and interestingly expression of DGKB, the previously associated locus 

was also present at low levels within human islets (Figure 3.13). 

Figure 3.13  Relative expression of the twelve fpg candidate genes.  Expression was calculated using 
the ΔΔCT value, normalising to the mean of 3 HKG and calibrating to the mean expression of GLIS3 
within this tissue.  Maximum expression within FADS1 has been equalled to zero and all other 
presented as a percentage of this. 
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3.4 Discussion 

Through meta-analysis of genotypic and phenotypic data from over 100,000 individuals, my 

statistical collaborators within the DIAGRAM+ (Voight, Scott, Steinthorsdottir, Morris and 

Dina) and MAGIC (Dupuis, Langenberg, Prokopenko, Saxena and Sorenzo) consortia, were 

able to identify 12 novel T2D and nine novel fpg loci.  However, of these novel signals, many 

were found to map to gene-dense regions of the genome with low recombination and high 

LD rates or close to genes whose biological candidacy was unknown. To aid in the refinement 

of the association signals I performed gene expression profiling of the highlighted genes 

within metabolically relevant tissues including human islets and purified beta-cells to firstly 

determine which if any of the genes were transcribed and expressed within these depots, and 

secondly to postulate whether the novel variants are likely to be modulating their effects 

through beta-cell dysfunction or via a peripheral signalling defect. 

 

mRNA expression profiling was only performed for genes within ten of the T2D loci as 

molecular mechanisms and biological candidate genes were already defined for the 

remaining four.  The association signal mapping to 12q14 mapped 0.2Mb from HMGA2, high 

mobility group AT-hook 2, a transcriptional regulator and key component of the 

enhancesome which was associated with T2D for the first time in this study (Noro, et al., 

2003).  Other common variants within this gene have robustly been associated with height in 

the general population although the association signals have been shown to be independent 

in European populations (r2<0.01) (Weedon, et al., 2007).  Expression analysis demonstrates 

minimal expression of this gene within human pancreas and islets and levels within beta-cells 

do not exceed background.  Our data would indicate this variant is unlikely to exert its 

functional effects through modulation of beta-cell function.  Furthermore human 

physiological analysis, performed by DIAGRAM+ collaborators, demonstrated the risk HMGA2 

allele shows no association with HOMA-B, an index of beta-cell function, but rather shows a 



110 
 

more demonstrable effect on HOMA-IR, a surrogate measure of insulin sensitivity.  

Interestingly, data from Hmga2 haploinsufficent mice show these animals have greatly 

reduced fat mass and suffer from diet-induced obesity (Zhou, et al., 1995).  Our observation 

of high HMGA2 expression levels within human brain alongside evidence from murine models 

suggest that the risk allele at HMGA2 could be contributing to increased T2D risk via an 

obesity-related mechanism which requires further investigation. 

 

Expression profiling was also of benefit for loci where the association signal mapped to 

regions in which a candidate gene was not always evident.  The signal at 7q32 mapped 

upstream of the single exon gene KLF14 but <0.1Mb from a further two genes COPG2 and 

TSGA13.  To ensure the true causal gene was not excluded and to aid in refinement of the 

signal the expression profile of the three transcripts were determined.  TSGA13 was originally 

eliminated from our beta-cell analysis after it failed to demonstrate expression within 

pancreas or islets when tested in the human tissue panel.  COPG2 was relatively strongly 

expressed in both islets and beta-cells.  COPG2 is a subunit of the Golgi coat protein or 

coatomer which is a complex required for Golgi budding and Golgi to endoplasmic reticulum 

transport (Waters, et al., 1991).  Its crucial role may explain its relatively ubiquitous 

expression across the human tissue panel but does not lend itself to an obvious role in the 

pathogenesis of T2D.  KLF14 is the gene which maps closest to the lead association signal and 

from the expression analysis there is little if any evidence to suggest this variant may mediate 

its actions through beta-cell dysfunction.  Conversely, this Kruppel-like transcription factor 

shows maximal expression within kidney, brain and adipose tissue.  The T2D susceptibility 

variant at this locus is also associated with increased fasting insulin levels and reduced insulin 

sensitivity (HOMA-IR) indicating the primary effects of this variant are being driven by effects 

on insulin action.  Further support for a role of KLF14 in insulin action was provided by 

DIAGRAM+ investigators undertaking cis-eQTL analysis who demonstrated the index SNP 
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strongly associated with KLF14 expression within adipose tissue.  Since publication of these 

findings, the same KLF14 cis-eQTL has also been found to act as a master trans regulator of a 

number of key adipose genes, the expression of which correlate with metabolic traits 

including body mass index (BMI), fasting insulin and HOMA-IR, therefore providing further 

mechanistic proof that this variant is mediating T2D susceptibility via an adipose-mediated 

mechanism (Small, et al., 2011). 

 

The associations signals at 12q14 and 7q32 have therefore been somewhat aided by the use 

of biological analysis however there were a number of loci for which expression profiling was 

found to be of limited use in signal refinement.  The association signal mapping to 5q14 fell 

between three genes, ZBED3, AGGF1 and PDE8B. Expression profiling demonstrated that all 

three genes were expressed in both human islets and beta-cells and physiological and 

biological evidence failed to shed any further light on the true causal variant.  At 11q13 the 

presence of a large LD block warranted the screening of eight potential causal genes.  

Expression analysis demonstrated that all genes with the exception of VPS33B were 

expressed in islets although UNC45A and MAN2A2 were expressed at the highest levels.  

Pathway analysis of the same locus demonstrated that FURIN is an important gene required 

for the cleavage of NOTCH2 and ADAMTS9 (previously identified T2D genes) although 

expression of this gene within beta-cells could not be identified (Gordon, et al., 2009; Logeat, 

et al., 1998; Somerville, et al., 2003).  Further work therefore needs to be performed at this 

locus to determine whether the true causal variant is working through FURIN in insulin-

sensitive tissues or whether the true variant is potentially modulating UNC45A or MAN2A2 

via a beta-cells mechanism. 

   

As with the novel T2D loci, expression profiling was performed for each of the genes within 

the nine novel fpg loci.  The signal mapping to the DGKB-TMEM195 loci was previously 
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identified but only reached genome-wide significance for the first time in this study (Sabatti, 

et al., 2009).  DGKB encodes diacylglycerol kinase, a regulator of diacylglycerol, an important 

secondary messenger which in rodents has been shown to effect insulin secretion, whilst 

TMEM195 encodes a membrane phosphoprotein believed to play an important role within 

hepatocytes (Peter-Riesch, et al., 1988).  Expression analysis demonstrated that TMEM195 

was transcribed at highest levels within hepatocytes whilst expression in human islets was 

not observed.  Conversely DGKB showed a more extensive expression profile with highest 

levels observed within brain and testes whilst expression was also detected within islets.  The 

detection of the two candidate genes within metabolically relevant tissues (beta-cells [DGKB] 

and liver [TMEM195]) provides evidence that both genes could be driving the association at 

this locus.  Statistical geneticists within the MAGIC consortia determined that the glucose-

raising T allele has an effect size of 0.03mmol/L and a decrease in HOMA-B of 0.017 

(p=6.4x10-8) however no observable differences in HOMA-IR (p=0.61) or fasting insulin levels 

(p=0.48) were detected.  Detailed physiological characterisation of the novel variant also 

demonstrated that the glucose-raising allele is associated with defects in early insulin 

secretion as assessed by a reduced insulinogenic index (a measure of glucose-stimulated 

insulin secretion).  No demonstrable effects on insulin sensitivity were observed as would be 

expected if the association was driven by the TMEM195 gene within hepatocytes and 

therefore the expression and physiological data together suggest that at this locus the effects 

on fasting glucose and beta-cell function are driven through the DGKB gene (Ingelsson, et al., 

2010). 

 

The lead SNP rs7944584 mapped to an intron of MADD (mitogen-activated protein kinase 

activating death domain) an adaptor protein required for MAPK activation through 

interaction with the TNFα receptor (Schievella, et al., 1997).  An additional gene within this 

association region, the zinc transporter SLC39A13, was also considered a likely candidate 
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gene and therefore included in gene expression profiling.  Both genes were found to be 

ubiquitously expressed with equivocal levels observed within human islets.  Statistical 

analysis by collaborators within the MAGIC consortia determined that the A allele at this 

locus raised blood glucose with the magnitude of 0.02mmol/L and was also associated with a 

reduction in beta-cell function although this failed to reach genome-wide significance 

(HOMA-B p=0.07).  Detailed physiological characterisation of this variant however 

demonstrated that the glucose-raising A allele  is also associated with abnormal insulin 

processing as assessed by an increase in fasting proinsulin levels (p=2.07x10-71) without a 

concomitant effect on insulin secretion (Ingelsson, et al., 2010).   

 

The observation that this variant does not increase T2D risk despite such large effects on 

circulating proinsulin levels suggests this is an isolated processing defect (Ingelsson, et al., 

2010).  Of the candidate genes tested at this locus we observed the strongest expression of 

SLC39A13 within human islets.  Interestingly a different beta-cell specific zinc transporter 

SLC30A8 (ZnT8) was robustly associated with fasting plasma glucose and T2D risk in a 

previous study (Sladek, et al., 2007).  Determination of the molecular mechanism behind this 

SLC30A8 signal was elucidated using a combination of rodent knockout and molecular 

modelling (Nicolson, et al., 2009).  Slc30a8-/- knockout mice demonstrated impaired glucose 

tolerance and insulin secretion with reduced insulin granule zinc content (Nicolson, et al., 

2009).  Molecular modelling of the associated non-synonymous variant revealed that the risk 

R allele was associated with reduced zinc transport when compared to the wildtype W allele 

(Nicolson, et al., 2009) demonstrating the importance of zinc transporters for the 

maintenance of beta-cell function and glucose homeostasis.  The additional gene tested at 

this locus, MADD, works through generation of apoptotic signals via the TNFα receptor 

(Schievella, et al., 1997).  Were variants within MADD driving the association, it is 

hypothesised that defects in beta-cell function would also be observed (Ingelsson, et al., 
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2010).  Taken together the expression and physiological data support a role for the zinc 

transporter SLC39A13 within human islets. 

 

Each of the remaining eight genes were detected within human islets.  Statistical analysis by 

MAGIC consortia collaborators revealed the association signal mapping to the promoter of 

PROX1 was associated with an increase in fpg of 0.013mmol/L per copy of the A allele 

although association with beta-cell dysfunction or insulin resistance was not observed.  

PROX1 is an early marker of pancreatic and hepatic development and is known to co-repress 

HNF4A, a key nuclear transcription factor (Song, et al., 2006).  The observation that PROX1 is 

highly expressed within pancreas and islets provides biological evidence that the mechanism 

through which this novel SNP is acting is via beta-cell dysfunction.  To further support this 

notion, physiological evidence suggests that the PROX1 glucose-raising variant is also 

associated with a reduced insulinogenic index and therefore reduced insulin secretion 

(Ingelsson, et al., 2010).  Therefore, it could be postulated that the true causal variant at this 

locus increases the activity of PROX1 co-repression of HNF4A leading to down-regulation of a 

number of genes within the insulin signalling pathway and a reduction in insulin secretion.   

 

Similarly, high levels of FAM148B expression were observed within pancreas and human islets 

contrasting with low levels of expression detected in all other tissues tested.  Statistical and 

physiological analysis by collaborating MAGIC geneticists determined that the risk A allele 

associated with an increase in fpg of 0.008mmol/L (per copy), a reduction in HOMA-B 

(p=8.1x10-4) as well as elevated proinsulin and decreased insulin secretion (Ingelsson, et al., 

2010).  The expression data and the physiological data suggest this gene plays a crucial role 

within the insulin secretion process although the role of this nuclear localised factor on 

glucose homeostasis is not yet understood. 
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The inclusion of genetic expression profiling within human beta-cells as a tool to aid in 

refinement of T2D and fpg association signals was performed for the first time within the 

DIAGRAM+ and MAGIC meta-analysis.  Despite the advantages and insight which this 

additional biological analysis can provide, the method is not without its limitations.  Human 

islets are made up of a number of cells types including the glucagon-secreting alpha cells and 

the somatostatin-secreting delta cells.  Modulation of the secretion properties of these cells 

may also conceivably confer susceptibility to T2D and therefore genetic expression profiling 

within these cells may also be of interest.  This was considered outside of the remit of this 

project, however in the future, inclusion of an additional alpha cell sorting phase may be 

implemented in the FACS protocol and genetic profiling performed within these cells to 

provide additional and complementary information. 

 

Although the utilisation of gene expression profiling, in combination with physiological 

characterisation and eQTL analysis can serve to highlight key genes within novel susceptibility 

loci, they are unlikely to shed any light on the molecular mechanisms through which the 

variants are acting.  To this end, the field of T2D genetics research will now rely heavily on the 

work of biologists performing rigorous functional follow of each of the variants before a full 

picture of their mode of action is determined.  This in itself is likely to take a considerable 

amount of time and therefore the hope that GWAS may aid in the identification of novel 

therapeutic discoveries is likely to be some way off becoming a reality. 

 

In conclusion, I have demonstrated that gene expression profiling within a panel of 

metabolically relevant, human tissues can be used as part of a multidisciplinary approach to 

add biological evidence to epidemiological GWAS data.  When used in combination with 

physiological and eQTL data the three can aid in refinement of the signal as well as providing 

preliminary evidence as to potential molecular mechanisms.  Expression profiling of genes 
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within the DIAGRAM+ and MAGIC novel loci within human islets and beta-cells has now 

highlighted a number of key genes which must be further investigated to elucidate the roles 

of these genes within beta-cell physiology and pathophysiology.  
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Chapter 4        

GLUT2 (SLC2A2) is not the 
principal glucose transporter in 
human pancreatic beta-cells:  
Implications for understanding 
genetic association signals at 
this locus 
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4.1 Introduction 

The implementation and utilisation of genome-wide association studies (GWAS) has been of 

considerable benefit for researchers interested in elucidating the genetic component of 

complex and quantitative traits including type 2 diabetes (T2D) and fasting plasma glucose 

(fpg) as the DIAGRAM+ and MAGIC studies clearly demonstrate (Dupuis, et al., 2010; Voight, 

et al., 2010).  Despite the wealth of novel susceptibility loci now robustly associated with 

these dichotomous and continuous traits, accompanied by biological and physiological 

analysis refining the loci to likely causal genes, progress in defining the molecular 

mechanisms underlying the signals has been slow.   

 

One explanation for the lack of signal translation may be attributed to the high proportion of 

signals which map within or close to genes of unknown biological relevance.  In order to 

correctly assess the biological relevance of these genes it is imperative to perform in depth 

biological analysis within the correct cellular system.  As the majority of T2D and fpg 

association signals identified to date appear to modulate beta-cell function, and therefore 

insulin secretion, assessing the role of these genes within beta-cells is a necessity (Voight, et 

al., 2010).  Unfortunately, lack of reliable human insulin-secreting cell lines, coupled with 

increasing evidence of the fundamental differences between rodents and humans, has 

hindered the translation of novel association signals and understanding of molecular 

mechanisms (Bosco, et al., 2010; Braun, et al., 2008; Fiaschi-Taesch, et al., 2009).  One 

example of this struggle is seen in the work of Dos Santos et al. who aimed to functionally 

characterise a novel fpg SNP within glucose-6-phosphatase, catalytic domain 2 (G6PC2), the 

hypothesised negative regulator of islet glucokinase (Dos Santos, et al., 2009; Wang, et al., 

2007).  The authors identified a common promoter variant in high linkage disequilibrium 

(r2=0.96) with the index SNP which fell within a FOXO2 transcription factor binding site.  The 

authors were therefore able to assess the effects of the different alleles on transcription 
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factor binding, promoter activity and gene expression in islet-derived INS-1 and HIT-T cells 

(Dos Santos, et al., 2009).  Despite the promise of identifying a SNP within a biologically 

plausible regulatory region the authors were unable to marry their in vitro data to those 

observed in vivo.  Others have since speculated that their paradoxical observations may be 

due to the utilisation of islet-derived cell lines which may not truly mimic the in vivo situation 

(Bouatia-Naji, et al., 2010).  To demonstrate the importance of using appropriate human 

primary cells in translating association signals we have chosen to follow-up rs11920090, an 

intronic SLC2A2 SNP reproducibly associated with fpg levels in the MAGIC meta-analysis 

(Dupuis, et al., 2010).   

 

SLC2A2 encodes glucose transporter-2 (GLUT2) a transmembrane protein which functions to 

allow the passive transport of glucose across cell membranes via facilitated diffusion.  

Subsequent research into this high-Km transporter has highlighted its critical role as the 

principal glucose transporter within rodent islets (Guillam, et al., 1997; Thorens, et al., 1988) 

and it is widely accepted to play a similar role within human islets (Fajans, et al., 2001; 

Hussain, 2010; Kronenberg, et al., 2008; Sperling, 2006).  However, detailed physiological 

characterisation of the SLC2A2 glucose-raising variant in 29,000 individuals informative for 

proinsulin as well as fasting glucose and insulin levels, failed to show any demonstrable 

effects on insulin processing or secretion indicating that this variant is unlikely to be affecting 

beta-cell function (Ingelsson, et al., 2010). 

 

Until recently there were only limited reports of glucose transporter expression studies in 

human islets due to the difficulties in obtaining this tissue.  One study performed over 15 

years ago, demonstrated very low levels of SLC2A2 (GLUT2) within human islets (De Vos, et al., 

1995).  Using Northern Blot analysis in islets from two donors SLC2A2 expression was shown 

to be minimal when directly compared to SLC2A1 (GLUT1) and ~100-fold lower when 
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compared with rodents (De Vos, et al., 1995).  These data suggest important differences in 

the regulation of glucose-sensing in humans versus rodents but despite these pertinent 

findings, the data are largely overlooked and GLUT2 continues to be quoted as the key 

glucose transporter in human beta-cells (Fajans, et al., 2001; Hussain, 2010; Kronenberg, et 

al., 2008; Nolan and Prentki, 2008).  

 

In light of the recent genetic data and the controversy in the literature, we aimed to replicate 

the findings of De Vos et al. using highly sensitive methodologies in a larger number of islets, 

and to advance their studies by establishing for the first time the expression profile of glucose 

transporters within pure human beta-cells, obtained through fluorescence-activated cell 

sorting (FACS).  Finally, we relate SLC2A2 expression profiles to the reported genetic 

association with fpg levels. 
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4.2 Methods 

4.2.1 Samples 

Expression profiling of glucose transporters was performed in metabolically relevant human 

and mouse tissues.  Human liver (n=3), subcutaneous adipose tissue (n=1) and skeletal 

muscle (n=2) were available through the MOLPAGE surgical biobank in collaboration with 

Professor Mark McCarthy.  Human pancreatic islets (n=12) and FACS beta-cells (>95% purity) 

(n=3) were available through existing collections at Oxford University and were processed as 

previously described in chapter 3.  Mouse liver (n=2), brown adipose tissue (n=2), 

subcutaneous adipose tissue (n=1), skeletal muscle (n=2) and pancreatic islets (n=5) were 

available through existing collaborations at Oxford University and were collected with full 

ethical consent. 

 

4.2.2 mRNA expression analysis of SLC2A1-4 in human tissues 

Reverse transcription was performed on 300ng total RNA in a random primed first strand 

synthesis reaction.  cDNA was diluted to a 1:10 working dilution in 0.01M Tris-HCl (pH6.8) and 

4μl amplified in 10μl multiplexed reactions comprising 0.5μl PPIA housekeeping gene probe 

(VIC labelled), 0.5μl GLUT specific probe (FAM labelled) and 5μl gene expression mastermix 

(Applied Biosystems, Warrington, UK).  Data was analysed using the ΔCT method 

([1+efficiency]^(1-CT[gene of interest])/([1+efficiency]^(1-CT[housekeeper]) ensuring the threshold (CT) 

was established at an arbitrary uniform value for each assay.  Replication analysis of SLC2A1-3 

in an additional nine human islet preparations was performed on islet cDNA generated from 

1000ng total RNA as RNA was not limiting.  Amplification and analysis were performed as 

above. 
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4.2.3 mRNA expression analysis of Slc2a1-4 in mouse tissues 

Slc2a1, Slc2a2, Slc2a3 and Slc2a4 expression levels were determined in a panel of 

metabolically relevant murine tissues.    1000ng total RNA was reverse transcribed as detailed 

above following the removal of genomic DNA by DNase I treatment.  Samples were run at a 

1:50 dilution alongside three FAM labelled housekeeping genes (Leng8, Pgk1, Hprt1).  VIC 

labelled housekeeping genes were not available for multiplexing in this experiment.  Analysis 

was performed using the ΔCT method detailed above following setting of an arbitrary 

threshold value.   

Gene ID Gene name Assay ID 
SLC2A1 Human Glucose Transporter 1  Hs00892681_m1 
SLC2A2 Human Glucose Transporter 2  Hs01096904_m1 
SLC2A3 Human Glucose Transporter 3  Hs00359840_m1 
SLC2A4 Human Glucose Transporter 4  Hs00168966_m1 
Slc2a1 Murine Glucose Transporter 1  Mm00441473_m1 
Slc2a2 Murine Glucose Transporter 2  Mm00446229_m1 
Slc2a3 Murine Glucose Transporter 3  Mm00441483_m1 
Slc2a4 Murine Glucose Transporter 4  Mm00436615_m1 
 PPIA Peptidylpolyl Isomerase A Hs99999904_m1 
Hprt1 Hypoxanthine guanine phosphoribosyl transferase 1 Mm00446968_m1 
(Leng8 Leukocyte receptor cluster (LRC) member 8 Mm00554994_m1 
 (Pgk1) Phosphoglycerate Kinase 1 Mm00435617_m1 

Table 4.1 Gene names and identification numbers of probes used to amplify human and rodent 
glucose transporters.  Identification numbers for human and murine housekeeping genes are also 
provided. 

 
4.2.4 Immunohistochemistry 

Wax-embedded sections (5μm thick) of human pancreas and liver sections were used for 

immunohistochemistry.  Primary antibodies used were polyclonal rabbit anti-GLUT1 1:200 

(AbCam, Cambridge, UK), polyclonal rabbit anti-GLUT2 1:20 (Insight Biotechnology, Wembley, 

UK) or polyclonal rabbit anti-GLUT3 1:200 (AbCam).  Labelling for GLUT was followed by a 

tyramide amplification step with Alexa Fluor 488 dye according to manufacturer’s 

instructions (Invitrogen, Paisley, UK).  Sections were also labelled for with guinea pig anti-

insulin, 1:500 (in house) followed by Texas Red-conjugated goat anti-guinea pig 1:50 (Vector 

Laboratories, Peterborough, UK).  The relative levels of labelling for the different transporters 

in all cell types was established by replacing their amplification step with a FITC-conjugated 
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goat anti-rabbit secondary antibody (Vector Laboratories).  Specificity of labelling was tested 

by omission of the primary antibodies.  Images were captured using a Zeiss LSM510 confocal 

laser scanning microscope (Carl Zeiss, Jena, Germany).  This work was performed by another 

DPhil student within the Gloyn group, Martijn van de Bunt.  
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4.3 Results 

4.3.1 GLUT mRNA expression analysis in human metabolically relevant tissues 

qRT-PCR analysis of glucose transporter mRNA within human islets demonstrated that 

SLC2A1 (GLUT1) and SLC2A3 (GLUT3) were expressed at 2.8 and 2.7 fold higher levels when 

compared to SLC2A2 (GLUT2) (Figure 4.1B).  As expected, insulin stimulated SLC2A4 was only 

detected at background levels in this tissue.  As pancreatic islets consist of multiple cell types 

we chose to extend our expression analysis to observe the mRNA expression of the GLUT 

transporters specifically within purified human insulin-secreting beta-cells.  Analysis in this 

cell type revealed a strikingly similar pattern of expression to those observed in human islets 

with nominal GLUT2 expression compared to GLUT1 and 3 (Figure 4.1A).  Replication within 

an additional nine preparations of human islets demonstrated an identical pattern of GLUT 

mRNA expression (Figure 4.1B). 

Figure 4.1 mRNA expression analysis of GLUT1-4 within metabolically relevant tissues.  (A)  Expression 
profiling of GLUT1-4 was performed across metabolically relevant tissues before replication was 
performed for GLUT1-3 in an additional nine preparations of human islets (B).  Analysis was performed 
using the ΔCT method, normalising to the multiplexed housekeeping gene, PPIA.  GLUT1 (green bars), 
GLUT2 (black bars), GLUT3 (purple bars), GLUT4 (blue bars). 
 

 

 

 

 

      A)               B)  

Liver Adipocytes Muscle Islets Beta-Cells

D
e
lt
a
 C

t 
(G

O
I/
H

K
G

)

0

20

80

100

120

140

0

2

4

6

8

10

12

Human Islets

D
el

ta
 C

t 
(G

O
I/

H
K

G
)

Liver Adipocytes Muscle Islets Beta-Cells

D
e
lt
a
 C

t 
(G

O
I/
H

K
G

)

0

20

80

100

120

140

Liver Adipocytes Muscle Islets Beta-Cells

D
e
lt
a
 C

t 
(G

O
I/
H

K
G

)

0

20

80

100

120

140

0

2

4

6

8

10

12

Human Islets

D
el

ta
 C

t 
(G

O
I/

H
K

G
)



125 
 

4.3.2 Glut mRNA expression analysis in murine metabolically relevant tissues 

Glut mRNA expression analysis within metabolically relevant murine tissues revealed that 

Slc2a2 is the predominant glucose transporter in mouse pancreatic islets.  Slc2a4 was not 

detected at all within this tissue whilst Slc2a3 was only present at background levels.  In 

comparison Slc2a1 was found to be transcribed within this tissue however comparative 

analysis revealed Slc2a1 expression to be around 10 fold lower than Slc2a2 (Figure 4.2).   

Figure 4.2. mRNA expression analysis of Slc2a1-4 within a panel of metabolically relevant murine 
tissues.  Slc2a1 is represented by green bars, Slc2a2 by black bars, Slc2a3 by purple bars and Slc2a4 by 
blue bars.  Analysis was performed using the ΔCT method normalising the geometric mean of three 
murine housekeeping genes (Leng8, Pgk1 and Hprt1).  AT = Adipose Tissue 
 

Expression analysis within other metabolically relevant tissues was as expected.  Slc2a1 was 

found to be ubiquitously expressed within all tissues whilst Slc2a4 was predominantly 

expressed within skeletal muscle and adipose tissue.  Slc2a3, the neuronal transporter, was 

detected at background levels in all metabolically relevant tissues, but above background 

expression within mouse brain demonstrating probe efficiency (data not shown). 
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Figure 4.3 Immunohistochemistry demonstrating the presence of GLUT1, 2 and 3 in both human and 
mouse pancreatic islet sections.  Immunolabelling for different GLUTs (green), insulin (red) and an 
overlay of both are represented for each glucose transporter. a-c GLUT1, d-f GLUT2, g-i GLUT3 in 
human, and j-l GLUT1, m-o GLUT2, p-r GLUT3 in mouse.  This work was performed by Martijn van de 
Bunt. 
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4.3.3 Protein expression of GLUT1-3 within islets and FACS beta-cells 

Human pancreatic islets were positive for GLUT1, 2 and 3 as demonstrated by 

immunohistochemistry.  Co-localisation with insulin staining confirmed these were beta-cells 

(Figure 4.3a-i).  In mouse pancreatic islets Glut1 and Glut2 labelling were similar in insulin-

positive cells whilst Glut3 was not observed within this tissue (Figure 4.3j-r).  The presence of 

GLUT1, 2 and 3 in human insulin-positive cells was confirmed in FACS human beta-cells 

(Figure 4.4). 

 

Figure 4.4 Detection of glucose transporters in human beta-cells.  Immunolabelling for different GLUTs 
(green), insulin (red) and an overlay of both are represented for each glucose transporter.  GLUT1 (a-c), 
GLUT2 (d-f), GLUT3 (g-i).  This work was performed by Martijn van de Bunt. 
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4.4 Discussion 

To understand why SLC2A2 variants impacting on fpg levels do not affect pancreatic beta-cell 

function we investigated the relative expression profiles of glucose transporters in 

metabolically relevant human tissues including human pancreatic islets and FACS beta-cells.  

Using current sensitive methodologies we have clearly demonstrated that SLC2A1 and 

SLC2A3 are expressed at higher levels than SLC2A2 in human islets, with 

immunohistochemistry demonstrating the presence of all three transporters at the protein 

level. Our data are in agreement with earlier work from De Vos and colleagues who also 

demonstrated low levels of GLUT2 expression in human islets (De Vos, et al., 1995).  However, 

for the first time we have confirmed an identical transcript expression profile within purified 

beta-cells as well as demonstrating that GLUT 3 (SLC2A3) is as abundant as GLUT1 (SLC2A1), 

suggesting an equivocally important role for both transporters in the regulation of insulin 

secretion in humans. 

 

A principle role for GLUT1 in human islets is supported by the observation that the threshold 

for glucose-stimulated insulin secretion (GSIS) in human beta-cells is lower than in rodents 

(Gould and Holman, 1993; Henquin, et al., 2006).  Whilst GLUT2 has a Km for 2-deoxyglucose 

of 11.2mM, the properties of GLUT1 (Km 6.9mM) are much more in keeping with the 

threshold for GSIS in humans (De Vos, et al., 1995; Gould and Holman, 1993; Henquin, et al., 

2006).  Our data however also point to an equivocally important role for the low Km 

(Km=1.4mM) transporter GLUT3 which we believe is also likely to be of physiological 

relevance.  One of the most striking differences between rodent and human GLUT expression 

was the distribution of GLUT3 across tested tissues, in particular pancreatic islets.  In rodents, 

Slc2a3 was only expressed at background levels in metabolically relevant tissues with both 

mRNA expression and IHC suggesting apparent lack of this transporter within murine islets. In 

contrast, within human tissues SLC2A3 was relatively ubiquitously expressed with GLUT3 also 
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identified at the protein level in human islets and beta-cells.  Taken together these data 

suggest that in humans GLUT3 is not limited to neuronal glucose transport, as is seen for 

rodents (Nagamatsu, et al., 1992), but may play more of a ubiquitous glucose transport role.   

 

The intronic SNP identified near SLC2A2 in the recent fpg meta-analysis study was associated 

with a very small but significant increase of ~0.02mmol/L (Dupuis, et al., 2010).  In the same 

meta-analysis a variant close to FADS1 (fatty acid desaturase 1) was also associated with an 

increase in fasting plasma glucose with an equivalent effect on fpg levels and similar minor 

allele frequencies (0.64 and 0.87 respectively) (Dupuis, et al., 2010).  Whilst the variant near 

FADS1 was shown to reproducibly associate with abnormal insulin secretion via a reduced 

insulinogenic index, no demonstrable effects on insulin secretion or processing were 

observed for SLC2A2 (Dupuis, et al., 2010; Ingelsson, et al., 2010).  This indicates that the 

study was well powered to detect a change in beta-cell function even for polymorphisms with 

only a small effect on fpg levels.  Our data may help to explain why SLC2A2 variants do not 

influence beta-cell function despite their association with fpg levels.   

 

In a study by Thorens et al. Slc2a2 null mice were rescued by transgenic re-expression of 

either pancreatic Glut1 or Glut2.  Rescued mice had lower fpg levels than their wild type litter 

mates demonstrating that loss of Glut2 in tissues other than the beta-cell can influence fpg 

levels (Thorens, et al., 2000).  Furthermore, patients with Fanconi-Bickel syndrome, a rare 

disorder of carbohydrate metabolism caused by SLC2A2 mutations, display marked 

disturbances of hepatic and renal glucose metabolism causing hepatic glycogen accumulation, 

fasting hypoglycaemia, postprandial hyperglycaemia and a characteristic proximal tubular 

nephropathy with glycosuria, rather than defective insulin secretion (Santer, et al., 1998).  

The latter evidence, taken alongside our observations of low beta-cell SLC2A2 expression, 

indicates that GLUT2 is likely to play an important role in the control of hepatic and renal 
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glucose metabolism and this is the likely mechanism by which SLC2A2 variants associate with 

increased fpg levels. 

 

The expression profile of the glucose transporters in adult human islets and beta-cells has 

potentially important implications for characterising iPS beta-cell lineages.  Expression of 

SLC2A2 is used extensively as a marker for human islet-cell lineage in stem cell research 

(Borowiak and Melton, 2009; Jiang, et al., 2007).  Whilst this may be a useful marker for 

rodent islet-cell development, it is likely that more than one transporter has a role in human 

beta-cell ontogeny; both GLUT1 and GLUT2 were detected in foetal islets both at protein and 

mRNA-levels throughout organogenesis (Mally, et al., 1994; Richardson, et al., 2007). Our 

data suggest that monitoring the development of all three transporters is likely to yield cells 

which have the characteristics of adult islet-cells in terms of glucose metabolism rather than 

focusing specifically on GLUT2. 

 

To conclude, our data reinforce the notion that GLUT2 may not be the predominant glucose 

transporter in human islets and beta-cells.  This work serves as an important example of how 

performing follow-up of novel GWAS signals within metabolically relevant human tissues can 

aid in understanding of molecular mechanisms and once again highlights the differences 

between human and rodent islets and therefore the care that should be taken when directly 

extrapolating between the two. 
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Chapter 5          

Mutations within the third gene 
shown to affect fasting plasma 
glucose in the general 
population (G6PC2) are not a 
common cause of monogenic 
beta-cell dysfunction 
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5.1 Introduction 

In healthy individuals an increase in blood glucose concentration is sensed by the pancreatic 

beta-cells with subsequent stimulation of glycolysis, insulin secretion and glucose clearance 

from the bloodstream.  The pancreatic enzyme primarily responsible for glucose-sensing is 

glucokinase (GCK) which catalyses the first step of the glycolysis reaction, phosphorylating 

glucose on carbon 6 to form glucose-6-phosphate (G6P) (Matschinsky, 2002). Within healthy 

individuals GCK maintains the threshold for glucose-stimulated insulin secretion (GSIS) close 

to 5mmol/L.  Mechanisms of regulation also exist for instances when blood glucose levels fall.  

In periods of starvation both the liver and kidney cortex increase glucose production as a 

compensatory mechanism (van Schaftingen and Gerin, 2002), taking the form of 

glycogenolysis (breakdown of glycogen to glucose-6-phosphate) within the liver and 

gluconeogenesis (generation of glucose from non-carbohydrate precursors) within both the 

liver and kidney cortex.  The key terminal step in these pivotal glucose-generating pathways 

involves the hydrolysis of glucose-6-phosphate (G6P) to glucose and inorganic phosphate and 

is catalysed by the enzyme glucose-6-phosphatase (G6PC), itself located within the lumen of 

the endoplasmic reticulum (ER) (Boustead, et al., 2004).   

 

To date three members of the glucose-6-phosphatase family have been identified. G6PC is 

primarily expressed within liver and kidneys and is responsible for the last step in 

gluconeogenesis and glycogenolysis.  Mutations within this gene lead to glycogen storage 

disease type 1a which is primarily characterised by severe hypoglycaemia in the fasting state 

(Lei, et al., 1993; Yang Chou and Mansfield, 1999).  Due to defective G6P hydrolysation 

patients also present with hepato- and nephromegaly (Chou and Mansfield, 2008).  Glucose-

6-phosphatase, catalytic subunit, 2 [G6PC2] (previously denoted the islet specific G6PC-

related protein, IGRP) is an islet specific glucose-6-phosphatase.  The selective expression of 

this gene within pancreatic islets (Arden, et al., 1999; Ebert, et al., 1999) logically led a 
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number of groups to hypothesise that G6PC2 functions to antagonise the actions of GCK 

within this tissue thus leading to modulation of the glycolytic pathway and glucose-

stimulated insulin secretion (Shieh, et al., 2004; Wang, et al., 2007).  This isoform however, 

shows only 50% homology to G6PC (Arden, et al., 1999; Martin, et al., 2001; Martin, et al., 

2002) and research regarding its hydrolytic capabilities have been controversial and variable 

(Arden, et al., 1999; Martin, et al., 2001; Martin, et al., 2002; Petrolonis, et al., 2004; Shieh, et 

al., 2004).  The differences in the published observations are believed to stem from the 

inherent instability of this protein or the requirement of protein-protein interaction within 

the cellular environment to maintain catalytic activity (Arden, et al., 1999; Hutton and O'Brien, 

2009).  Additional insight into the role of G6PC2 in vivo was demonstrated through the 

generation of G6pc2 null mice.  These animals were phenotyped and reproducibly found to 

exhibit reduced fasting plasma glucose levels compared with wildtype (~15%), indicating that 

loss of G6PC2 activity in vivo would result in loss of counter regulation of, and effective 

increase in, GCK activity (Wang, et al., 2007).  The third family member, G6PC3 is primarily 

expressed in brain, kidney and muscle but has been shown to be expressed at low levels in all 

tissues analysed (Martin, et al., 2002). 

 

Individuals with fasting plasma glucose levels even at the high end (>5.6mmol/L) of the 

physiological range (4-6mmol/L) (WHO, 2006) are documented to be at increased risk of 

mortality (Bjornholt, et al., 1999; Khaw, et al., 2001).  Approximately one third of inter-

individual variation in fpg is believed to be heritable (Watanabe, et al., 1999) and it is 

therefore vital to further understand how genetics underpin fpg levels.  To this end a number 

of genome wide association (GWA) studies have been performed with the primary aim of 

identifying novel loci influencing fpg in the general population.  In 2008, Chen et al performed 

a meta-analysis of two independent GWA studies comprising 5,088 non-diabetic individuals 

of Finnish and Sardinian descent, identifying strong association between SNP rs563694 and 
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fasting glucose levels (p=3.5x10-7) (Chen, et al., 2008).  To replicate, meta-analysis of an 

additional six Caucasian cohorts was performed comprising fpg data from an additional 

12,114 non-diabetic individuals (Amish, METabolic Syndrome in Men [METSIM], Caerphilly, 

British Women’s Heart and Health Study [BWHHS], Diabetes Genetics Initiative [DGI] and 

FUSION Stage 2).  They once again demonstrated strong association of rs563694 with fpg 

levels (p=1x10-19) with an effect size of 0.06mmol/L increase per copy of the A allele (Chen, et 

al., 2008).  Further analysis of the initial 5,088 Finnish/Sardinian samples following imputation 

(within the Sardinian samples) revealed the top 17 association signals (including rs563694) to 

fall within a 63.9Kb region on chromosome 2 spanning two biologically plausible candidate 

genes, G6PC2 and ATP-binding cassette, subfamily B, member 11 (ABCB11).  In this re-

analysis a different SNP (rs560887) showed strongest overall association with fpg (p=2.8x10-10) 

with an effect size of 0.06mmol/L per copy of the G allele.  rs560887 is in high linkage 

disequilibrium (LD) with rs563694 (D’=0.99, r 2= 0.84) and lies 10.9Kb upstream within the 

third intron of G6PC2 (Chen, et al., 2008).  At a similar time data were also published for a fpg 

GWAS performed in the French population (Bouatia-Naji, et al., 2008).  Analysis in 654 non-

obese normoglycaemic subjects (with replication in an additional 9,353) identified their 

strongest association with the same G6PC2 intronic SNP rs560887 (p=4x10-23).  This G/A 

polymorphism was associated with an increase in fpg of 0.06mmol/L per copy of the G allele 

(Bouatia-Naji, et al., 2008).  Both studies concluded that the likely effects on glycaemia were 

being driven by a variant within G6PC2 rather than ABCB11 due to the location of the SNP 

and the published literature highlighting the biological plausibility of this gene.  ABCB11 is 

predominantly expressed within the liver where it encodes an ABC transporter involved in the 

secretion of bile salts.  Bile salts once in circulation are themselves involved with the 

formation of micelles of fatty acids.  Anti-lipid medications which work through sequestration 

of bile salts have been shown to lower blood glucose levels and increase insulin sensitivity 

through a reduction in triglyceride levels (Staels and Kuipers, 2007).  Chen et al. postulated 
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that were the increase in fpg being driven through effects on ABCB11 they would also have 

expected to observe reduced insulin sensitivity and elevated lipid levels (Chen, et al., 2008), 

none of which were identified in the cohorts studied. 

 

G6PC2 was at the time only the third gene in which common genetic variation had been 

shown to associate with fasting glucose levels, the other genes being glucokinase regulatory 

protein (GCKR) (Orho-Melander, et al., 2008; Saxena, et al., 2007; Vaxillaire, et al., 2008) and 

glucokinase (GCK) (Weedon, et al., 2005a).  Earlier studies of GCK had already shown this 

gene to harbour rare mutations causative of monogenic beta-cell dysfunction with 

homozygous and heterozygous inactivating mutations causing permanent neonatal diabetes 

mellitus (PNDM) (Njolstad, et al., 2001) and maturity-onset diabetes of the young (MODY) 

(Froguel, et al., 1992; Hattersley, et al., 1992) respectively, whilst heterozygous activating 

mutations were demonstrated to cause hyperinsulinaemic hypoglycaemia (HH) (Glaser, et al., 

1998).   

 

The association of G6PC2 with variation in fasting glucose in the general population, the 

biological candidacy of this gene as a potential regulator of GSIS within the pancreatic beta-

cell, and knowledge that other FPG genes harbour rare mutations causing monogenic 

diabetes, led to the hypothesis that G6PC2 may also be a novel site for activating and 

inactivating mutations leading to monogenic beta-cell dysfunction. 
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5.2 Methods 

5.2.1 Subjects Studied 

Patients with monogenic disorders of beta-cell dysfunction were identified following 

consultation with expert clinicians and molecular geneticists at Peninsula Medical School or 

Great Ormond Street children’s hospital.  DNA samples from these individuals were 

subsequently incorporated into existing patient cohorts at these institutions to which we 

have access as part of an enduring collaboration.  Patients were classified depending upon 

their clinical phenotype and providing they met the inclusion criteria detailed below.  Patients 

were only selected for G6PC2 screening if all known genetic aetiologies had been previously 

excluded.  A summary of the subject characteristics are provided in Table 5.1. 

 

Maturity onset diabetes of the young (MODY) - All patients were diagnosed before the age 

of 25 (median age of onset 18 years [range 3-25]) with at least 1 first degree affected relative.  

All patients were non-insulin dependant with a BMI<30kg/m2. 

Glucokinase (GCK) like-MODY - Patients were selected who displayed a phenotype similar to 

that seen in GCK-MODY but mutations within GCK had been previously excluded.  All patients 

had FPG≥5.5mmol/l (mean 6.6mmol/l [range 5.5-7.8mmol/L]), mean BMI of 23.6kg/m2 and 

detectable C-peptide levels.  

Permanent neonatal diabetes mellitus (PNDM) - All subjects were diagnosed before the age 

of 6 months (median age of onset of 5 weeks [range 0-26]) and required insulin intervention 

(continuing past 6 months of age).  All subjects were negative for pancreatic islet 

autoantibodies (GAD65, ICA and IA2-Ab). 

Hyperinsulinaemic hypoglycaemia (HH) - Patients selected were shown to secrete insulin at 

excessively high levels despite hypoglycaemia.  The mean age of diagnosis for this cohort was 

0.9 years [range 1 day – 5 years] with all individuals presenting with severe hypoglycaemia 

(mean FPG = 2.05mmol/L [range 1.1 - 3.4mmol/L]). 
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Variable MODY PNDM GCK-like MODY HH 

n 116 72 42 79 
Age at diagnosis (n) 116 72 42 67 

Median age at diagnosis 
Range 

18 years 
(3-25 years) 

5 weeks 
(0-26 weeks) 

18 years 
(1-30 years) 

1 week 
(0-35 years) 

Current treatment (n) 116 50 40 31 
Insulin 0 48 8 2 

OHA/OHA+insulin/Diet/NS/ 
metformin/glucose 

61/0/50/0/1/0 0/0/0/0/0/0 4/1/12/0/0/0 0/0/0/0/0/2 

Diazoxide 0 0 0 16 
None 4 2 15 11 

Table 5.1 Clinical characteristics of all patients with monogenic beta-cell dysfunction of unknown 
genetic aetiology. n = total number of patients screened within each cohort.  Age at diagnosis was 
recorded for all patients within the MODY, PNDM and GCK-like MODY however data was only available 
for 67/79 HH cases. 

 

5.2.2 Patient DNA 

Genomic DNA was extracted from peripheral lymphocytes using standard procedures.  

Quantification was performed using NanoDrop™ technology (ThermoScientific, 

Loughborough, UK) and all samples diluted to a working concentration of 20ng/µl in sterile 

water.  MODY, PNDM and HH cohorts were housed at Peninsula Medical School, Exeter 

University and were screened by Dr Emma Edghill.  Screening of the GCK-like MODY DNA was 

performed at the Oxford Centre for Diabetes, Endocrinology & Metabolism, Oxford University 

where the DNA was stored.   

 

5.2.3 Amplification of G6PC2 in patients with monogenic beta-cell dysfunction 

G6PC2 was amplified in 7 fragments spanning the promoter, 5’ and 3’ UTR’s, coding regions 

and intron-exon boundaries.  Primers were designed to ensure capture of at least 100bp 

either each side of coding sequence.  Primer sequences and amplification conditions are 

provided in Table 5.2.  40ng of patient DNA was amplified in 25µl reaction volumes 

comprising 10X PCR Buffer II (2.5µl), 25mM Magnesium Chloride (1.5µl) (Applied Biosystems, 

Warrington, UK), 2.5mM deoxyribonucleotide triphosphates (1µl) (Promega, Southampton, 

UK), 5pM forward and reverse primers (1µl) (Operon, Ebersberg, Germany), 0.1U AmpliTaq 

Gold (0.1µl) (Applied Biosystems, Warrington, UK) and 15.9µl  distilled water.  Cycling 
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conditions were the same for all primer sets and comprised initial denaturation at 95°C for 12 

minutes followed by 35 cycles of 94°C,1 minute, 58°C, 1 minute and 72°C , 1 minute followed 

by a 10 minute elongation step at 72°C. 

 
Fragment Region 

Amplified 

Primer 

Direction 

Primer Sequence Annealing 

Temperature 

1 
 

Promoter Forward gcaaagtcttttcaccaaaca 58°C 
Reverse cattcctgtgaaggaaatcca 

2 Exon 1 Forward catgccacaaaggcacag 58°C 
Reverse tgaatctggtgtttcaagttacc 

3 Exon 2 Forward attaaccctgcgcttgagtc 58°C 
Reverse gcatcctcactcatgagattttc 

4 Exon 3 Forward tgagacagtgtttctcaggctc 58°C 
Reverse ccaacttgaaaagtggaaatagc 

5 Exon 4 Forward aatcatgatgctatgtcacagttag 58°C 
Reverse ttggaaagttgattaccggg 

6 Exon 5a Forward cattgaaaactgtggcaaatc 58°C 
Reverse accggaagctcagtgtgtag 

7 Exon 5b Forward cctgtttgcagttggctttt 58°C 
Reverse tgcaggctctgtgttgtcat 

Table 5.2 Sequences of primers and reaction conditions used to amplify G6PC2.  All primers had M13 
tails added for sequencing ease (F-tgtaaaacgacggccagt, R-caggaaacagctatgacc). 

 

Samples were separated on the basis of size using agarose gel electrophoresis at 120V for 40 

minutes.  The fluorescent intercalating agent, ethidium bromide was added to each gel 

allowing visualisation of products by ultra violet light on a Gel Doc Illuminator system (BioRad, 

Hemel Hempstead, UK). 

 

5.2.4 Sequencing of amplified DNA to identify novel G6PC2 mutations  

All samples were sequenced bi-directionally.  1µl of PCR product was added to 0.5µl 

Exonuclease I (New England Biolabs, Hitchin, UK) and 0.5µl shrimp alkaline phosphatase 

(Promega, Southampton, UK).  Reactions were heated to 37°C for 30 minutes allowing 

enzymes to remove any residual PCR contaminants before a final 15 minute heat shock of 

80°C to denature the enzymes.  Samples were subjected to sequencing reactions using Big 

Dye Terminator Sequencing Mix v1.1 (0.25µl) containing fluorescently labelled dideoxy 

nucleoside triphosphates (ddNTPs) and Big Dye Dilution Buffer (1.875µl) (Applied Biosystems, 
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Warrington, UK). 5µM sequencing primers with M13 tails (2µl) (Operon, Ebersberg, Germany) 

and sterile water (3.875µl) were also added.  All samples were then amplified using 25 cycles 

of: 96°C for 10sec, 50°C for 5sec, 60°C for 4mins.  Sequencing products were centrifuged at 

1000xg for 2 minutes and 5µl deionised water added to each well.  Samples were transferred 

to wells of a 96 well Performa DTR V3 short clean up plate (VH Bio, Gateshead, UK) before 

centrifugation at 850xg for 5 minutes and eluants collected in a clean 96 well non-skirted PCR 

plate.  Samples were then dried down at 70°C for 90 minutes. 

 

Samples were analysed on an ABI3730xl capillary sequencer (Applied Biosystems, Warrington, 

UK).  Sample read outs were analysed using Mutation Surveyor v3.2 (Soft Genetics, 

Cambridge, UK) against G6PC2 reference sequence NM_001081686. 
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5.3 Results 

Screening of the G6PC2 genomic sequence in four monogenic beta-cell dysfunction cohorts 

was performed as a joint study between Exeter and Oxford University.  I performed screening 

and analysis within the cohort of GCK-like MODY subjects.  In total, 20 variants were 

identified (Table 5.3), five common (minor allele frequency [MAF]>0.05) and 15 rare 

(MAF≤0.05).  Of these variants, eleven had previously been reported within the literature 

with rs numbers present on dbSNP (build 126, 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp) whilst the remaining nine were novel.  

The twenty variants were located throughout G6PC2, five within the promoter and 3’UTR, 

four within intronic regions and the remaining 11 were located within coding exons. 

 

Of the nine non-coding variants, seven had previously been described within the literature 

(c.-301A>G rs573225, c.-294T>C rs34746523, c.-280G>A rs2232316, IVS1-42G>A rs2232318, 

IVS3-26C>T rs560887, IVS3-25T>C rs2232321, c.*27>GA rs2232329) whilst the remaining two 

(c.*47A>G and IVS1+88C>T) were novel.  The 3’UTR variant (c.*47A>G) was identified in one 

MODY and one GCK-like MODY proband and its location within the 3’UTR warranted further 

investigation of the potential disruption of micro RNA (miRNA) binding sites 

(www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/argets/).   Further analysis however revealed 

there to be no putative binding sites at or around this position with the closest binding site 

for has-miRNA-758 lying 50bp downstream of this variant.  The final non-coding variant 

IVS1+88C>T, located within intron 1, was identified in a single proband with GCK-like MODY.  

Its location deep within an intron however indicates that it is unlikely to be affecting mRNA 

splice sites and therefore this variant was not regarded as pathogenic. 

 

Of the eleven coding variants, four non-synonymous variants had been described previously 

within the literature (Y207S rs2232323, V219L rs492594, S324P rs2232326, S342C rs2232328).  
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The synonymous variants (c.291C>T, p.C97C and c.699G>A, p.L223L) identified in this screen 

were novel.  c.699G>A, p.L223L was identified in a single MODY proband (MAF 0.004) 

however screening in 288 Europid control chromosomes confirmed its presence at a similar 

MAF (0.003) in the general population demonstrating this is likely to be a rare but non-

pathogenic variant.  c.291C>T, p.C97C was identified in a single proband with PNDM (MAF 

0.006) however on this occasion screening of 140 control chromosomes failed to 

demonstrate its presence within the general population.  To investigate the potential 

pathogenicity of this variant, the probands mother and father were tested for presence of the 

variant.  We failed to demonstrate co-segregation of the variant with diabetes as the proband 

had inherited this variant from their normoglycaemic mother (simultaneously ruling out the 

possibility that this mutation had arisen de novo).  The remaining five non-synonymous 

variants (Q16H, H177Y, F256L, R283X and L297_298del) were all novel G6PC2 coding variants 

and warranted further investigation. 

Figure 5.1 (A) Sequencing of G6PC2 in a HH proband demonstrates presence of a heterozygous C>T 
base change in Exon4 (H177HY).  Sequencing electropherograms illustrate inheritance of the novel 
variant is from the probands mother and the location of this SNP is shown by a grey bar across all 
individuals and reference sequence.  (B) Pedigree of the same HH proband and immediate family 
members demonstrating the variant does not co-segregate with disease status.  Filled symbols depict 
hypoglycaemic individuals whilst open symbols represent family members with physiological glucose 
levels.  Males are depicted using squares, females by circles, heterozygous carriers of the variant by 
N/M and homozygous WT using N/N. 
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Variant c.529C>T, p.H177Y, located within the 4th exon of G6PC2, was present in the 

heterozygous state in two probands, one presenting with HH (MAF 0.006) and one with 

PNDM (MAF 0.006).  Screening of 166 Europid chromosomes identified this variant within the 

control population at a similar frequency (MAF 0.006) and screening of the HH proband’s 

immediate family demonstrated inheritance of this variant from their unaffected mother 

(Figure 5.1).  Presence of this variant within two distinct clinical groups, healthy controls and 

an unaffected parent indicates it is likely to be a novel rare non-pathogenic variant. 

 

We failed to demonstrate presence of c.48G>T, p.Q16H, c.847C>T, p.R283X and 

c.889_894delTGACCT, p.L297_298del within at least 172 control chromosomes.  To 

determine likely pathogenicity of these variants we once again tested parental DNA. In each 

case, inheritance of the variant was shown to be from an unaffected parent therefore the 

failure of the variants to co-segregate with phenotype and demonstration that they are not 

de novo mutations indicates they are unlikely to be pathogenic.  The final novel non-

synonymous variant c.766T>C, p.F256L was identified within a single patient with HH.  

Screening of 288 control chromosomes did not identify the variant and parental DNA was 

unfortunately unavailable for genetic testing, therefore we were unable to determine co-

segregation.  Sequence conservation analysis revealed that phenylalanine (F) at residue 256 is 

highly conserved across multiple species (Figure 5.2).  Bioinformatic tools were therefore 

used to elucidate the likely pathogenicity of this non-synonymous variant.  SIFT analysis 

software (http://blocks.fhcrc.org/sift/SIFT.html) utilises the physical properties of an amino 

acid alongside sequence homology to assess what modifications an amino acid substitution 

will exert on protein function.  Using this process the substitution of leucine for phenylalanine 

at position 256 is predicted to be tolerated by the protein.  The PolyPhen prediction site 

which uses only physical properties of the amino acids 
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(http://genetics.bwh.harvard.edu/pph/index.html) predicted this substitution was likely to be 

damaging.   

Figure 5.2 Conservation analysis of G6PC2 protein species across multiple species reveals that 
phenylalanine (F) at residue 25 is a highly conserved residue. 
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SNP rs number Location Minor Allele Frequency (MAF) CEU 

   MODY 

(116) 

PNDM 

(72) 

GCK-like MODY 

(42) 

HH 

(79) 

Controls 

 

HapMap  

(MAF) 

c.-301A>G rs573225 Promoter 0.27 0.31 0.30 0.31 NA 0.36 (G) 

c.-294T>C rs34746523 Promoter 0 0.006 0.01 0 NA NA 

c.-280G>A rs2232316 Promoter 0.02 0.006 0.1 0.08 NA 0.07 (A) 

c.48G>T, p.Q16H Novel Exon 1 0 0 0 0.006 0 - 

IVS1+88C>T Novel Intron 1 0 0 0.01 0 NA - 

IVS1-42G>A rs2232318 Intron 1 0.02 0.01 0.05 0.02 NA NA 

c.291C>T, p.C97C Novel Exon 2 0 0.006 0 0 0 - 

IVS3-26C>T rs560887 Intron 3 0.31 0.30 0.25 0.30 NA 0.33 (T) 

IVS3-25G>A rs2232321 Intron 3 0 0 0 0.006 NA NA 

c.529C>T, p.H177Y Novel Exon 4 0 0.006 0 0.006 0.006 - 

c.623A>C, p.Y207S rs2232323 Exon 5 0.008 0.01 0 0.006 0.007 0.02 (C) 

c.658G>C, p.V219L rs492594 Exon 5 0.41 0.42 0.42 0.47 0.39 0.48 (C) 

c.699G>A, p.L223L Novel Exon 5 0.004 0 0 0 0.003 - 

c.766T>C, p.F256L Novel Exon 5 0 0 0 0.006 0 - 

c.847C>T, p.R283X Novel Exon 5 0.002 0 0 0.01 0 - 

c.889_894del TGACCT, p.L297_298del Novel Exon 5 0 0.006 0 0 0 - 

c.967T>C, p.S324P rs2232326 Exon 5 0 0.006 0 0 0 0.0 (C) 

c.1022C>G, p.S342C rs2232328 Exon 5 0 0.12 0.12 0.13 NA 0.08 (G) 

c.*27G>A rs2232329 3’UTR 0 0 0.01 0 0.01 NA 

c.*47A>G Novel 3’UTR 0.004 0 0.01 0 0.006 - 

Table 5.3 G6PC2 variants identified in patients with MODY, PNDM, GCK-like MODY and HH.  NA = Not available.  Variants shown in blue illustrate novel non-
synonymous variants
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5.4 Discussion 

Mutational screening of the coding region, intron-exon boundaries, promoter and 3’UTR of 

G6PC2 in four cohorts of patients with monogenic disorders of beta-cell dysfunction 

identified five novel coding variants.  Through screening of ethnically matched control 

chromosomes and parental DNA we were able to demonstrate that four of the five novel 

variants were likely to be rare but non-pathogenic.  Unfortunately, as parental DNA was 

unavailable for the proband heterozygous for the F256L variant we were unable to establish 

co-segregation with hypoglycaemia in this family.  Similarly, bioinformatic prediction sites 

were inconclusive with one predicting a phenylalanine to leucine change to be damaging 

whilst the other predicts the variant to be tolerated.  In light of this we cannot rule out the 

possibility that F256L is pathogenic, however we believe that mutations within G6PC2 are 

unlikely to be a common cause of monogenic forms of beta-cell dysfunction.  Our findings are 

further supported by a subsequent similar study by Bonnefond et al (Bonnefond, et al., 2009).  

They screened G6PC2 in French cohorts of patients with monogenic beta-cell dysfunction and 

through testing of 16 MODY, 32 PNDM and 28 HH subjects they concluded, as we also had, 

that mutations within this novel fasting glucose gene were unlikely to cause monogenic forms 

of beta-cell dysfunction. 

 

The original genome-wide association studies which identified common G6PC2 variants 

associated with fasting glucose levels identified a region of association on chromosome 2 

encompassing both G6PC2 and ABCB11 (Bouatia-Naji, et al., 2008; Chen, et al., 2008).  

rs563694 was located directly between these genes whereas rs560887 was located within the 

third intron of G6PC2.  As this was the strongest associated SNP (p=2.8x10-8) in both studies, 

and G6PC2 was considered the most biologically plausible due to its hypothesised function 

within the beta-cell, the authors believed that this was the gene through which the SNP was 

exerting its effects (Bouatia-Naji, et al., 2008).  As no alterations in insulin sensitivity or 
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triglyceride levels were observed, as would be expected if ABCB11 were driving the increase 

in fpg (Chen, et al., 2008; Staels and Kuipers, 2007), we too believed this to be the likely 

causal gene and centred our efforts on mutational screening of this candidate gene.  However 

in light of our negative findings we cannot rule out the possibility that ABCB11 may be the 

causal gene acting through an as yet unknown mechanism. 

 

It is evident that the top hit drawn from both association studies (rs560887) is unlikely to be 

the true causal variant due to its location deep within the third intron of G6PC2, therefore it 

is highly plausible that a SNP in high LD with rs560887 is likely to be driving the observed 

phenotype.  Following publication of the GWAS data numerous groups set about trying to 

refine the association signal and characterise potentially causal variants.  Dos Santos et al. 

chose to study rs573225, a common (MAF>0.05) G6PC2 promoter SNP which lies within a 

binding site for the transcription factor Foxa2 and is in high LD (r2=0.96) with the original 

association signal (Bischof, et al., 2001; Dos Santos, et al., 2009; Ebert, et al., 1999).  Their 

findings demonstrated that the A allele was associated with a reduction in transcription 

factor binding, reduced gene expression and an increase in fasting plasma glucose levels (Dos 

Santos, et al., 2009).  The authors therefore concluded that the promoter SNP (rs573225) was 

likely to be the true causal variant and explain the recent GWAS signals.  However, the 

authors failed to comment on how reduced gene expression of G6PC2 could account for the 

increased fasting plasma glucose levels which were observed in carriers of the A allele in their 

study.  Based on data from G6pc2 knockout mice a reduction in G6pc2 expression is 

associated with reduced fasting glucose levels which corresponds with the function of G6PC2 

as a regulator of GCK (Wang, et al., 2007). 

 

A recent study carried out by Bouatia-Naji et al. utilised a more systematic approach to 

answer the same research question (Bouatia-Naji, et al., 2010).  They identified two G6PC2 
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promoter SNPs which lie within transcription factor binding sites and are in high LD (r2>0.88) 

with the original association signal.  rs13431652 lies distal to the transcription start site (-

4428) within a NF-Y binding site whereas rs573225 (the same SNP studied by Dos Santos et al.) 

is proximal and falls within a Foxa2 binding site (Bouatia-Naji, et al., 2010).  Their studies 

demonstrated that the A allele of the Dos Santos et al. SNP (rs573225) is associated with 

decreased G6PC2 expression and increased fasting glucose levels (Bouatia-Naji, et al., 2010; 

Dos Santos, et al., 2009).  However, paradoxically they also demonstrated an increase in 

Foxa2 binding to the A allele.  From their findings they conclude that their functional data do 

not support a mechanistic role of rs573225 as the causative SNP.  However, in contrast they 

demonstrated that the A allele at rs13431652 was associated with an increase in NF-Y 

transcription factor binding, increased gene expression and an increase in fasting plasma 

glucose.  These results are consistent with the role of G6PC2 within islets and led the authors 

to postulate that rs13431652 may be the causal SNP which drives the association between 

G6PC2 and fasting glucose (Bouatia-Naji, et al., 2010).  

 

One of the most striking observations is that the G6PC2 SNP associated with an increase in 

fpg is not associated with increase risk of T2D (Bouatia-Naji, et al., 2008; Chen, et al., 2008), in 

fact, if anything, the variant is mildly protective (OR=0.93, p=0.0017) (Dupuis, et al., 2010).  

This finding highlights an interesting paradox within the literature whereby not all variants 

associated with fpg in the general population are associated with an increase risk of T2D 

despite this being one of the major pathological contributors to the phenotype.  In many 

cases there is considerable overlap between the dichotomous trait and the continual variable, 

as is observed for fpg raising variants within GCK, GKRP and MTNR1B which are all robustly 

associated with T2D (p<5 x 10-8) (Dupuis, et al., 2010).  This overlap however is not complete 

as a many fpg SNPs with similar effect sizes to those mentioned previously, have neutral 

effect on T2D risk (SLC2A2 and MADD, OR=1.01) (Dupuis, et al., 2010).  Taken together this 
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demonstrates that genetic variants which cause alterations in fpg within the physiological 

range may be different to those which cause pathological differences.  Moreover it may be 

the mechanism through which the variant is acting which is the contributing factor towards 

disease progression (Dupuis, et al., 2010). 

 

It was speculated that the mechanism through which the G6PC2 G allele at rs560887 raised 

fpg levels was through an alteration of the glucostatic set point, but that T2D progression 

would require further compromise of the beta-cells (Bouatia-Naji, et al., 2008).  However, 

physiological characterisation by two independent groups (Ingelsson, et al., 2010; Rose, et al., 

2009) demonstrates a more complex interplay of factors.  The G allele at rs560887 not only 

associates with elevated FPG levels but also with an elevated insulinogenic index, 

demonstrating an increased glucose-stimulated insulin release.  This observation led the 

authors to speculate that a shift in the glucostatic set point may drive the glucose phenotype 

but the beta-cells may hyper respond to postprandial increases in blood glucose levels 

accounting for the increased insulinogenic index and potentially the protective effect against 

T2D (Ingelsson, et al., 2010; Rose, et al., 2009). 

 

The functional data from these follow-up studies, although not entirely conclusive, suggest 

that the association signal is arising from G6PC2 and therefore support our decision to screen 

monogenic patients for novel mutations within this gene rather than ABCB11. 
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6.1 Introduction 

Stimulated glucose uptake into skeletal muscle and adipose tissue coupled with the inhibition 

of gluconeogenesis in hepatocytes are two major mechanisms via which insulin regulates 

glucose homeostasis [reviewed in (Saltiel and Kahn, 2001)].  The failure of physiological 

insulin to increase glucose disposal and switch off gluconeogenesis can lead to the onset of 

insulin resistance (Dinneen, et al., 1992).  Type 2 diabetes (T2D) ensues if pancreatic beta-

cells are unable to increase their secretory capacity to meet the increased insulin demand 

(Stumvoll, et al., 2005).  Therefore understanding the molecular mechanisms behind insulin 

resistance are of paramount importance clinically. 

 

In healthy individuals many of the metabolic consequences of insulin are mediated via the 

PI3K/AKT signalling cascade (Taniguchi, et al., 2006a).  The conversion of 

phosphatidylinositol(4,5)-bisphosphate (PIP2) to phosphatidylinositol(3,4,5)-triphosphate 

(PIP3) by PI3K  triggers plasma membrane recruitment and activation of AKT (Alessi, et al., 

1996; Hawkins, et al., 1992; Myers, et al., 1992).  AKT is a critical node in the insulin signalling 

cascade as it functions as a key regulator of a number of downstream metabolic targets 

including glycogen synthase kinase-3 (GSK-3) and AKT substrate 160kDa (AS160), regulating 

glycogen storage and GLUT4 translocation  respectively (Cross, et al., 1995; Sano, et al., 2003).   

 

As the PI3K/AKT pathway plays an important role in a multitude of downstream processes its 

activation is closely regulated, in part by protein phosphatases including phosphatase and 

tensin homologue deleted on chromosome ten (PTEN), which negatively regulates the AKT 

pathway via dephosphorylation of PIP3 at the 3’ position (Maehama and Dixon, 1998).  Its 

central role in antagonism of PI3K have led many groups to focus their attention on this 

protein and its control of insulin stimulated glucose uptake using in-vitro systems and 

knockout mouse models. 
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Figure 6.1 Insulin signalling via the PI3K/AKT pathway.  Transduction of the signal relies on the 
generation of the secondary messenger PIP3, which recruits AKT to the plasma membrane where it is 
phosphorylated and activated.  PTEN negatively regulates this pathway via down-regulation of PIP3 
levels. 
 

Initial studies using rodent 3T3-L1 cells demonstrated that ablation of PTEN using short 

interfering RNA (siRNA) knockdown was sufficient to increase insulin stimulated AKT 

phosphorylation resulting in increased glucose uptake.  The central role of PTEN as a tumour 

suppressor gene and a developmental regulator in many tissues precludes the generation of 

global Pten-/- as these animals cannot surpass embryonic day [E] 7.5 (Di Cristofano, et al., 

1998; Podsypanina, et al., 1999).  To avoid the developmental problems associated with 

global knockout models a number of groups have chosen to study Pten-/- knockout within 

insulin target tissues of mice using the Cre-loxP system originally developed by Sauer in 1997 

(Sauer, 1987; Sauer and Henderson, 1988).  Using this methodology adipose tissue, skeletal 

muscle and liver knockouts were generated and the phenotypes of the animals studied in 

depth with regards to glucose homeostasis. 

 

Adipose tissue Pten-/- knockouts were generated using Cre under an adipose specific fatty 

acid binding protein promoter (Kurlawalla-Martinez, et al., 2005).  When phenotyped, mutant 

animals were found to demonstrate increased insulin signalling in this depot as assessed by a 
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1.8 fold increase in p-AKT and increased phosphorylation of a number of downstream 

signalling molecules including GSK-3 and FOXO1.  Mutant animals also demonstrated 

increased GLUT4 at the plasma membrane in both basal and stimulated conditions. A blunted 

response to a glucose challenge and inability to return to baseline after an insulin challenge 

were characteristics also observed within the mutant population (Kurlawalla-Martinez, et al., 

2005).  Taken alongside the finding that mutants presented with a 2.1 fold reduction in 

fasting plasma insulin, demonstrates that Pten-/- adipose knockout animals are more insulin-

sensitive when compared to their wildtype counterparts.  Of interest, despite increased 

glucose uptake there was no alteration in fat mass within the mutants, neither did the 

authors report development of any tumours or neoplastic lesions within this depot 

(Kurlawalla-Martinez, et al., 2005).  

 

Insulin resistance in muscle is one of the earliest signs of T2D and therefore understanding 

the regulation of insulin signalling in this tissue is paramount (Vaag, et al., 1992).  Pten-/- 

knockout within murine skeletal muscle was achieved using Cre under a muscle creatine 

kinase promoter (Wijesekara, et al., 2005).  Animals with total ablation of Pten within this 

tissue did not display as marked phenotype as adipose tissue mutants and the majority of 

physiological effects were only observed upon high fat diet (HFD) feeding.  At basal levels, 

mutant animals trended towards hypoglycaemia but this did not reach statistical significance, 

however, when fed a HFD, fpg remained within the normal range in mutant animals whilst a 

dramatic increase in fpg was observed in WT counterparts.  Similarly mutant animals 

maintained normal insulin sensitivity after prolonged HFD feeding whilst WT animals 

developed insulin resistance (Wijesekara, et al., 2005).  Liver tissue-specific knockouts were 

generated using Cre under an albumin promoter (Stiles, et al., 2004).  When ablated within 

this tissue mutant animals exhibited hepatomegaly and increased fatty liver due to 2.5 fold 

increase in the rate of fatty acid synthesis.  The animals also demonstrated decreased activity 
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of GSK-3 (50%) and glycogen accumulation within hepatocytes and were shown to be more 

insulin-sensitive as assessed by reduced fpg and fasting plasma insulin levels (Stiles, et al., 

2004). 

 

Each of these tissue-specific knockout models demonstrate that in tissues of action Pten plays 

a crucial role in the regulation of glucose homeostasis.  Therefore to assess the effects of Pten 

loss on whole body physiology and insulin sensitivity, a haploinsufficient model was 

generated (Pten+/-) (Wong, et al., 2007).  These animals recapitulated many features observed 

in the tissue-specific knockout models.  They were shown to exhibit hypoglycaemia in both 

the fasting and fed state and demonstrated increased glucose tolerance as measured by 

glucose and insulin challenges.  Fasting plasma insulin levels were also significantly reduced in 

the mutant animals, suggesting that the phenotype observed is largely due to changes in 

insulin sensitivity as opposed to pancreatic alteration (islet function and morphology were 

similar between the two groups).  Glucose uptake was found to be elevated in mutant mice 

at all time points measured, therefore demonstrating that the PKB/AKT pathway is elevated 

in these mutants (Wong, et al., 2007).   

 

In light of the data generated by the multitude of Pten-/- knockout models it was hypothesised 

that within human tissues of insulin action, PTEN is likely to play an equivocally important 

role in the regulation of insulin signalling.  One phenotype which commonly associates with 

defective insulin signalling is T2D (Stumvoll, et al., 2005).  I therefore hypothesised that in 

T2D patients, PTEN expression may be up-regulated, negatively regulating the PI3K/AKT 

pathway and contributing to the insulin resistance we observe in these individuals.  This 

variation in PTEN expression is likely to be tissue-specific and therefore access to tissue 

biopsies from patients with T2D was required to assess this hypothesis.  Through surgical 

biobanks in Oxford (MOLSURG) and Leipzig I was granted access to biopsies taken from 
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patients undergoing elective surgery.  As liver biopsies are rarely obtained in these scenarios I 

chose to focus the analysis on adipose tissue (both subcutaneous and omental) and muscle 

biopsies and assess the expression of PTEN in these tissues. 
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6.2 Methods 

6.2.1 Subjects Studied 

Oxford Cohort – MOLSURG collection 

Subjects with T2D were selected from the MOLPAGE surgical biobank (MOLSURG) only if 

subcutaneous adipose tissue, omental adipose tissue and skeletal muscle biopsies were 

obtained during elective surgery and multiple aliquots frozen in liquid nitrogen for long term 

storage.  Selection based on these criteria identified 17 T2D subjects.  Each case was 

individually matched to a normoglycaemic subject from the same biobank.  Subjects were 

deemed ‘normoglycaemic’ if they were self reporting non-diabetic with FPG and/or HbA1c 

≤7mmol/L and 6.5% respectively.  Controls were matched on the basis of age, gender and 

BMI and providing the same selection of tissue biopsies were available.  Detailed individual 

level subject characteristics are provided in Chapter 2 whilst a summary is provided in Table 

6.1. 

 

Leipzig biobank samples 

For replication purposes, access was granted to an additional biobank of samples stored at 

the University of Leipzig in the laboratories of Professor Matthias Blüher.  Forty subjects with 

T2D were selected from this cohort for whom both subcutaneous and omental biopsies were 

available (skeletal muscle expression was not determined in this cohort as a direct 

consequence of our observations within the Oxford cohort).  As with the Oxford samples, 40 

matched (age, gender, BMI) normoglycaemic individuals were also selected.  A summary of 

the Leipzig patient characteristics is also provided in Table 6.1. 

 

Oxford Biobank - Adipose tissue stimulated samples 

To assess the effects of insulin on PTEN expression, access was granted to adipose tissue 

biopsies from patients pre and post glucose challenge.  Access to patient samples was 
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provided by Professor Fredrik Karpe, Oxford University.  Following an overnight fast, adipose 

biopsies were taken from both the abdomen and gluteal subcutaneous regions of 12 

individuals.  Subjects were then given a 75g glucose load and additional biopsies taken 90 

minutes later, from the same abdominal and gluteal regions.  Biopsies were stored at -20°C 

until RNA extractions were performed.  Patient characteristics are summarised in Table 6.1. 

 

Oxford (MOLSURG) T2D Normoglycaemic p value 

 n=17 n=17  

Gender Males (9) Females (8) Males (9) Females (8)  

Age (years) 60.4 ± 13.9 61 ± 12.4 ns 

BMI (kg/m
2
) 28.3 ± 6.1 27.7 ± 5.5 ns 

Fasting Glucose (mmol/L) 10.1 ± 4.5 6.2 ± 1.2 0.0037 

HbA1C (%) 8.1 ± 2.1 5.5 ± 0.4 0.0001 

Leipzig Samples T2D Normoglycaemic p value 

 n=40 n=40  

Gender Male (14) Female (26) Male (14) Female (26)  

Age (years) 48 ± 10 48 ± 10 ns 

BMI (kg/m
2
) 36.2 ± 13.1 36.7 ± 13.4 ns 

Fasting Glucose (mmol/L) 6.9 ± 1.27  5.3 ± 0.26 0.0001 

HbA1C (%) 6.4 ± 0.4 5.5 ± 0.2 0.0001 

Stimulated Samples Lean Obese p value 

 n=6 n=6  

Gender Male (6) Male (6)  

BMI (kg/m
2
) 23.2 ± 0.72 31.7 ± 4.6 0.004 

Age (years) 49.5 ± 6.4 47.3 ± 3.4 0.75 

Fasting Glucose (mmol/L) 5.02 ± 0.29 5.67 ± 0.47 0.03 

Table 6.1 Summary information of individuals selected from the MolSURG, Leipzig and Oxford 
biobanks for PTEN expression analysis.  T2D subjects were age, gender and BMI matched to 
normoglycaemic controls as closely as possible.  Data are presented as mean ± SD and p values 
calculated using the paired t-test. ns= not significant. α=0.05.  Stimulated samples were taken from 
lean and obese patients from the Oxford Biobank, p values calculated using independent t-test. 
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6.2.2 RNA extraction and processing of tissue biopsies  

Tissue biopsies were removed from liquid nitrogen storage tanks into a small scale dewar for 

intermediate handling.  Samples were removed from storage cryovials and dissected on dry 

ice before homogenising in TRIZOL (Applied Biosystems, Warrington, UK).  Care was taken to 

ensure the samples did not thaw before or during tissue processing.  RNA was extracted using 

the guanidinium thiocynate-phenol-chloroform extraction method and resuspended in sterile 

water (Chomczynski and Sacchi, 1987).  RNA quantification was performed using 

spectrophotometric determination of purity and Agilent BioAnalyser determination of 

integrity.  Samples were only subjected to cDNA synthesis and included in the experiment if 

RIN scores generated by the Agilent were >5.5 (Schroeder, et al., 2006).  RNA was 

decontaminated using DNase I (Applied Biosystems, Warrington, UK) before 2μg total RNA 

was reverse transcribed in a first strand synthesis reaction using MultiScribe™ reverse 

transcriptase (Applied Biosystems, Warrington, UK).   

 

To minimise any protocol variation, I travelled to Leipzig to perform RNA extractions, DNase I 

treatment and cDNA synthesis (2μg total RNA) of all adipose samples using the same 

methodology and equipment/reagents as previously described for the Oxford samples.  cDNA 

samples were then shipped back to Oxford to perform all qRT-PCR analysis on the same 

7900HT thermocycler, unavailable in Leipzig.  

 

 Due to the small size of stimulated adipose tissue biopsies, and subsequent low RNA yield, 

cDNA was generated from 300ng total RNA for all stimulated biopsies.  Following 

amplification, all cDNA samples were stored at -20°C until required. 
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6.2.3 Quantitative realtime PCR (qRT-PCR) – Adipose Tissue samples 

For the Oxford-MOLSURG and Leipzig biobank samples, standards were generated by serially 

diluting (1:50-1:800) from a stock of pooled experimental sample cDNA.  Standards and 

adipose tissue cDNA (diluted to 1:100 working solution in 0.01M Tris-HCl [pH6.8]) were added 

to wells of a 96well deep storage plate (Fisher Scientific, Loughborough, UK).  Due to quantity 

of samples to be tested, pipetting error was minimised by utilising a Hydra 96 liquid handler 

and dispenser (Robbins Scientific, Solihull, UK) to transfer 4μl of each sample and standard (in 

triplicate) from the 96well deep storage plate to 384well reaction plates.  Multiple working 

stock plates were generated, dried down in a DNA oven and stored at -20°C until required.   

 

For quantification, Taqman methodology was used whereby all samples and standards were 

amplified in 6μl reaction volumes containing 5.5μl gene expression mastermix and 0.5μl gene 

specific probe (Applied Biosystems, Warrington, UK).  Amplification and detection were 

performed using an ABI7900HT thermocycler using standard amplification conditions.  All 

genes of interest were amplified alongside two housekeeping genes PPIA and UBC, chosen 

due to their accuracy as adipose tissue housekeeping genes (Neville, et al., 2010).  Probe 

identification numbers for all gene studies is provided in Table 6.2.  All data were analysed 

using the ΔΔCT method of analysis normalising to the geometric mean of the two 

housekeeping genes and calibrating to the 1:100 standard curve value for the specific assay. 

 

Due to the low starting amount of RNA for the stimulated analysis (300ng), samples were run 

at a 1:10 dilution with samples generated serially from 1:5 – 1:80.  Analysis was performed 

through normalisation to the same two housekeeping genes but calibration was performed 

to the 1:10 standard for each assay. 
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Gene Probe Identification 

PTEN Hs01920652_m1 

PIK3R1 (p85α) Hs00381459_m1 

PIK3CB (p110β) Hs00927728_m1 

IRS1 Hs00178563_m1 

AKT2 Hs01086102_m1 

INSR Hs00961554_m1 

PPIA Hs99999904_m1 

UBC Hs00824723_m1 

Table 6.2 Insulin signalling gene studies in a panel of human adipose tissue samples.  Probe/primer 
sets were purchased from Applied Biosystems and were selected on the basis that they were designed 
to cross exon-exon boundaries and therefore prevent genomic amplification (_m1). 
 

6.2.4 Quantitative realtime PCR – Muscle samples 

Standards were originally generated from pooled muscle cDNA experimental samples by 

serially diluting from 1:50-1:800 in 0.01M Tris-HCl, the same concentrations which were 

reproducibly used for adipose tissue experiments.  4μl of 1:100 muscle sample cDNA was 

amplified as outlined above using identical amplification mastermix’s and cycling conditions.  

Following poor PTEN expression results at this sample dilution, both the standards (1:5–1:80) 

and sample (1:5) dilutions were increased to try to minimise triplicate variability and 

amplification efficiency.  PTEN, PPIA and UBC were used for gene expression profiling within 

this depot and their identification numbers are provided in Table 6.2. 

 

6.2.5 Protein extraction and quantification – Adipose tissue samples 

1ml ice cold lysis buffer and a ball bearing were added to a 2ml eppendorf tube with 10μl Halt 

Protease and Phosphatase Inhibitor cocktail.  Adipose tissue samples were dissected on dry 

ice before adding to the lysis buffer and homogenising in a Retsch free standing homogeniser 

(Retsch UK, Leeds, UK).  Samples were stored at 4°C for 2 hours on an orbital shaker ensuring 

constant agitation before centrifugation at 12,000xg for 15 minutes (4°C).  Whole cell lysate 

was removed through the solid upper lipid layer into a clean tube.  Adipose tissue lysate was 



160 
 

quantified using the BioRad DC assay, a colorimetric modification of the Lowry method 

(Lowry, et al., 1951) (BioRad Laboratories, Hemel Hempstead, UK).  Protein samples were 

quantified against BSA standards of known concentration, and the colour change, 

proportional to the reduction of Folin reagent and thus protein present, was recorded on a 

spectrophotometer at 650nm. 

 

6.2.6 Western Blotting – Total PTEN protein expression 

Prior to western blotting, adipose tissue lysates were diluted to a starting concentration of 

1mg/ml in cell lysis buffer.  HEK293T lysate was diluted to the same starting concentration 

and used as a positive control on each western blot to act as a control for antibody efficiency.  

15μg cell lysate was added to 5μl 4X NuPAGE LDS sample buffer (Invitrogen, Paisley, UK) and 

5% beta-mercaptoethanol (Sigma Aldrich, Gillingham, UK).  Mastermix’s were heated to 70°C 

for 10 minutes before samples were run on a Novex 4-12% Bis-Tris mini gel (Invitrogen, 

Paisley, UK) in 1X 2-(N-morpholino)ethanesulfonic acid (MES) running buffer for  45 minutes 

(200 Volts).  Proteins were transferred to polyvinylidene fluoride (PVDF) membranes, washed 

twice in deionised water and incubated for 1 hour in blocking solution.  Gels were incubated 

overnight in Simply Blue Safe stain (Invitrogen, Paisley, UK) whilst membranes were 

incubated at 4°C in rabbit anti-PTEN primary antibody solution [1:500, SC6817] (Insight 

Biotechnology Ltd, Wembley, UK).  The following day membranes were washed for one hour 

in blotting solution before incubating for one hour with goat anti-rabbit secondary antibody 

solution (1:5000) (BioRad, Hemel Hempstead, UK).  Membranes were washed for a final  hour 

in blotting buffer before incubating in 3ml SuperSignal West Pico Chemiluminescence 

detection substrate (ThermoScientific, Cramlington, UK).  Membranes were exposed to 

Amersham hyperfilm (GE Healthcare, Chalfont St Giles, UK) for 5 minutes.  Semi-quantitative 

analysis was performed using Image J quantification (http://rsbweb.nih.gov/ij/) normalising 

HEK293T on each membrane to one. 
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6.2.7 Statistical Analysis 

Analysis of expression between the paired samples (T2D and normoglycaemic controls) were 

performed using a Wilcoxon paired test, the non-parametric equivalent of the paired t-test.  

This option was selected on the basis that with small numbers (<100) the data are unlikely to 

be normally distributed and therefore parametric tests are not suitable.  Where data are 

represented graphically the mean ± SEM is plotted unless otherwise stated.  Where data are 

analysed on the basis of patient BMI, and therefore no longer paired, the non-parametric 

equivalent of the independent t-test (the Mann Whitney U-test) was used.  All statistical 

analysis was performed using SPSS statistics programme v18. 
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6.3 Results 

6.3.1 PTEN expression in human adipose tissue – Oxford samples 

A single omental RNA sample and two subcutaneous RNA samples from the Oxford-

MOLSURG collection did not meet our strict inclusion criteria (minimum of 2μg extracted RNA 

with RIN ≥5.5) and were excluded from the experiment.  As a result statistical analysis were 

performed using n=16 omental pairs and n=15 subcutaneous pairs.   

 

mRNA expression analysis revealed that PTEN expression is reduced in the adipose tissue of 

patients with T2D when directly compared with matched controls (Figure 6.2).  This finding 

was observed in both the omental adipose tissue (0.70 ± 0.06 vs 0.93 ± 0.07, n=16, p=0.066) 

and subcutaneous depot (0.62 ± 0.06 vs 0.89 ± 0.08, n=15, p=0.004) although statistical 

significance (p<0.05) was only achieved within the latter. 

Figure 6.2  PTEN mRNA expression analysis within the subcutaneous and omental adipose tissue of 
patients with T2D (yellow bars) and controls (blue bars).  Analysis was performed on 15 pairs of 
subcutaneous samples and 16 pairs of omental samples using Wilcoxon paired analysis.  Data are 
presented as mean expression ± SEM. * denotes p<0.01. 

 

Although care had been taken to match each of the pairs as closely as possible on the basis of 

age, gender and BMI, it was necessary to ensure that the reduction in mRNA expression was 

truly driven by diabetic status.  To this end, correlations were determined between PTEN 
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expression versus BMI and PTEN expression versus age in each of the adipose depots (Figure 

6.2).  In subcutaneous adipose tissue neither age (r2=0.002) nor BMI (r2=0.1457) showed any 

correlation with PTEN expression.  Lack of correlation was also observed for age (r2=0.0343) 

and BMI (r2=0.0489) in omental adipose tissue. 

Figure 6.3  PTEN expression in subcutaneous adipose tissue (SCF) and omental adipose tissue (OMF) 
plotted against patient age and BMI.  Correlations were determined using r

2 
trend analysis with r

2 
<0.3 

demonstrating no association.  
 
 

To confirm that BMI was not the driving factor behind the variation in PTEN expression levels, 

data were re-analysed after stratifying all patients into one of two BMI groups, lean (BMI≤25) 

or obese (BMI≥25.1).  Non-parametric analysis demonstrated that PTEN expression is not 

associated with BMI in either the subcutaneous or the omental adipose tissue (p>0.05) 

therefore confirming that the variation in PTEN expression is truly driven by diabetic status. 

 

One very real issue faced when studying patients with T2D is the inter-subject variability in 

therapeutic intervention strategy, which is exemplified in our modest cohort of T2D subjects.  

Of our 17 T2D subjects, one was regulating via diet alone, four via biguanide treatment only 

(metformin), three via sulfonylurea treatment, four were treated using a combination of oral 

hyperglycaemic agents whilst the remaining five were controlling their diabetes via insulin or 
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insulin analogue therapy.  We analysed expression data to assess whether there was any 

association between T2D treatment and PTEN expression but were unable to determine any 

correlation (data not shown).  Therefore we feel confident that therapeutics were not driving 

the reduction in PTEN expression. 

 

6.3.2 PTEN expression in human muscle – Oxford Samples 

Muscle cDNA at a 1:100 dilution, with standards ranging from 1:50-1:800, failed to 

demonstrate reproducible PTEN amplification (Figure 6.4B).  Expression analysis utilising the 

same standards and samples with a probe specific for the housekeeping gene UBC verified 

this unexpected finding was not due to RNA quality or sample degradation as amplification 

efficiency was sound for this probe (Figure 6.4A).  Further evidence suggesting lack of PTEN 

expression within human muscle is not sample dependent is seen in the integrity and purity 

of the extracted RNA.  All 34 muscle samples extracted possessed RIN scores of >7 using 

Agilent technology (Figure 6.4C) whilst spectrophotometric determination of purity 

demonstrated 260/230 values >2 for all samples.  RNA yield was also extremely high 

(>1000ng/μl).  As the PTEN-specific probe had also previously been shown to efficiently 

amplify adipose tissue cDNA this was automatically ruled out as causal.   
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Figure 6.4  Standard curves generated through serial dilution (1:50-1:800) of pooled muscle cDNA.  
Amplification with a probe specific for UBC demonstrated efficient amplification and demonstrated 
sample integrity (A) whilst amplification of the same standards using a PTEN-specific probe failed to 
demonstrate amplification (B).  Lack of amplification of this gene could not be contributed to sample 
quality as all samples extracted were of high integrity with RIN scores >7 (C). 

 

Concentrations of cDNA standards were increased to 1:5-1:80 to maximise amplification 

efficiency whilst sample dilutions were increased to 1:5.  When running at this concentration 

samples still only crossed the fluorescence threshold at CT values of approximately 32 with 

confidence values between the three replicates often >5%.  Amplification of the 

housekeeping genes PPIA and UBC however were crossing at CT values close to 18 and 20 and 

due to the exponential nature of PCR a difference of 12 cycles (2^12) corresponds to a 4000 

fold difference in expression of the housekeeping genes and PTEN.  This method of 

quantification was therefore not sensitive enough to detect PTEN expression even when 

using concentrate samples.  Amplification of PTEN using a number of additional PTEN probes 

targeted to different domains of the protein elucidated the same results confirming that the 

findings were not probe-dependent.  Minimal expression of PTEN within human muscle was 

confirmed by other groups within our institute who, using microarray technology, found 

PTEN expression levels did not exceed background within this depot (M Neville, F Karpe, 

(A) (B)

(C)

(A) (B)(A) (B)

(C)



166 
 

personal communication).  I therefore chose to focus the remainder of the investigations of 

PTEN as a negative regulator of insulin signalling solely within the adipose tissue. 

 

6.3.3 mRNA expression – Related insulin signalling genes 

The observation that PTEN mRNA expression is reduced within the adipose tissue of patients 

with T2D was unexpected and contradicted the initial hypothesis.  Work performed by a 

number of groups interested in insulin signalling has suggested a regulatory role of the p85α 

subunit of PI3K on the expression of PTEN, whereby down-regulation of p85α leads to a 

concomitant reduction in PTEN (Chagpar, et al., 2009; Taniguchi, et al., 2006b; Terauchi, et al., 

1999).  These observations led me to investigate the mRNA expression of a number of 

additional key insulin signalling genes (INSR, IRS1, p85α, p110β and AKT2) to determine 

whether there were any parallel changes in expression of these genes within the same 

individuals. 

 

Relative expression of each gene within adipose tissue biopsies was calculated via 

normalisation to the geometric mean of PPIA and UBC.  Analysing in this manner revealed 

there to be no significant variation in the mRNA expression of any of the other key signalling 

genes between patients with T2D and controls in either adipose tissue depot (Table 6.3 and 

Figure 6.5).  This observation suggests that the reduction in PTEN expression within the 

subcutaneous adipose tissue is an isolated effect occurring as a direct consequence of T2D 

and is not related to transcriptional down-regulation of, or negative regulation by, any other 

key genes within the insulin signalling cascade.   
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Gene Subcutaneous Omental 

 T2D vs Control p value T2D vs Control p value 

INSR 2.23 ± 0.26 vs 1.83 ± 0.15 0.42 1.79 ± 0.23 vs 1.78 ± 0.15 0.50 

IRS1 0.81 ± 0.08 vs 0.93 ± 0.12 0.55 0.62 ± 0.08 vs 0.72 ± 0.08 0.28 

p85α 0.99 ± 0.16 vs 0.99 ± 0.14 0.59 0.76 ± 0.14 vs 0.84 ± 0.09 0.36 

p110β 1.15 ± 0.10 vs 1.13 ± 0.17 0.51 0.85 ± 0.10 vs 1.21 ± 0.25 0.13 

AKT2 1.03 ± 0.10 vs 1.02 ± 0.10 0.57 0.73 ± 0.07 vs 0.87 ± 0.09 0.17 

Table 6.3 Relative mRNA expression of INSR, IRS1, p85α, p110β and AKT2.  Relative expression was 
calculated using the ΔΔCT analysis method to the geometric mean of PPIA and UBC.  Data are 
presented as mean ± SEM and p values calculated using the Wilcoxon paired non-parametric analysis 
method.  As this was the second hypothesis to be tested within the sample set a Bonferonni correction 
was employed, whereby α of 0.05 was divided by the number of hypothesis (p=0.0.5/2) therefore the 
threshold for significance was p<0.025. 
 
 
 

Figure 6.5 Relative mRNA expression of five key insulin signalling molecules INSR, IRS1, p85α, p110β 
and AKT2 between patients with T2D (yellow bars) and matched controls (blue bars).  15 pairs were 
included in the omental analysis whilst 14 pairs were included in the subcutaneous analysis.  Data are 
presented as mean relative expression ± SEM in arbitrary units (AU). 
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6.3.4 Replication of mRNA expression analysis – Leipzig Biobank 

The observation that PTEN expression is significantly reduced in the subcutaneous adipose 

tissue of patients with T2D was identified in a relatively small sample size (n=15 pairs).  As 

these findings were in contradiction to the initial hypothesis it was pertinent to replicate the 

mRNA expression study in an independent and larger cohort.  Collaboration with Professors 

Blüher and Kovacs at Leipzig University provided us with a unique opportunity to perform our 

replication studies within their extensive adipose tissue biobank.  Based on the strict inclusion 

criteria, samples were excluded from the experiment if extracted RNA was of insufficient 

quality or if the total amount of extracted RNA was not sufficient to generate cDNA from 2μg 

total RNA.  Therefore although extracting from 40 pairs of samples the final analysis was 

based on 25 pairs of subcutaneous adipose tissue samples and 35 omental pairs.   

 

Relative expression of PTEN within the subcutaneous and omental adipose tissue of paired 

samples was initially determined in samples from this additional biobank.  As was observed 

within the Oxford-MOLURG samples, PTEN mRNA was reduced within both the subcutaneous 

(1.85 ± 0.17 vs 2.53 ± 0.31, p<0.05) and omental (2.49 ± 0.30 vs 3.13 ± 0.61, p=0.51) adipose 

depots of T2D subjects compared to age gender and BMI matched controls (Figure 6.6).  This 

reduction in PTEN mRNA expression once again only reached statistical significance within 

the subcutaneous depot. 

 

Secondly, as with the Oxford-MOLSURG cohort, expression of related insulin signalling genes 

was also determined.  Unfortunately, due to limitation of RNA quantity, replication of mRNA 

expression studies could only be performed for four of the insulin signalling genes, IRS1, p85α, 

p110β and AKT2 (INSR was not studied in this replication cohort).   
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Figure 6.6  Relative mRNA expression of PTEN within the subcutaneous and omental adipose tissue of 
patients with T2D (yellow bars) and matched control subjects (blue bars) from the Leipzig cohort.  
Analysis was performed in 25 pairs of subcutaneous adipose tissue samples and 35 pairs of omental 
adipose tissue.  Data are presented as mean expression in arbitrary units (AU)±SEM.  * denotes p<0.05. 
 

Relative expression analysis to the geometric mean of PPIA and UBC revealed similar findings 

to those observed within the Oxford-MOLSURG samples.  Firstly, there were no significant 

differences in mRNA expression of any of the key insulin signalling genes in the omental 

adipose tissue of our matched subjects (Table 6.4).  However, our increased sample size 

revealed that within the subcutaneous adipose tissue IRS1 expression is reduced in patients 

with T2D when compared to controls (p<0.05) (Figure 6.7). 

 

Gene Subcutaneous Omental 

 T2D v Controls p value T2D v Controls p value 

IRS1 1.39 ± 0.21 vs 2.27 ± 0.36 0.026 1.12 ± 0.16 vs 1.30 ± 0.17 0.22 

p85α 1.41 ± 0.17 vs 1.58 ± 0.14 0.24 1.34 ± 0.14 vs 1.50 ± 0.18 0.45 

p110β 2.18 ± 0.17 vs 2.82 ± 0.37 0.27 3.56 ± 0.49 vs 3.86 ± 0.62 0.78 

AKT2 1.46 ± 0.19 vs 1.66 ± 0.13 0.16 1.11 ± 0.17 vs 1.05 ± 0.13 0.66 

Table 6.4 Relative mRNA expression of IRS1, p85α, p110β and AKT2.  Relative expression was 
calculated using the ΔΔCT analysis method normalising to the geometric mean of PPIA and UBC.  Data 
are presented as mean ± SEM and p values calculated using the Wilcoxon paired non-parametric 
analysis method. 
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Figure 6.7  Relative mRNA expression of four key insulin signalling molecules IRS1, p85α, p110β and 
AKT2 between patients with T2D (yellow bars) and matched controls (blue bars) taken from the Leipzig 
cohort.  25 pairs were included in the subcutaneous analysis whilst 35 pairs were included in the 
omental analysis.  Data are presented as mean relative expression ± SEM in arbitrary units (AU). * 
denotes p<0.05.  As this was the second hypothesis tested within these samples we once again set the 
threshold for significance at p<0.025 and therefore IRS1 verges on but does not quite reach statistical 
significance. 

 

6.3.5 Combination of Oxford and Leipzig cohorts 

Due to the efforts made to minimise heterogeneity wherever possible, the two independent 

cohorts were combined together in a meta-analysis.  Data were initially log transformed to 

ensure normal distribution.  Plotting of the data using a histogram and assessment of 

frequencies revealed skewness and kurtosis to fall within the designated levels for normal 

distribution (-0.8 to 0.8 and -3 to 3 respectively).  Linear regression was then performed 

across the combined data sets to assess whether the dependent variable, mRNA expression, 

varied across diabetic status, the independent variable.   Analysis of PTEN mRNA expression 

in this manner revealed that when combining the two data sets (n=80, 40 pairs), PTEN was 

significantly reduced within the subcutaneous adipose tissue of patients with T2D compared 

to controls (p<0.05), confirming the initial observations in the Oxford cohort.  The reduction 

in PTEN expression was not significant within the omental adipose tissue.  When analysing 

the remainder of the insulin signalling genes we found that the only other significant 
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variation in gene expression was seen with IRS1 which was significantly reduced within the 

subcutaneous adipose tissue of patients with T2D (p<0.025) even when cautiously employing 

a Bonferroni correction. 

 

6.3.6 Protein Expression of PTEN in adipose tissue biopsies 

Meta-analysis of the two cohorts demonstrated that PTEN is significantly reduced within the 

subcutaneous adipose tissue of patients with T2D at the mRNA level.  To assess whether this 

difference in transcript abundance translated to differences in protein expression, PTEN 

protein levels were assessed within additional biopsies (from the same individuals) from the 

Oxford-MOLSURG biobank.  As PTEN has a molecular weight of ~55kDa we struggled to 

identify a loading control which was significantly higher or lower in MW to successfully allow 

the membrane to be subdivided for incubation with two primary antibodies (actin 42kDa, 

beta-tubulin 52kDa).  Antibody stripping from membranes was attempted following PTEN 

detection and membranes subsequently re-probed with a beta-tubulin antibody, however 

this method was not uniform across samples or membranes and therefore was not a viable 

option for quantification.  To overcome this problem all samples were diluted to the same 

starting concentration (1mg/ml) and 15μg loaded into wells of the protein gels.  One lane on 

each gel was reserved for a positive control HEK293T and when quantifying we equalled this 

expression to one on each membrane to account for antibody efficiency. 

 

Numbers were reduced for protein expression work due to scarcity of samples and sample 

degradation during extraction.  Analysing in this manner demonstrated that PTEN total 

protein is also significantly reduced within the subcutaneous adipose tissue of patients with 

T2D compared to controls (0.78 ± 0.06 vs 1.27 ± 0.16, n=7, p<0.05) (Figure 6.8), a significant 

reduction in PTEN protein is not seen within the omental adipose tissue, confirming our 

earlier mRNA expression results. 
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Figure 6.8 PTEN protein expression quantified using Image J analysis through normalisation to 
HEK293T positive controls.  Expression was compared between T2D (yellow bars) and matched 
controls (blue bars) within both the subcutaneous and omental depots.  N=7 matched subcutaneous 
pairs ad n=4 omental pairs.  Analysis was performed using the Wilcoxon nonparametric paired t-test. 
 

6.3.7 Effects of glucose challenge on PTEN mRNA expression 

The observation that PTEN is down-regulated at both the mRNA and protein level in 

subcutaneous adipose tissue of patients with T2D insinuates that this tissue is trying to 

maximise its insulin signalling capacity in times of severe insulin resistance and aberrant 

glycaemia.  To determine whether the expression of this gene is down-regulated rapidly upon 

insulin stimulation, mRNA expression of PTEN (and the same panel of signalling genes) was 

assessed in adipose tissue biopsies taken from subjects before and after a glucose challenge.  

In the same biopsies we also assessed whether subject BMI had any effect on gene 

expression post glucose challenge as well as directly assessing gene expression between lean 

and obese subjects. 

 

Adipose tissue mRNA expression – Pre glucose versus Post glucose stimulation 

Data were initially analysed independently in separate depots (gluteal and abdominal) with 

an individual’s mRNA expression compared pre glucose versus post glucose (n=10 pairs) for 
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PTEN, INSR, IRS, p85a, p110b, and AKT2.  Analysis using the Wilcoxon paired analysis revealed 

there to be no significant alteration in mRNA expression of any of the genes downstream of 

the insulin receptor including PTEN, whose expression levels were maintained at similar levels 

in individuals pre and post glucose challenge in both the abdominal and gluteal depot (Table 

6.5, Figure 6.9).  Gene expression analysis of the insulin receptor gene itself however 

revealed there to be a significant increase in mRNA expression in both the abdominal and 

gluteal depot following a glucose challenge indicating that this gene can be readily up-

regulated in the presence of its ligand (abdominal 5.60 ± 1.56 vs 8.84 ± 2.57, p<0.01, gluteal 

4.54 ± 1.57 vs 7.25 ± 2.60, p<0.05). 

Figure 6.9 mRNA expression of INSR(A) and PTEN(B) in abdominal and gluteal adipose tissue, pre 
(green bars) and post (blue bars) glucose challenge.  Relative expression was calculated using the ΔΔCT 
method normalising to PPIA and UBC and is presented in arbitrary units (AU) as mean ± SEM. * denotes 
p<0.05, ** denotes p<0.01. 
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Gene Abdominal mRNA expression p value Gluteal mRNA expression p value 

 Pre v Post glucose  Pre v Post glucose  

INSR 5.60 ± 1.56 vs 8.86 ± 2.57 0.008 4.54 ± 1.57 vs 7.25 ± 2.60 0.02 

IRS1 1.28 ± 0.1 vs 1.21 ± 0.14 0.65 1.52 ± 0.15 vs 1.36 ± 0.14 0.39 

p85α 2.80 ± 0.53 vs 3.28 ± 0.55 0.45 2.45 ± 0.37 vs 2.80 ± 0.44 0.80 

p110β 3.41 ± 0.62 vs 3.63 ± 0.50 0.58 3.43 ± 0.56 vs 3.38 ± 0.53 0.96 

PTEN 2.57 ± 0.33 vs 2.64 ± 0.28 0.65 2.35 ± 0.29 vs 2.18 ± 0.24 0.31 

AKT2 1.39 ± 0.11 vs 1.37 ± 0.10 0.96 1.41 ± 0.10 vs 1.40 ± 0.11 0.84 

 
Table 6.5 mRNA expression levels of a number of key insulin signalling genes in abdominal and gluteal 
adipose tissue, pre and post-glucose challenge.  Relative expression was calculated using the ΔΔCT 
method normalising to PPIA and UBC and is presented in arbitrary units (AU) as mean ± SEM.  
Statistical analysis was performed using the nonparametric Wilcoxon paired analysis method using 
SPSS statistical software.  P value was considered significant if <0.05 with significant findings are 
presented in blue type. 
 

To ensure that PTEN gene expression pre glucose versus post glucose was not affected by 

BMI, subjects were subdivided into lean (BMI≤25) or obese (BMI>25) sub-groups and 

expression data re-analysed within these separate cohorts.  When stratifying the patients 

based on obesity our results remained as previously described with no significant alteration 

in PTEN gene expression pre glucose versus post glucose in either the abdominal or the 

gluteal adipose tissue of the lean individuals (n=4) or obese subjects (n=6) (Table 6.6 and 

Figure 6.9). 

 

The lack of effect of BMI was also confirmed for the remainder of the insulin signalling 

pathway genes downstream of PTEN, with no significant alteration in gene expression pre 

glucose versus post glucose stimulation in either the lean or obese groups (Table 6.7). 
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Gene 

Depot Lean (BMI≤25kg/m
2
) p value Obese (BMI≥25.1kg/m

2
) p value 

  Pre vs Post glucose  Pre vs Post glucose  

PTEN abdominal 2.34 ± 0.42 vs 2.42 ± 0.21 0.72 2.72 ± 0.49 vs 2.79 ± 0.46 0.60 

gluteal 2.56 ± 0.3 vs 2.34 ± 0.23 0.28 2.15 ± 0.52 vs 2.02 ± 0.43 0.50 

 
Table 6.6 and Figure 6.10  mRNA expression analysis of key insulin signalling genes in individual’s pre 
and post-glucose challenge.  To assess whether obesity affects gene expression individuals have been 
stratified based upon BMI (lean≤25, obese≥25.1).  In graphical form mean ± SEM is presented in 
arbitrary units pre (green bars) and post (blue bars) glucose. 

 

Gene Depot Lean (BMI≤25kg/m
2
) p  Obese (BMI≥25.1kg/m

2
) p  

  Pre vs Post glucose value Pre vs Post glucose value 

INSR abdominal 8.28 ± 1.92 vs 14.13 ± 2.55 0.27 4.26 ± 2.11 vs 6.72 ± 3.49 0.028 
gluteal 4.21 ± 0.58 vs 6.91 ± 1.73 0.11 4.80 ± 2.94 vs 7.53 ± 4.74 0.08 

      
IRS1 abdominal 1.40 ± 0.06 vs 1.66 ± 0.13 0.07 1.20 ± 0.15 vs 0.91 ± 0.08 0.05 

gluteal 1.76 ± 0.18 vs 1.55 ± 0.16 0.35 1.29 ± 0.22 vs 1.17 ± 0.21 0.89 
      
P85 abdominal 1.85 ± 0.11 vs 3.44 ± 1.08 0.27 3.43 ± 0.8 vs 3.18 ± 0.67 0.92 

gluteal 2.39 ± 0.50 vs 1.81 ± 0.62 0.69 2.50 ± 0.61 vs 2.73 ± 0.71 0.89 
      
P110b abdominal 2.99 ± 0.60 vs 4.09 ± 0.51 0.27 3.68 ± 0.98 vs 3.32 ± 0.78 0.92 

gluteal 3.51 ± 0.56 vs 3.70 ± 0.72 0.69 3.36 ± 1.04 vs 3.06 ± 0.82 0.69 
      
PTEN abdominal 2.34 ± 0.42 vs 2.42 ± 0.21 0.72 2.72 ± 0.49 vs 2.79 ± 0.46 0.60 

gluteal 2.56 ± 0.3 vs 2.34 ± 0.23 0.28 2.15 ± 0.52 vs 2.02 ± 0.43 0.50 
      
AKT2 abdominal 1.41 ± 0.14 vs 1.57 ± 0.08 0.47 1.37 ± 0.17 vs 1.24 ± 0.13 0.46 

gluteal 1.63 ± 0.08 vs 1.55 ± 0.1 0.42 1.20 ± 0.14 vs 1.26 ± 0.18 0.50 

 
Table 6.7.  mRNA expression analysis of key insulin signalling genes in individuals pre glucose versus 
post glucose stimulation.  To assess whether obesity affects gene expression individuals were stratified 
based upon BMI into one of two groups, lean BMI≤25 (n=4) or obese BMI≥25.1 (n=6).  Data are 
presented as mean ± SEM and p values calculated using Wilcoxon paired analysis. 
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As was expected, those genes which showed no alteration in mRNA expression between pre 

glucose versus post glucose stimulation in either adipose tissue depot (PTEN, p85, p110, AKT2 

and IRS1) showed no significant effect when stratified based on obesity.  When analysing 

INSR data in this manner we saw no significant alteration in gene expression levels between 

pre and post glucose challenge in either the abdominal or the gluteal adipose tissue of the 

lean individuals (n=4).  When analysing the expression data within the obese individuals (n=6) 

we saw a trend towards a significant increase in expression of INSR following a glucose 

challenge in both the gluteal (p=0.08) and abdominal (p=0.028) adipose tissue however these 

did not however quite reach the cautious statistical threshold set at p<0.025 after 

employment of a Bonferonni correction. 

 

Adipose mRNA expression – Lean subjects versus obese subjects 

Finally, differences in mRNA expression between the lean and obese subjects at both 

the basal (pre-glucose) and stimulated (post-glucose) time points were assessed.  It 

has been speculated that certain genes within the insulin signalling pathway are 

down-regulated in an insulin resistant state and therefore it was considered 

interesting to assess the expression of these key genes especially after stimulation 

within the obese individuals using the lean as a comparative measure.  Again we used 

our same profile of expression data but this time instead of comparing paired 

measurements within individuals we were required to compare mRNA expression 

between groups of individuals. 

 

No differences in INSR, PTEN, p85, p110 or AKT2 expression were observed between 

lean and obese individuals in basal or stimulated adipose tissue biopsies.  These 

findings were true for both the abdominal and the gluteal depot (Table 6.8).  When 
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assessing expression levels of IRS1 mRNA we found there to be no significant 

difference between lean and obese individuals in the gluteal depot at either basal or 

stimulated levels.  However, when assessing and comparing IRS1 expression levels 

between lean abdominal and obese abdominal we found that at the stimulated time 

point there was a significant lower level of IRS1 expression within the adipose of the 

obese subjects (p<0.05), indicating this observation is likely to be indicative of the 

physiological situation within the adipose tissue of obese individuals.  

 

Gene Depot Pre-Glucose Post-Glucose 

  Lean v Obese p 
value 

Lean v Obese p 
value 

INSR Abdominal 8.28 ± 1.91 vs 4.26 ± 2.11 0.088 14.13 ± 2.55 vs 6.72 ± 3.49 0.39 
Gluteal 4.21 ± 0.58 vs 4.80 ± 2.94 0.176 6.91 ± 1.73 vs 7.53 ± 4.74 0.33 

      
IRS1 Abdominal 1.40 ± 0.06 vs 1.20 ± 0.15 0.59 1.66 ± 0.13 vs 0.91 ± 0.08 0.011 

Gluteal 1.76 ± 0.18 vs 1.29 ± 0.22 0.12 1.55 ± 0.16 vs 1.17 ± 0.21 0.18 
      
p85α Abdominal 1.85 ± 0.11 vs 3.43 ± 0.80 0.39 3.44 ± 1.08 vs 3.18 ± 0.67 0.83 

Gluteal 2.39 ± 0.50 vs 2.50 ± 0.61 0.92 2.86 ± 0.62 vs 2.73 ± 0.71 0.75 
      
p110β Abdominal 2.99 ± 0.60 vs 3.68 ± 0.98 1 4.09 ± 0.51 vs 3.32 ± 0.78 0.20 

Gluteal 3.51 ± 0.56 vs 3.36 ± 1.04 0.92 3.70 ± 0.12 vs 3.06 ± 0.82 0.60 
      
PTEN Abdominal 2.34 ± 0.42 vs 2.72 ± 0.49 0.67 2.42 ± 0.21 vs 2.79 ± 0.46 0.67 

Gluteal 2.56 ± 0.30 vs 2.15 ± 0.52 0.25 2.34 ± 0.23 vs 2.02 ± 0.43 0.60 
      
AKT2 Abdominal 1.41 ± 0.14 vs 1.37 ± 0.17 0.83 1.57 ± 0.08 vs 1.24 ± 0.13 0.055 

Gluteal 1.63 ± 0.08 vs 1.20 ± 0.14 0.036 1.55 ± 0.10 vs 1.26 ± 0.18 0.35 

Table 6.8 mRNA expression analysis of key insulin signalling genes between lean and obese individuals 
at both the pre and post glucose time points.  Analysis was performed using the Mann Whitney non-
parametric independent t-test. with significance levels adjusted to p<0.017 using Bonferroni’s 
correction. 
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Figure 6.11 mRNA expression analysis of key insulin signalling genes between lean and obese 
individuals at both the pre and post glucose time points.  Analysis was performed using the Mann 
Whitney non-parametric independent t-test. with significance levels adjusted to p<0.017 using 
Bonferroni’s correction.  In graphical format, lean individuals are represented using pink bars and 
obese individuals using purple bars.  Data are presented as mean ± SEM. 
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6.4 Discussion 

Insulin resistance is one of the major factors which precede the onset of T2D.  Although the 

past decade has seen considerable progression in elucidation of the individual components of 

the insulin signalling pathway, our understanding of the complex molecular mechanisms 

behind the onset of insulin resistance are as yet relatively poorly understood (Savage, et al., 

2005).  Negative regulators of the insulin signalling cascade have become a hot topic of 

research over the past five years, not only because further understanding of regulatory 

mechanisms may shed light on additional pathways deregulated in T2D, but because they 

may act as potential novel targets for therapeutic intervention.  One such negative regulator 

which has received considerable attention is the phosphatase and tensin homologue deleted 

on chromosome ten (PTEN), which dephosphorylates the key secondary messenger PIP3 

therefore reducing signalling through the AKT/PKB pathway (Maehama and Dixon, 1998).  

Generation of transgenic and knockout rodent models has reproducibly demonstrated that 

loss of PTEN within insulin target tissues results in insulin hypersensitivity and protection 

against the development of diabetes (Kurlawalla-Martinez, et al., 2005; Stiles, et al., 2004; 

Wijesekara, et al., 2005; Wong, et al., 2007).  Of course, the prior discovery that PTEN 

functions as a tumour suppressor necessitates that caution is required when postulating this 

gene as a therapeutic target (Di Cristofano, et al., 1998; Podsypanina, et al., 1999), however 

despite this many groups have speculated that therapeutic targeting to reduce PTEN 

expression in a tissue-specific manner could be beneficial as a novel treatment for reducing 

insulin resistance (Kurlawalla-Martinez, et al., 2005; Sasaoka, et al., 2006; Wijesekara, et al., 

2005) 

 

Following the animal work, which clearly demonstrated a role for PTEN in regulation of 

insulin signalling within murine adipose tissue and muscle (Kurlawalla-Martinez, et al., 2005; 

Wijesekara, et al., 2005), PTEN was hypothesised to play an equivocally important role in 



180 
 

these same tissues in humans with increased expression of this gene potentially contributing 

to the insulin resistance observed in patients with T2D.  As these variations in expression are 

likely to be tissue-specific access to a biobank of adipose and muscle biopsies was utilised to 

assess this hypothesis.   

 

My findings were in many ways contradictory to this initial hypothesis.  Firstly, investigation 

into the expression of PTEN in human muscle was halted following the surprising discovery 

that PTEN was lowly expressed within this depot.  As expression was ~4000 fold less than 

standard housekeeping genes and confidence values attained between replicates extremely 

low, it became impossible to accurately quantify expression in this depot.  As muscle is one of 

the primary targets of insulin action it is perhaps unexpected that PTEN is so lowly expressed 

in this depot.  One explanation for this observation could be the site from which the muscle 

biopsy was taken.  Due to the nature of the tissue collection procedure, muscle biopsies were 

taken from the site of surgical incision, which in the majority of cases was from the 

abdominal region.  The difference in aerobic properties of the abdominal muscle when 

directly compared to voluntary, respiratory skeletal muscle such as quadriceps (a known 

target for insulin stimulated glucose disposal) is one potential explanation for the low PTEN 

expression.  However, contrary to this hypothesis, expression analysis of PTEN within skeletal 

quadriceps biopsies using micro-array technology failed to detect PTEN expression levels 

above background (M Neville, F Karpe personal communication).  Taken together these 

findings could indicate an interesting phenomenon whereby in myocytes, PTEN is transcribed 

at extremely low levels to maximise insulin signalling through this pathway following 

stimulation by its ligand.  Further evidence to support this hypothesis is observed in the 

rodent muscle specific Pten-/- knockout model (Wijesekara, et al., 2005).  These animals were 

protected from the onset of insulin resistance and diabetes upon high fat feeding but they did 

not exhibit any of the other glycaemic alterations such as increased glucose tolerance and 
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insulin sensitivity as was observed within the adipose specific knockout animals therefore 

presenting with a far less pronounced phenotype (Wijesekara, et al., 2005). 

 

When performing mRNA expression studies within human adipose tissue, PTEN was found to 

be relatively highly expressed within both the subcutaneous and omental depots, therefore 

bypassing the experimental difficulties observed with the muscle samples from the same 

individuals.  Initial hypothesis suggested that PTEN would be up-regulated in the adipose 

tissue of patients with T2D when directly compared to matched controls.  However, my 

investigations within the Oxford-MOLSURG samples unexpectedly revealed PTEN mRNA to be 

down-regulated in adipose tissue of T2D patients, significantly so within the subcutaneous 

depot.  These surprising findings were supported via replication within an independent and 

larger sample set and confirmed by demonstrating a reduction in PTEN protein expression 

within the same individuals.   

 

Despite the fact that paired subjects were carefully matched for age, gender and BMI it was 

imperative to ensure that the changes in mRNA expression were not driven by obesity.  

Rigorous checks at all stages of the analysis procedure revealed there to be no correlation or 

association between PTEN expression and BMI indicating that the likely effects were truly 

driven by  an individual’s diabetic status. 

 

Numerous groups have previously published on the reduced IRS1 expression within the 

adipose tissue of insulin resistant and T2D patients (Kovacs, et al., 2003; Rondinone, et al., 

1997) and IRS1 is one of only a handful of genes to be reproducibly associated with T2D, 

insulin resistance and hyperinsulinaemia through genome-wide association studies (Rung, et 

al., 2009).  More recently, common IRS1 SNPs have been shown to correlate with IRS1 

expression levels by eQTL analysis (Dupuis, et al., 2010; Rung, et al., 2009).  Combination of 
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the Oxford and Leipzig cohorts (n=80) enabled us to observe  a significant reduction in IRS1 

mRNA expression in the subcutaneous adipose tissue of our T2D subjects,  a result which held 

true even when overcautiously introducing corrections for multiple testing (p<0.025).  This 

observation, which replicates what is previously known within the literature, highlights that 

our study was well powered to detect changes in gene expression serving as a positive 

control. 

 

Our findings suggest that the subcutaneous adipose tissue of patients with T2D down-

regulates PTEN expression as a compensatory mechanism to maximise glucose clearance in a 

physiological situation in which glucose clearance into skeletal muscle is restricted.  Our 

investigation of PTEN expression within individuals pre and post glucose challenge 

demonstrate that PTEN expression is not regulated rapidly in response to high insulin levels 

nor is it differentially regulated between lean and obese individuals.  Therefore the variation 

in PTEN expression is seemingly a phenomenon which develops over time to compensate for 

increasing levels of insulin resistance and circulating insulin levels and highlights the 

importance of adipose tissue as an active organ in the control of glucose homeostasis. 

 

Regulation of PTEN is achieved via a complex interplay of multiple proteins and transcription 

factors including p53 and NF-kappaB and via a multitude of processes including post-

transcriptional modifications, phosphorylation and oxidation, which are as yet only partially 

understood (Leslie and Downes, 2004).  A number of groups interested in understanding the 

regulation of this tumour suppressor gene have postulated there may be a novel role for the 

regulatory subunit of PI3K (p85a) (Chagpar, et al., 2009; Taniguchi, et al., 2006b; Terauchi, et 

al., 1999).   Although p85a is a crucial component in the PI3K complex and required for the 

transduction of the insulin signal, its expression is paradoxically inversely associated with 

insulin sensitivity whereby p85a knockout within mice corresponds with increased glucose 
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homeostasis (Terauchi, et al., 1999).  Since this important discovery, a number of groups have 

further demonstrated that loss of the abundant p85a subunit leads to an increase in insulin 

stimulated AKT activity due to reduction in PTEN levels (Taniguchi, et al., 2006b) and further 

that p85a subunit is able to bind to and specifically regulate the function of PTEN (Chagpar, et 

al., 2009).  As I observed a reduction in PTEN expression of unknown mechanistic action and 

in light of the recent association between the two genes, assessment of p85a mRNA 

expression was performed in each of the sample sets.  However, no association was observed 

between PTEN and p85a expression, nor was there a statistical difference in p85a expression 

between the T2D and control subjects suggesting this is unlikely to be the mechanism 

through which reduction in PTEN expression is mediated.   

 

The data suggest that the reduction in expression is present at both the mRNA and protein 

level and therefore it is reasonable to speculate that the mechanism of regulation could be 

via transcriptional regulation or increased transcript degradation.  One such mechanism, via 

which this could take place, is an increase in micro-RNA activity.  MicroRNAs are small non-

coding nucleotide segments which bind to the 3’UTR of genes and target them for 

degradation.  PTEN in known to be regulated by a number of miRNA but of particular interest 

is miR-21a.  Recently, Vinciguera et al. demonstrated that unsaturated fatty acids were able 

to trigger the onset of steatosis within hepatocytes via down-regulation of PTEN (Vinciguerra, 

et al., 2009).  Further investigation demonstrated that this tissue-specific down-regulation 

was mediated via increased microRNA-21 expression and PTEN degradation (Vinciguerra, et 

al., 2009).  Furthermore, microRNA-21 has been shown to regulate the proliferation of 

adipose derived mesenchymal stem cells demonstrating this microRNA is likely to play an 

important role within human adipose tissue (Kim, et al., 2011).  Interestingly, miR-21a has 

been shown to be significantly up-regulated within the subcutaneous adipose tissue of insulin 

resistant subjects (M Neville, F Karpe, personal communication).  Therefore it could be 
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postulated that within our insulin resistant T2D patients, PTEN may be down-regulated via a 

miRNA mediated mechanism, although further work needs to be performed to elucidate the 

expression of miR-21a in our subjects. 

 

Much has also been speculated on the role of adipose tissue as an endocrine organ and the 

role of adipokines including resistin and adiponectin and their role in the onset of insulin 

resistance in skeletal muscle (Flier, 2001; Mohamed-Ali, et al., 1998; Weyer, et al., 2001).  The 

evidence reported in the literature quite clearly demonstrates that there is a unique interplay 

and cross-talk between these two tissues which is nicely demonstrated in the PTEN-/- adipose 

specific knockout mouse model (Dietze, et al., 2002; Kurlawalla-Martinez, et al., 2005).  These 

animals demonstrate increased insulin signalling via the AKT pathway and a six fold increase 

in GLUT4 at the plasma membrane of adipocytes following glucose stimulation.  However, the 

skeletal muscle of the same animals showed three fold lower GLUT4 levels compared to 

control animals following glucose stimulation suggesting that there is a mechanism of cross 

talk between the two tissues to maintain euglycaemia (Kurlawalla-Martinez, et al., 2005)  

Although a  wealth of published data point to the negative effects of adipokines on muscle 

signalling, in the future it may be interesting to investigate the effects which ‘myokines’ may 

exert reciprocally upon adipocytes.  Recently, interest has been stimulated by a study in 

which the myokine expression profile of human myocytes was assessed pre and post TNFα-

induced insulin resistance and a number of myokines were found to be expressed at greater 

levels in the insulin resistance state (Bouzakri, et al., 2011).  These myokines were found to 

exert negative effects on the secretory profile of human beta-cells demonstrating that 

differential expression of myokines is physiologically relevant (Bouzakri, et al., 2011).  It may 

therefore be interesting to assess, using a co-culture set up, whether culture medium 

obtained from insulin resistant myocytes affects the expression of key insulin signalling 

molecules within adipocytes. 
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In conclusion, I have demonstrated that PTEN expression is reduced within the subcutaneous 

adipose tissue of patients with T2D at the mRNA and protein level and demonstrated that this 

reduction in expression is not due to concomitant transcriptional down-regulation of its novel 

regulator p85α.  Down-regulation of PTEN seemingly occurs at the transcript level.  It will be 

interesting to investigate whether transcription factor binding or microRNA targeted 

degradation account for reduced transcript abundance or whether myokines secreted from 

insulin resistant muscle potentially play a role via endocrine cross-talk between these two 

vital depots. 
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7. Discussion 

Evidence from epidemiological studies clearly demonstrate there to be a substantial genetic 

component to Type 2 diabetes (T2D) and related quantitative traits, including fasting plasma 

glucose (fpg), which are as yet only modestly understood (Kobberling and Tillil, 1982; Lango, 

et al., 2008; Watanabe, et al., 1999).  Elucidation of the genetic component of T2D and fpg is 

vital as it will not only shed further light on novel genes, pathways and mechanisms of 

regulation, but may also lend itself to assisting in the generation of novel therapeutic agents.  

 

Therefore the aims of the work presented in this thesis were to further our understanding of 

the genetic component of T2D, related quantitative traits and monogenic disorders of beta-

cell function using a variety of approaches and molecular genetic techniques.  These included 

candidate gene screening in patients with monogenic beta-cell dysfunction, refinement of 

T2D and fpg association signals using gene expression profiling within human islets and beta-

cells, follow-up of a novel fpg association signal in a physiologically relevant cellular system 

and finally mRNA expression profiling of insulin signalling genes in the adipose tissue of 

patients with T2D and matched controls. 

 

Determining the genetic aetiology in patients with monogenic forms of beta-cell dysfunction 

is important as it can help dictate therapeutic intervention strategies and aid in patient 

management (Gloyn and Ellard, 2006).  However, it has also long been recognised that 

studying monogenic disorders may facilitate our understanding of related complex diseases.  

Monogenic disorders of beta-cell dysfunction account for 1-2% of all non-insulin dependent 

forms of diabetes mellitus (Ledermann, 1995) and to date pathogenic variants have been 

identified in a number of key beta-cell genes (Babenko, et al., 2006; Edghill, et al., 2006a; 

Flanagan, et al., 2007; Garin, et al., 2010; Gloyn, et al., 2004; Kristinsson, et al., 2001; Njolstad, 

et al., 2001; Stanley, et al., 1998; Stoffers, et al., 1997a; Yamagata, et al., 1996).   
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Identification of mutations within the pancreatic beta-cell glucose sensor glucokinase (GCK) 

(Glaser, et al., 1998; Hattersley, et al., 1992; Njolstad, et al., 2001) have important 

implications not only for affected individuals, many of whom have seen their treatment 

strategy improved as a result of their genetic aetiology elucidation (Gill-Carey, et al., 2007; 

Murphy, et al., 2008), but has also led to the identification of common fpg and T2D 

susceptibility variants within the same gene (Dupuis, et al., 2010; Weedon, et al., 2005a).  

Pharmaceutical companies have also utilised the invaluable information gleaned from the 

study of these pathogenic variants to aid in the development of novel therapeutic strategies 

for the treatment of complex T2D (Grimsby, et al., 2003).   

 

The observation that common variants within the islet specific glucose-6-phosphatase 

enzyme, G6PC2, also associate with elevated fpg (Bouatia-Naji, et al., 2008; Chen, et al., 2008; 

Dupuis, et al., 2010), coupled with the hypothesised function of G6PC2 as a regulator of GCK 

and glycolysis (Wang, et al., 2007), led me to hypothesise that mutations within G6PC2 may 

be a novel cause of beta-cell dysfunction.  Patients with monogenic beta-cell dysfunction 

(permanent neonatal diabetes mellitus [PNDM], maturity onset diabetes of the young 

[MODY], glucokinase-like MODY [GCK-like MODY] and hyperinsulinaemic hypoglycaemia [HH]) 

of unknown genetic aetiology were screened for G6PC2 mutations.  Novel intronic, 

synonymous and non-synonymous variants were identified in our screen, however 

pathogenicity was considered unlikely for the majority of variants following familial co-

segregation analysis and the assessment of variants in an ethnically matched control 

population.  However for the F256L variant, identified in single proband with HH, parental 

DNA was unavailable for co-segregation analysis and screening within 288 Europid control 

chromosomes was found to be negative.  To further assess the likely pathogenicity of this 

amino acid substitution, analysis was performed using the bioinformatics tools, SIFT and 

POLYPHEN.  Although providing contradictory results, SIFT, which combines both the physical 
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properties of the amino acids and sequence homology, predicts that the amino acid 

substitution would be tolerated by the protein.  Taken alongside the observation that this 

variant was only present within a single proband, and absent in all other hypoglycaemic 

probands and families,  led me to conclude that mutations within G6PC2 are unlikely to be a 

common cause of monogenic disorders of beta-cell dysfunction. 

 

Candidate gene screening of biologically plausible genes has historically been a useful 

technique for identifying novel monogenic mutations.  However, exhaustion of the list of 

plausible candidate genes, coupled with our limited understanding of beta-cell biology, 

dictates that additional approaches will be required for mutation detection.  It could be 

postulated that as the number of T2D and fpg associated loci increase through 

implementation of genome-wide association studies (GWAS), so do the number of candidate 

genes for mutational screening within monogenic patient cohorts.  This would seem a 

plausible option as the overlap between monogenic and complex genetic aetiology becomes 

ever the more apparent (Agostini, et al., 2006; Altshuler, et al., 2000; Gloyn, et al., 2004; 

Gloyn, et al., 2003; Hattersley, et al., 1992; Voight, et al., 2010; Yamagata, et al., 1996). 

 

Although this approach bypasses the requirement for prior hypothesis generation, screening 

each of these genes in affected individuals would be highly expensive and equally time 

consuming and laborious.  As the majority of monogenic mutations are located within exonic 

regions, the future of monogenic mutation discovery is likely to rely heavily on the utilisation 

of next generation sequencing techniques including exome resequencing.  Although of 

irrefutable benefit, it is worth noting that researchers may be faced with difficulties when 

trying to decipher true pathogenic variants from non-synonymous variants which will 

inevitably be identified using this methodology.  Lack of large-scale families in which to 

perform linkage analysis and co-segregation studies is also likely to generate difficulties 
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however, despite this, the methodology has already been successfully implemented by 

groups interested in understanding the genetic aetiology of PNDM (Bonnefond, et al., 2010a).   

 

The field of T2D genetics was revolutionised following the implementation of GWAS in 2007.  

Utilisation of this methodology increased the number of T2D susceptibility loci from three 

(Altshuler, et al., 2000; Gloyn, et al., 2003; Grant, et al., 2006) to over 25 (Saxena, et al., 2007; 

Scott, et al., 2007; Steinthorsdottir, et al., 2007; WTCCC, 2007; Zeggini, et al., 2008; Zeggini, et 

al., 2007).  Despite this, empirical studies concluded that collectively these loci were still only 

able to account for <10% of the heritability of T2D (Bonnefond, et al., 2010b; Lango, et al., 

2008) whilst definitive causal genes and molecular mechanisms underlying the signals 

remained largely unknown. 

 

The missing heritability gap was hypothesised to reside in the inability of poorly powered 

GWAS to capture common variants of a more modest effect size, therefore necessitating 

multiple centre data sharing and meta-analysis for the detection of additional susceptibility 

variants.  As such, the MAGIC and DIAGRAM+ consortia were established as an international 

collaborative incentive to determine variants associated with fasting glycaemic traits and T2D 

susceptibility respectively.  As a result of my knowledge of fluorescence-activated cell sorting 

(FACS) of human islets and therefore ability to purify human beta-cells, I was asked to join 

both consortia.  My specific role within the consortia was to provide transcript profiling of 

genes within novel susceptibility loci, in human islets and beta-cells, to aid in signal 

refinement and elucidation of potential molecular mechanisms (chapter 3).  This was the first 

time transcript profiling within human beta-cells had been used to aid in T2D and fpg GWAS 

signal refinement and was of benefit to both consortia. 
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The association between fpg and the DGKB-TMEM195 locus had previously been identified in 

a Northern Finnish Birth Cohort study, although the authors failed to determine which of 

these genes was likely to be driving the elevation in fasting glucose levels (Sabatti, et al., 

2009).  Statistical collaborators within the MAGIC consortia replicated this association, 

additionally demonstrating association with reduced beta-cell function and reduced 

insulinogenic index (Ingelsson, et al., 2010), dictating the likely variant is mediating its effects 

through the beta-cell via beta-cell dysfunction.  For the first time, expression profiling within 

metabolically relevant tissues was performed to aid in refinement of the association signal, 

and I was able to demonstrate that TMEM195 was not transcribed and expressed within 

human islets or beta-cells. Conversely, DGKB was present in both depots therefore 

establishing that the signal was likely conferring increased fpg levels and T2D risk via the 

biologically plausible DGKB, thus providing a starting point for functional follow-up.  FACS of 

human islets has now been implemented at the Oxford Centre for Diabetes, Endocrinology & 

Metabolism, one of only a few centres in the UK to utilise this technique, and I have 

established a pipeline through which transcript profiling can be utilised to complement 

prospective GWAS for glycaemic traits. 

 

My work of transcript profiling within human beta-cells, although of benefit when performed 

in parallel with physiological and eQTL analysis, provides only a starting point for fine 

mapping of association signals.  Additional analysis is required to identify the ‘true’ 

susceptibility variant which, in homogeneous North European populations, is often made 

difficult by the strong LD structures dispersed throughout the genome (Helgason, et al., 2007).  

Replication in ethnically diverse populations, in whom genetic background and therefore LD 

structures are distinct, is an increasingly common tool for susceptibility loci refinement 

(Helgason, et al., 2007). The future of understanding common variant-T2D susceptibility risk 
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is likely to rely heavily on this refinement process and is now a main focus of an international 

collaborative project, T2Dgenes (Horikoshi, et al., 2011).   

 

One obvious caveat of the GWAS approach to T2D susceptibility variant identification is their 

preponderance to detect common variants.  The observation that these variants account for 

only a small proportion of T2D heritability has now led many to speculate that the heritability 

gap is likely to lie in low frequency variants (MAF 0.05-5%) which have until recently evaded 

capture.  The recent advances in technology and implementation of next generation 

sequencing approaches (including whole genome, exome and targeted gene deep 

resequencing), now provide researchers with an additional approach to variant identification.  

The hope is that the search for these low frequency variants will identify SNPs within coding 

regions and regulatory elements, providing more tractable variants for functional follow-up 

and subsequently account for a significant proportion of T2D heritability. 

 

The observation that the majority of T2D-associated susceptibility loci associate with 

defective beta-cell function (HOMA-B) (Dupuis, et al., 2010) dictates that the success of 

molecular mechanism elucidation and functional follow-up will lie in performing the correct 

biological investigation in islets and beta-cells.  When one considers that there is an 

overwhelming lack of biologically appropriate human insulin-secreting cell lines, alongside 

accumulating evidence of the differences between rodent and human islets (Bosco, et al., 

2010; Braun, et al., 2008; Fiaschi-Taesch, et al., 2009), downstream functional work in human 

primary islets and beta-cells is likely to be of paramount importance.  My investigation of 

SLC2A2 demonstrated the difficulties faced when following up GWAS signals especially when 

trying to directly extrapolate from rodents to humans (chapter 4).   

 



193 
 

A variant within SLC2A2 was robustly associated with FPG levels in the MAGIC meta-analysis.  

However my transcript profiling demonstrated little expression within human islets, whilst a 

complementary physiological analysis paper observed no demonstrable effects on insulin 

secretion or processing (Ingelsson, et al., 2010).  SLC2A2 is known to function as the 

predominant transporter in rodent islets and beta-cells and is widely accepted to play a 

similar role in humans (Fajans, et al., 2001; Hussain, 2010; Kronenberg, et al., 2008; Sperling, 

2006).  However, combining data from both physiological and in vivo analysis of SLC2A2 

mutation carriers cast doubt on the legitimacy of this hypothesis (Ingelsson, et al., 2010; 

Santer, et al., 1998).  Through transcript profiling in human and rodent beta-cells I was able to 

demonstrate that the GLUT transcript profile differed between the two species, with GLUT1 

and GLUT3 predominating in humans whilst GLUT2 was predominant in rodents.  These 

observations may go some way to explaining the lack of beta-cell effect despite common 

SLC2A2 SNPs increasing fpg levels.  The data once again serves to highlight the differences 

between rodents and humans, the care that needs to be taken when using one as a model of 

the other and the necessity of following up T2D GWAS signals in human islets and beta-cells 

where possible. 

 

These findings are likely to be of interest not only to those interested in translating T2D 

association signals but also to scientists working on the generation of adult insulin-secreting 

beta-cells from stem cells.  GLUT2 is commonly used as a marker of islet cell lineage 

(Borowiak and Melton, 2009; Jiang, et al., 2007), however our observations would indicate 

this may be inappropriate.  Our data suggest that in the future monitoring the expression of 

the three glucose transporters is likely to yield cells with properties of adult islet cells. 

 

As previously mentioned, one of the most interesting aspects of T2D genetic investigation to 

date has been the disproportional number of variants associated with beta-cell dysfunction 
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when compared to those associated with insulin resistance (Dupuis, et al., 2010).  

Explanations for this observation may be that 1) variants affecting insulin action are 

confounded by environmental factors including obesity or 2) variants associated with insulin 

action are present in lower numbers compared to those associated with beta-cell function 

and are low frequency variants of a larger effect size.  These variants may have evaded 

capture using GWAS common SNP methodology.  Until data is available from next generation 

sequencing platforms, our understanding of this concept is unlikely to be explained.   

 

Therefore, additional biological approaches are likely to be required to further understand 

the genetic component of insulin resistance.  The generation of tissue-specific knockout 

models for crucial genes within the insulin signalling pathway has been of importance to date.  

Of particular interest to our research group were the data generated from the Pten knockout 

models, which in both adipose tissue and muscle clearly demonstrated the importance of this 

tumour suppressor gene in the maintenance of glucose homeostasis (Kurlawalla-Martinez, et 

al., 2005; Wijesekara, et al., 2005).  Work performed by our own group has since 

demonstrated that patients with Cowden’s Syndrome (PTEN haploinsufficient) are insulin-

sensitive (Aparna Pal, personal communication).  Taken alongside the rodent data, led me to 

hypothesise that upregulation of PTEN gene expression in patients with T2D may contribute 

to the reduced insulin sensitivity observed in these patients.  Although I was unable to detect 

PTEN expression within myocytes from either T2D or normoglycaemic subjects my data 

paradoxically demonstrated that, within the adipose tissue of T2D subjects, PTEN was 

downregulated at both the mRNA and protein level.  My data also demonstrated that this 

phenomenon is not a temporal response to insulin stimulation but rather that it is likely to be 

a response to prolonged hyperglycaemia.  
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Unfortunately my investigation of the role of PTEN in adipose tissue remains incomplete.  I 

hypothesise that, in the adipose tissue of T2D subjects, a reduction in PTEN expression may 

lead to an alteration in the ratio of cellular phosphatidylinositol 4,5-bisphosphate: 

phosphatidylinositol 3,4,5 triphosphate (PIP2:PIP3) thus increasing signalling via the AKT 

pathway.  Future work is required to elucidate the effects of reduced PTEN expression on 

these key secondary messengers and downstream targets.  Of particular interest will be the 

assessment of PIP3 levels in adipose tissue biopsies from our T2D subjects, as well as direct 

investigation of AKT phosphorylation levels between our subjects and controls.  Determining 

the mechanism of PTEN downregulation will also be of importance.  Investigating whether 

PTEN downregulation is mediated via a miRNA feedback mechanism, myokine cross talk 

between insulin resistant muscle and subcutaneous adipose tissue, or by an additional 

regulatory mechanism which is as yet not understood, will hopefully provide further insight 

and explanation for my novel findings. 

 

These observations are likely to be of importance as there is substantial interest in lipid 

phosphatases (including PTEN) as T2D therapeutic targets (Beguinot, 2007; Sasaoka, et al., 

2006).  Although systemic targeting of PTEN is not feasible due to adverse oncogenic side 

effects (Di Cristofano, et al., 1998; Podsypanina, et al., 1999), studies on adipose and muscle 

specific Pten knockouts provided evidence that tissue-specific targeting not only improves 

insulin sensitivity but also bypasses these oncogenic adverse effects (Kurlawalla-Martinez, et 

al., 2005; Wijesekara, et al., 2005).  These observations led many to speculate that specifically 

targeting PTEN knockdown in the adipose tissue and muscle of humans would be a viable 

target for novel T2D therapeutic agents (Beguinot, 2007; Sasaoka, et al., 2006).  However my 

data, accumulated from human studies, casts doubt on the benefit of therapeutic 

intervention at this level.  Although further work is necessary, my initial studies suggest that 

PTEN is only expressed at background levels within human muscle and therefore therapeutic 
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targeting and knockdown in this tissue is unlikely to produce the desired insulin sensitising 

effects.  In addition, my data also suggests that the subcutaneous adipose tissue of humans 

can adapt to prolonged hyperglycaemia and intrinsically downregulates PTEN expression to a 

physiologically ‘safe’ level.  Enhancing this downregulation further, using novel therapeutic 

agents in T2D patients, may be detrimental as PTEN plays a key role in many other cellular 

processes, the effects of which would require close monitoring.  My data therefore casts 

doubt on whether targeting this specific lipid phosphatase is likely to be beneficially as a 

novel T2D sensitising agent.  

 

In summary, the data presented in this thesis demonstrate the power of utilising a broad, 

multidisciplinary approach to investigate the genetic component of diabetes mellitus.  

Continued investigation of this field is likely to be of paramount importance if we are to see 

breakthroughs in the generation of novel pharmacological therapies to combat the ever 

increasing diabetes epidemic. 
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