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Abstract

Background: Global incidence of obesity and Type 2 diabetes (T2D) has increased rapidly 
in the last fifty years and even more rapidly in immigrant ethnic minority communities in 
Western countries. There is evidence of a connection between birth weight and the 
subsequent risk of obesity and T2D in adulthood, with several T2D susceptibility loci 
reported to be associated with fetal birth weight, including the leptin receptor gene (LEPR).

Aims: To ascertain if maternal candidate loci contribute to fetal birth weight variation in a 
Gujarati South Asian immigrant population in North London and to investigate three 
variants in the extracellular region of LEPR to determine their effect on LEPR protein 
structure and function.

Methods: Two commercially-available methods (Sequenom iPLEX and Life Technologies 
TaqMan) were used to genotype specific polymorphisms in the genes HHEX-IDE, ADCY5 
and FTO, while molecular cloning and computer modelling techniques were used to 
investigate the variants in LEPR.

Results: Significant associations were found with lower birth weight and rs 12765131 in 
the HHEX-IDE locus (p=0.002) and with higher birth weight and markers in FTO, namely 
rs9939609 (p=0.001), rsl7817449 (p=0.0273) and rs8050136 (p=0.0231). No significant 
associations were found with fetal birth weight and markers in the ADCY5 gene. Although 
molecular cloning of three LEPR variants was unsuccessful, in silico modelling of the 
LEPR protein revealed that the Gln223Arg polymorphism was predicted to affect the 
surface electrostatic potential of the receptor and create hydrogen bonding with a 
neighbouring cysteine residue, potentially lowering the binding affinity with leptin.

Conclusion: These results demonstrate that maternal variants in HHEX-IDE and FTO are 
associated with birth weight variation in the Gujarati South Asian population. Furthermore, 
LEPR polymorphisms have been predicted to affect its overall structure and possibly its 
leptin signalling function.
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1.0 Introduction

1.1.0 Complex disease/birth weight and obesity

Multifactoral disease is the interaction of both genetic loci and the environment, where 

several regions within the genome collaboratively combine with various environmental 

factors to increase susceptibility to a particular disease. Such a paradigm can be found in 

the genetics of birth weight, obesity and diabetes. For obesity, illustration of how the many 

different biological and environmental aspects influence each other and how they are 

ultimately involved in the regulation of energy is shown overleaf (Figure 1.1.1).

Birth weight is influenced by a variety of factors and has been shown to be a significant 

prognostic indicator for both adult obesity, Type 2 diabetes (T2D) and the metabolic 

syndrome, with lower birth weight, perhaps counter intuitively, predisposing to each of 

these (Stettler et ah, 2005, Corvalan et ah, 2007, Xiao et al., 2008, Risnes et al., 2009). 

Furthermore, obesity itself predisposes to a variety of different conditions including 

hyperinsulinaemia, hypertension, dyslipidaemia, T2D, cancer and cardiovascular disease 

with a consequent reduction in life expectancy (Must et al., 1999, Kopelman and 

Formiguera, 1999, Wilson et al., 2003). Metabolic syndrome is used to describe a 

collection of metabolic complications which includes insulin resistance, dyslipidaemia, 

hypertension and central obesity (Grundy, 2006). Thus, obesity-associated diseases are the 

cause of death for hundreds of thousands of individuals around the world; over 9,000 

premature deaths each year in England alone are attributable to obesity and its sequelae 

(Department of Health, 2009). This will certainly rise as the numbers of obese individuals 

follows the predicted increases around the world (Yang et al., 2012, Shaw et al., 2010, 

Kelly et al., 2008).



Figure 1.1.1: Graphical illustration of the different biological and environmental 
influences that are involved in the development of obesity. Adapted from (Balaban and 
Silva, 2004).
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Over the last two decades, many genes have been implicated in the development of obesity 

and T2D (Rankinen et al., 2006, Sladek et al., 2007, Saxena et al., 2007, Dupuis et al., 

2010), while recent research has correlated several T2D risk alleles with reduced fetal birth 

weight in Caucasian populations (Freathy et al., 2009, Zhao, 2009, Andersson, 2010, 

Freathy et al., 2010). This indicates that there is an underlying connection between birth 

weight and subsequent risk of obesity, T2D and metabolic syndrome. Understanding the 

genetic aetiology of birth weight would enable better understanding of its causes and 

therefore its subsequent influence in the development of disease risk. Identification of the 

causes of obesity and T2D would provide better, targeted drug and diet treatments. 

Furthermore, increased knowledge of the genetics of these complex diseases/traits would 

aid our understanding of their interactions with the environment, with an aim to improving 

our currently obesogenic environment.

1.2.0 Classification and Measurement of Complex Disease

Classification of obesity, T2D and the metabolic syndrome are important to be able to 

determine the worldwide prevalence rates, for both adults and children.

1.2.1 Classification of Obesity in Adults

Obesity is defined as an excess storage of adipose tissue to abnormal or excessive levels 

that can impair health (Spiegelman and Flier, 2001). Classification of obesity and adiposity 

is typically measured using body mass index (BMI), which can be used to determine the 

risk of excess weight on mortality and morbidity and to assess the relative body adipose 

tissue levels. BMI is calculated by dividing the weight in kilograms by the height in 

meters, squared (kg/m2) (www.who.int). Individuals are classified into six main categories

3

http://www.who.int


(Table 1.1.1) ranging from underweight to super obese, two of which are sub-divided into 

additional categories depending on the severity of being underweight or obese. The 

normal, desirable BMI is between 18.50 and 24.99.

Table 1.1.1: International classification of body weight using BMI. Adapted from World 
Health Organisation, 2009.

C lassification
BMI
(kg/m 2)

Underweight

Severe
thinness <16.00
Moderate
thinness

16.00 - 
16.99

Mild
thinness

17.00 - 
18.49

Normal Range
18.50 - 
24.99

Overweight
25.00 - 
29.99

Obese

Class I
30.00 - 
34.99

Class 11
35.00 - 
39.99

Morbidly Obese
40.00 - 
49.99

Super Obese >50.00

1.2.2 Classification and Measurement of Obesity in Children

The measurement of overweight and obesity in children is also carried out using BMI 

although it is problematic as children continue to grow throughout childhood. Therefore, 

BMI adjusted for age and sex growth charts are used as a reference to monitor growth and 

to determine whether a child is overweight or obese. Various growth charts have been 

devised and are used. In the USA the Centers for Disease Control and Prevention produced 

growth charts that use data from NHANES I, II and III. These are known as the CDC 2000 

growth charts. A BMI between the 85th percentile and 95th percentile is the cut-off value 

used for overweight and more than the 95th percentile is the cut-off value for obesity 

typically used in the USA (Ogden et al„ 2012a). In the UK the International Obesity Task
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Force (IOTF) cut-off values are typically used to measure overweight and obesity in 

children. The cut-off values represent cut off points in which the percentiles match the 

adult cut-offs for an overweight BMI (25 kg/m2) and an obese BMI (30 kg/m2) at aged 

eighteen years (Cole et at, 2000). It uses data published from six different countries: 

Brazil, Great Britain, Hong Kong, the Netherlands, Singapore and the USA, from children 

between six and eighteen years of age (Cole et al., 2000). The WHO has devised a similar 

method for an up to date growth reference chart, which uses BMI for age (five to nineteen 

years) using percentiles that match to the adult cut-offs for overweight and obese (WHO). 

Overweight is > +1 standard deviation (SD) from the 50th percentile, which is equal to the 

adult overweight cut-off. Obesity is >+2 SD from the 50th percentile, which is equal to the 

adult obesity. However, reference groups are dependent on the population being studied, as 

under and over estimation of the prevalence of overweight phenotype and obesity can 

occur (Tuan et al., 2012, Christoforidis et at, 2011, Viner et at, 2010, Monasta et at, 

2011, Khadilkar et at, 2011). Therefore it is best to use more than one reference growth 

chart, corrected for gender, to determine the prevalence of overweight phenotype and 

obesity in the selected population (Hermanussen et al., 2012).

1.2.3 Identification of T2D in adults

The identification of T2D is based upon certain criteria and current guidelines are given by 

WHO (2006). Signs and symptoms of T2D include unexplained weight loss, polyuria, 

polydipsia and polyphagia along with testing blood glucose levels under different 

conditions, after a twenty-four hour fast (fasting plasma glucose level) and two hours after 

a 75 g oral glucose load (two-hour plasma glucose level) and comparing these levels with 

normal values. A diagnosis of T2D is given with a fasting plasma glucose level >7.0 

mmol/1 and a 2-hour plasma glucose >11.1 mmol/1. A normal fasting glucose level is <6.0
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mmol/1 and a normal 2-hour plasma glucose is <7.8 mmol/1. Additional risk factors for the 

development of T2D are a BMI classification of >25 kg/m2 and being more than forty 

years of age.

In addition a pre-diabetes state can be diagnosed, in which the blood glucose levels are 

higher than the normal levels but not high enough to be classified as T2D, but these can 

lead to T2D if they remain high. It is given by the terms impaired glucose tolerance (IGT) 

and impaired fasting glucose (IFG). IGT is defined as fasting plasma glucose <7.0 mmol/1 

and a 2-hour plasma glucose >7.8-11.1 mmol/1. IFG is defined as a fasting plasma glucose 

6.1-6.9 mmol/1 and a 2-hour plasma glucose <7.8 mmol/1.

1.2.4 T2D identification in children

The same criteria for testing T2D in adults are also used to diagnose T2D in children. The 

American Diabetes Association gives the following guidelines: a causal plasma level of 

glucose >ll.lm m ol/l or a fasting glucose level >7.0mmol/l or a 2-hour glucose level of 

>11.1 mmol/1. Additional criteria for testing children with T2D include a BMI >85th 

percentile, >ten years of age and a family history of T2D.

1.2.5 Identification of the Metabolic Syndrome

There are many risk factors that contribute to the metabolic syndrome and many 

organisations have developed criteria for defining it, including WHO, the European Group 

for the study of Insulin Resistance (EGIR) and the National Cholesterol Education 

Program -  third Adult Treatment Panel (NCEP ATP III). WHO and EGIR identify that 

insulin resistance is an important risk factor, but not NCEP ATP III and WHO defines
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insulin resistance using 1GT or diabetes whereas EGIR uses fasting insulin levels and 

impaired fasting glucose (Alberti et al., 2006). Between them there are also differences in 

cut-off values for the other risk factors: blood pressure, HDL cholesterol, plasma 

triglycerides and the best measure of central obesity (Table 1.2.1).

Since these three groups vary on the criteria used for the metabolic syndrome the 

International Diabetes Federation (IDF) developed its own criteria (Alberti et al., 2006). 

The main difference is in the measurement of central obesity, which it suggests should be 

measured using waist circumference and the cut-offs should be population and ethnic 

specific as there are differences in adiposity levels and classification of overweight and 

obesity. Classification of the metabolic syndrome is shown in Table 1.2.2.
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Table 1.2.1: The following criteria is used for the definition of the metabolic syndrome, 
which has been developed by WHO, EGIR and NCEP ATP III. Adapted from Alberti et 
al., 2006. Obesity is measured by, waist to hip ratio (WHR), waist circumference (WC) 
and BMI.

R isk Factor W H O EG IR N C E P  A T P  III

Insulin Resistance Glucose Tolerance 
(IGT) or diabetes

Hyperinsulinaemia 
(Insulin fasting levels, 
non-diabetic)

Two or more o f the 
following risk 
factors

Two or more o f the 
following risk factors

Three o f more o f the 
following risk factors

Fasting Plasma 
Glucose

>6.1 mmol/1 (110 
mg/dl) non-diabetic

>5.6 mmol/1 (100 
mg/dl)

Blood Pressure >140/90 mmHg >140/90 mmHg or 
treatment

Raised Plasma 
Triglycerides

>1.7 mmol/1 (150 
mg/dl)

>2.0 mmol/1 (178 
mg/dl) or treatment

>1.7 mmol/1 (150 
mg/dl)

HDL Cholesterol M en W om en <1.0 mmol/dl (39 M en W om en |

<0.9
mmol/l
(35
mg/dl)

<1.0
mmol/1
(39
mg/dl)

mg/dl) <1.03
mmol/1 (40 
mg/dl)

<1.29
mmol/1
(50
mg/dl)

Obesity M en W om en M en 1 W om en M en W om en

W H R >0.9 >0.85
W C >94 cm 1 >80 cm >102 cm >88 cm

A nd/or
BM I

>30 kg/m2

Microalbuminuria Urinary albumin 
excretion rate >20 
pg/min or albumin: 
creatinine ratio > 3 0
mg/g

Table 1.2.2: Criteria from the IDF for defining the metabolic syndrome in adults.

R isk Factor M easurem ent and C u t-o ff V alues
Central obesity WC that is ethnic specific

With two o f the following risk factors
Raised Plasma Triglycerides >1.7 mmol/1 (150 mg/dl)
HDL Cholesterol M en W om en

<1.03 mmol/dl (40 
mg/dl)

<1.29 mmol/dl (50 
mg/dl)

Raised Blood Pressure
Systolic or >130 mmHg
D iastolic >85 mmHg

Or previous diagnosis o f hypertension
Raised Fasting Plasma Glucose >5.6 mmol/1 (100 mg/dl)

—
Or previous diagnosis o f T2D
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1.2.6 Reliability of BMI in Determining Disease Risk

BMI has been used as a measure of adiposity in many studies. High BMI has been 

associated with increased risk of T2D, hypertension, cancer, mortality and cardiovascular 

disease (Calle et ah, 1999, Ramachandran et ah. 2001a, Calle et ah, 2003, Berraho et al., 

2012, Park and Kim, 2012, Staiano et ah, 2012). BMI is one of the commonest and 

simplest methods to use and its reliability and specificity to evaluate disease risk and assess 

relative body fat, has been investigated over the past ten years (Dalton et ah, 2003, 

Kontogianni et ah, 2005, Nevill et ah, 2006, Shah and Braverman, 2012).

In a recent review, a total of thirty-two studies were used in a meta-analysis that looked at 

sensitivity (the probability that an individual who already has the condition of interest will 

produce a positive result), specificity (the probability that an individual who does not have 

the condition will produce a negative result) and likelihood ratio (the odds that the test 

result occurs in those who have the condition against those who do not) of BMI. It was 

found that although the specificity was good, the sensitivity of BMI was only 50%, 

indicating that individuals who are obese are not classified as such, using the current cut 

off values. But the sensitivity increases when BMI is >30 kg/m where excess adiposity 

can be detectable in both sexes. This suggests that excess levels of adiposity in individuals
'y

whose BMI fall below 30 kg/m are not detected. Therefore BMI is a better method at 

detecting excess adiposity when BMI is >30 kg/m2 as compared to <30 kg/m2. BMI is a 

good method at evaluating changes in body adiposity over a period of time as rises in body 

weight are probably due to increases in adipose levels (Okorodudu et ah, 2010).

Furthermore, the sensitivity of BMI affects athletes and body builders as they are normally 

categorised as overweight or obese, when they are not, as they have a higher muscle mass
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compared to non-athletes (Witt, 2005, Nevill et al., 2006, Ode et al., 2007). As muscle 

mass weighs more than adipose tissue, BMI is unable to distinguish between the two as 

total body weight is used in the calculation. Therefore other measures have been developed 

to better assess the level of adiposity and disease risk. Simple methods include waist 

circumference, percentage body fat, fat free mass, the ratio of waist to hip circumference 

(WHR), waist to height ratio (WHtR) and skin fold thickness as well as more sophisticated 

methods including air displacement plethysmography, magnetic resonance imaging (MRI) 

and dual energy X-ray absorptiometry (DEXA)(Goodpaster et al., 2003, Goodpaster et al., 

2005, Wang et al., 2005, Vega et al., 2006, Cheung, 2007, Pischon et al., 2008). The 

classification of waist circumference indicates that females between 81-88 cm (32-35 ins) 

and males who are between 94-102 cm (37-40 ins) are overweight. Individuals with values 

more than those stated would be classified as obese. For WHR, men would be classified as 

obese with a value more than 0.9 and 0.85 for women (WHO). More recently, waist to 

height ratio is increasingly being used instead as it is a relatively simple non-invasive 

method to use as for a given height there is an adequate level of stored fat. A boundary 

value of 0.500 to indicate whether the amount of fat is in excess and can lead to health 

complications. This has been further developed into the Ashwell © Shape chart (Ashwell, 

1998). Therefore it has been suggested to use other methods such as waist circumference 

and/or WHtR alongside BMI, as a better indication of adiposity and disease risk.

However this has only increased the debate as to which method is more accurate and better 

to use. Waist circumference and WHR are thought to be the better methods to use to 

evaluate disease risk with respect to central adiposity (Vega et al., 2006; Cheung et al., 

2007) as they are still simple and easy to use and correlate highly to the development of 

obesity-related diseases (T2D, cardiovascular disease, hypertension and risk factors for the
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metabolic syndrome) (Goodpaster et al., 2003, Snijder, 2003, Grundy, 2004, Goodpaster et 

al., 2005, Wang et al., 2005, Meisinger et al., 2006, Bobbioni-Harsch et al., 2009, Ashwell 

et al., 2012, Park and Kim, 2012). However abdominal obesity can arise from either an 

increase in subcutaneous adipose tissue (SAT, i.e. under the skin), visceral adipose tissue 

(VAT, i.e. surrounding organs in the abdominal region including the liver, stomach and 

intestines) or a combination of both (Freedland, 2004). Thus WC and WHR are unable to 

distinguish between the two locations, they only state that the fat is within a central 

location (Goodpaster et al., 2005). More high-tech methods, such as MRI are more 

accurate at distinguishing between these two locations, although they are more expensive 

and time consuming to use and not easily available (Browning et al., 2011).

The actual location of excess adipose tissue is important to the health of an individual. 

Research suggests that internal locations of adipose tissue, i.e. surrounding organs such as 

the liver, stomach and intestines is more detrimental to the health of an individual 

compared to a subcutaneous location (Gastaldelli et al., 2009) and contribute to the 

development of insulin resistance and the metabolic syndrome (Pouliot et al., 1992, Ross et 

al., 2002a, Ross et al., 2002b, Pickhardt et al., 2012, Barreira et al., 2012).

Several studies have been carried out to compare the VAT in individuals within different 

BMI categories and taking into consideration levels of physical activity with surprising 

results. In one study, fifty-four females were classified into four groups based on their BMI 

(Thomas et al., 1998a). When MRI was used as a measure of body fat it showed that as 

BMI increases, so does the amount of visceral adipose tissue however, it was noted that 

some individuals who are within the normal BMI range had just as high a fat content as 

those who are obese (Thomas et al., 1998). This indicates that individuals within the
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normal BM1 range can be overweight or even obese internally and are more at risk of 

developing metabolic complications associated with obesity.

This finding has led to the term ‘TOFT -  thin on the outside, fat on the inside to describe 

these individuals. A further term ‘FOTT has also been coined to characterise those who are 

fat on the outside and thin on the inside (Thomas et al., 2012). Research has shown that 

having a BMI above the normal range but being physically active can result in a lower 

level of visceral fat and therefore decrease the risk of T2D and CHD and mortality, when 

compared to those who are overweight or obese and unfit (Stevens et al., 2002, Hu et al., 

2004b, Hu et al., 2004a). A comparison of fat at different locations (total, subcutaneous, 

subcutaneous abdominal, internal, visceral, non-visceral), was undertaken between fifty 

men who were classified as slim-fit, slim-unfit, fat-fit and fat-unfit using waist girth, BMI 

and body mass (O'Donovan et al., 2009). Results showed that although internal and 

visceral fat and the proportion of internal fat were higher in fat-fit and highest in fat-unfit 

men, there was not any significant differences between the slim-fit, slim-unfit and the fat- 

fit, for either total, subcutaneous, subcutaneous abdominal, internal and visceral fat after 

adjustment for age and height (p<0.05). There were also no significant differences between 

the slim-fit and slim-unfit for waist girth, total fat levels, internal fat and visceral fat levels 

(O’Donovan et al., 2009).

The exact mechanisms by which visceral adiposity contributes to metabolic consequences 

of obesity are unclear as not all obese individuals are insulin resistant or develop T2D or 

cardiovascular disease (Despres and Lemieux, 2006). Visceral fat has been shown to be 

different from subcutaneous fat in terms of lipolytic activity, response to insulin and 

endocrine function, which may contribute to the increased metabolic risks. Intra-abdominal
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adipocytes are enlarged and hyperlipolytic which makes them resistant to the antilipolytic 

effect of insulin. Non-essential fatty acid (NEFA) moves to the liver, which may affect 

liver metabolism, leading to increased glucose production and hepatic insulin resistance 

(Mauriege et al, 1995. Mittelman et al, 2002). A proinflammatory state is induced in an 

obese individual with high abdominal adiposity. Adipose tissue releases a variety of 

inflammatory cytokines including interleukin-6 and tumour necrosis factor-a, along with 

the hormone adiponectin, which is involved with regulation of glucose and fatty acid 

metabolism (Cote et al., 2005, Greenberg and Obin, 2006, Flajer et al., 2008). High levels 

of macrophages occur within the adipose tissue (Weisberg et al., 2003), which in turn 

releases plasma C-reactive protein. In obese individuals with abdominal obesity, levels of 

interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-a) are increased along with the 

plasma C-reactive inflammatory marker but adiponectin levels decrease (Yudkin et al., 

1999, Berg and Scherer, 2005). These changes could increase the altered metabolic state, 

however further research is needed to fully understand endocrine function within visceral 

adiposity (Despres and Lemieux, 2006).

The development of visceral adiposity has been proposed to be due to a dysfunction of the 

subcutaneous adipose tissue to store excess fat. As a consequence an alternative location is 

used which is undesirable as it affects the functionality of the organs it surrounds, which 

leads to the altered metabolic state (Despres and Lemieux, 2006). Improvements in the 

metabolic state have been demonstrated through reduction in intra-abdominal adipose 

tissue through diet and exercise but not through reduction in subcutaneous tissue (Uusitupa 

et al., 2003, Langendonk et al., 2006, Shojaee-Moradie et al., 2007). This further supports 

the view that visceral adiposity results from dysfunctionality in storage of excess fat.
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1.2.7 Reliability of BMI in Determining Disease Risk in Children and Adolescents

Measurement of childhood obesity in determining disease risk is problematic. As with 

adults, the BMI classification method has been used to measure overweight and obesity but 

drawbacks remain (Sabin and Shield, 2008). As with adults, the distribution of excess 

adipose tissue is important and the deposition can occur subcutaneously and intra- 

abdominally within growing children. It is becoming clear that central localisation of 

adipose tissue has similar health complications as with adults, although further research is 

needed. Previous work has shown that centrally located adipose tissue in children aged 

between five to seventeen years was associated with adverse concentrations of LDL and 

HDL cholesterol, insulin and triacylglycerol (Freedman et al., 1999). Further work shows a 

relationship with adverse atherogenic lipoprotein profile and an increasing waist 

circumference (Flodmark et al., 1994). Therefore, to provide a better measurement of 

overweight and obesity in children, waist circumference and BMI was combined and age- 

related waist circumference percentile curves have been developed for British children, 

which follows a similar method in other countries (McCarthy, 2001). As WHtR is 

increasingly used with adults to determine disease risk in relation to central adiposity the 

method is being adopted to use as a better indication with children and adolescents 

(McCarthy and Ashwell, 2006, McCarthy et al., 2006).

1.2.8 BMI and Different Ethnic Minorities and Disease Risk

Particular ethnicities are at increased risk of obesity and the metabolic consequences that 

arise as a result; therefore adequate assessment to determine disease risk is also of 

importance within these populations. One such population is the Asian population, who 

develop T2D when they are classified as overweight (>25 kg/m2) rather than obese (>30

14



kg/m2) using BMI, when compared with European populations (Yoon et al., 2006). A 

significant factor within this is that South Asians are known to have a different body 

composition, which is characterised by the deposition of adipose tissue in a central location 

and a lower muscle mass (Banerji et al., 1999, Chandalia et al., 2007), which has been 

termed the Indian ‘thin-fat’ phenotype. As a result, a lower threshold has been developed 

to classify adiposity and disease risk for BMI. A value of >23 kg/m" indicates a moderate 

to high risk and >27 kg/m2 indicates a high to very high risk (WHO, 2004). However even 

though research has shown differences in the threshold for BMI and disease risk in other 

populations (Wang et al., 1996, Deurenberg et al., 1998, Lear et al., 2007, Carroll et al.,

2008), alternative thresholds have not been agreed upon (Katzmarzyk et al., 2011).

European thresholds for WC are currently used for all ethnicities, 80-88 cm for women and 

94-102 cm for men however different thresholds may also need to be produced to 

determine disease risk. Data has shown that with BMI there are differences between ethnic 

groups. The value of WC that increases the likelihood to develop two or more 

cardiometabolic risk factors was compared in Caucasian and African-American men and 

women which were similar to the currently used cut-offs for African-American and 

Caucasian men but it was actually higher for Caucasian and African-American women, 4 

cm and 9 cm respectively (Katzmarzyk et al., 2011). Furthermore, Hispanic and black men 

and women were found to have lower WC to a corresponding overweight BMI 

classification compared to Caucasian men and women (Okosun et al., 2000). Different 

thresholds for WC have been proposed to be population specific (Alberti et al., 2009). 

More recently, a systematic review and meta-analysis has shown that WHtR is a better 

measure of adiposity to detect disease risk for T2D, cardiovascular disease and 

hypertension than BMI and WC in both sexes and for different ethnic groups (Ashwell et
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al., 2012). Using more than one measure of adiposity could be preferential to determine 

disease risk than using just one method.

1.3.0 The importance of obesity, T2D and the metabolic syndrome in the 21st Century

Obesity, T2D and the metabolic syndrome are becoming a worldwide health issue. 

Prevalence rates for each of these diseases have increased rapidly over the last thirty years 

(Cripps and Ozanne, 2006, Finkelstein et al., 2012, Ogden et al., 2012b) in many 

Westernised countries including USA and United Kingdom.

1.3.1 Obesity in Adults and Children

In 2007, the Health Survey for England found that 41% of men and 32% of women were 

classified as overweight, with 24% of both men and women classified as obese. This 

makes over half the adult population either overweight or obese, (67% and 56% 

respectively). This has been a steady increase since 1980 when just 6% of men and 8% of 

women were overweight or obese. By 2050 the levels for obese men and women could be 

as high as 60% and 50% respectively (Foresight Report, 2007). Similar findings were 

found in USA as the prevalence of obesity among adults has doubled between 1980 and 

2004 from 15% to 33% (Flegal et al., 2002, Ogden et al., 2006). It is estimated that by 

2030, there will be 1.35 billion and 573 million adults overweight and obese worldwide 

respectively (Kelly et al., 2008).

Tackling this problem will soon become a global issue as the cases of obesity in 

developing countries are escalating at an alarming rate, as they adopt a more Westernised 

lifestyle. Countries with high prevalence rates include China, India, Brazil, Algeria, Egypt
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and Colombia (Yajnik, 2004, Wu, 2006, Mitchell et al., 2012). Furthermore, this indicates 

that specific ethnic populations are at a higher propensity to develop obesity and its 

sequelae as they either adopt or migrate into obesogenic environment. There is a 

significant association between immigrants who have resided in the US for more than ten 

years and the increased risk of developing obesity (Goel et al., 2004). African-American 

and Hispanic women have the greatest increase in the prevalence of obesity between the 

National Health and Nutrition Examination Survey (NHANES) carried out in 1988-1994 

and 1999-2000 in USA (Flegal et al., 2002, Ogden et al., 2002). Similar results were found 

in adolescents where the greatest increase occurred in non-Hispanic blacks (13.4% to 

23.6%) and Mexican Americans (13.8% to 23.4%) (Flegal et al., 2002, Ogden et al., 

2002). South Asians are another ethnic population with a higher propensity to develop 

obesity through international migration (Landman and Cruickshank, 2001, Ramachandran 

et al., 2001b, Barnett et al., 2006, Misra and Khurana, 2009) but also via rural to urban 

relocation in India (Ebrahim et al., 2010).

In addition, obesity is also important in young children and adolescents: with the 

prevalence rates increasing at a similarly alarming rate to adults (Ogden et al., 2012a). 

Current predictions suggest that the total number of overweight and obese children will 

soon overtake the total number of overweight and obese adults. It is estimated that 

worldwide over forty-two million children under five years of age, are overweight 

(www.who.int). Data from the Health Survey for England 2007, found that 31% of boys 

and 30% of girls aged two and fifteen years were overweight and obese using the UK 1990 

Growth Reference chart. These individuals are not only more likely to become obese adults 

(Bjorge et al., 2008) but the higher levels of adipose tissue can have an impact on many of 

the physiological systems within the body, notably cardiovascular, endocrine, respiratory
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and gastrointestinal (Han et al, 2010) which can lead to hyperinsulinaemia, hypertension, 

and fatty liver disease in later life. Research has found that being obese or overweight 

between the ages of fourteen and nineteen is associated with increased mortality as an adult 

(Bjorge et al, 2008). Further effects of childhood overweight and obesity include the 

beginning of atherogenic processes with the full development of coronary heart disease 

(CHD) occurring years later (Weiss and Caprio, 2005). Cardiovascular disease is 

associated with high BMI in children and adolescents. In adults, the progression from 

insulin resistance to T2D is between five and ten years. The occurrence of T2D at a much 

earlier age could be due to the accelerated development of insulin resistance, 

hyperinsulinemia and impaired glucose tolerance (Fagot-Campagna, 2000).

1.3.2 T2D in Adults and Children

With respect to T2D, the increased risk was higher for Asians, Hispanics and blacks 

compared to Caucasians in women after adjustment for age and BMI, the odds ratio was 

2.26 (1.70-2.99), 1.86 (1.40-2.47) and 1.34 (1.12-1.61) respectively (Shai et al, 2006). It 

was also found that for Asians in particular the association between increasing BMI and 

greater weight gain with the risk of T2D was more evident compared with the Hispanics 

and blacks in America (Shai et al., 2006). Even though African Americans have the 

highest rates of coronary heart disease, the pattern of atherogenic plasma lipids is much 

lower which is an important risk factor in CHD. T2D as a result of obesity is highest in 

Mexican Americans (Crossrow, 2004).

With a wide variation in the development of obesity in different ethnic populations, further 

research is needed within these cohorts to understand the interactions between the 

environment and multiple genetic loci. However, currently, ethnic populations including
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South Asians are still a relatively understudied population within this area, even though 

they have a higher propensity to develop obesity, T2D and cardiovascular disease in an 

obesogenic environment. Longitudinal studies in the UK such as the London Life Sciences 

Prospective Population Study (LOL1POP) study are beginning to address this imbalance 

(Chambers et al, 2000, Chambers et al, 2001, Chambers et al, 2008, Chambers et al, 

2009, Lindgren et al, 2009, Zabaneh et al., 2009).

1.4.0 Obesogenic Environment

The rapid rise in the occurrence of obesity has led to various questions about its origin, 

whether it is completely genetic or environmental. Clearly both are important to its 

development but determining how much is still to be discovered as within the obesity 

epidemic there are still individuals that are of normal weight and adipose levels (Maes et 

al., 1997, Bulik and Allison, 2001, Camell et al., 2008). Thus, the contribution of the 

environment to the development of obesity is a significant factor as it has changed 

drastically in the last fifty years, compared to the human genome, which develops over 

thousands of years, through evolution.

Environmental influences thought to be important for the development of obesity include 

lifestyle, health, food and nutrition. These have changed since the end of rationing in the 

mid 1950’s, when food started to become more abundant (Lustig, 2011). Nowadays, there 

is relatively easy access to food with a higher energy and fat content. In addition, there is 

the added problem of a more sedentary lifestyle, which has developed with respect to the 

work place and leisure time. These have become mainly office based and more time is now 

spent indoors watching TV and playing computer games respectively, along with an 

increase in the use of motorised transport and better control of indoor temperatures. This
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environment, which has been termed obesogenic, has led to a high calorie daily intake 

along with a reduction in energy expenditure, resulting in the excess energy intake being 

stored as adipose tissue rather than utilised.

The development of the obesogenic environment has occurred in many Western countries 

such as USA, United Kingdom, Australia and those in Western Europe, which have high 

levels of overweight and obese adults and children (WHO). Correspondingly high numbers 

of overweight and obese individuals are now being seen in developing countries, such as 

those in Eastern Europe, South America and Asia, as their demographics change to become 

more urbanised, leading to a more obesogenic environment (WHO). China is one such 

country that has seen a rapid rise in obesity as it undergoes ‘nutritional transition’ (James, 

2008). In the last fifteen years obesity rates have increased thirty-fold (Saules et al., 2007). 

In 2007, there were 184 million people who were overweight and thirty-one million people 

obese (Wu, 2006, Reynolds et al., 2007). This includes both adults and children who are 

also at risk of developing the metabolic syndrome (Ko and Chan, 2008). During this time, 

dramatic changes have been made to the physical environment, which has seen a reduction 

in the daily energy expenditure by around 300-400 kcal d"1. Within the main cities, many 

improvements have been made, including a better motorway infrastructure, which has 

resulted in the numbers of people owning a car increasing by 500% within the last twenty 

years (Levine, 2007). This has resulted in a reduction in the use of the bicycle and 

contributed to a further reduction in the amount of energy used typically around 200 kcal d'

1. The introduction of home entertainment and computers contributes to an additional 400- 

600 kcal d '1 loss in energy expenditure (Abdulla et al., 2008). Food consumption has 

increased substantially rather than decreasing as a result of the environmental changes and 

in particular the amount of fat and sugar in food has increased. In the early 1980s, 14% of
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the daily intake of energy was from fat, however this increased to 27.3% and 32.8% in 

more urban areas by 1997 (Abdulla et a l, 2008). This is considerably higher than the 

guideline daily allowances of fat and is typically stored rather than utilised as the 

environment has changed.

1.4.1 Daily Expenditure of Energy

Energy is required on a daily basis for three different functions: basal metabolic rate, 

thermogenesis and activity thermogenesis (Levine, 2002). The energy needed for 

respiration and other core functions, at rest, is the basal metabolic rate (BMR). The energy 

required after a meal is the thermogenesis and there are two components within activity 

thermogenesis: exercise and non-exercise activity thermogenesis (NEAT). BMR and 

thermogenesis remain fairly constant and only account for 60% and 10% of an individual’s 

daily requirement respectively, leaving 30% due to activity thermogenesis (Levine, 2002). 

This is quite a high percentage and can vary widely between individuals. The total daily 

energy expenditure between two adults of a similar size can be as high as 8368 kJ or 2000 

calories, which makes it an important factor when considering the daily energy expenditure 

between obese and lean individuals (Levine and Kotz, 2005). NEAT is involved in the 

activity levels during occupation and leisure time, and can each vary widely in terms of the 

energy required and used. This could account for the differences in energy expenditure 

between obese and leaner individuals, as highly active people are known to expend more 

energy than less active people and to be thinner than those who are less active (Levine et 

al., 2006). More weight or adipose is gained through over-feeding if there is no increase in 

NEAT and less adipose is gained if there is an increase in NEAT. Since modernisation, the 

demographic of the population has changed such that the majority of people spend most of 

their time sat throughout their day whether at work, commuting to and from home or

21



during their leisure time. This change, coupled with the abundance of high calorie foods, is 

providing a situation in which energy intake remains relatively high but energy output is 

declining, resulting in obesity. This situation has already occurred in many Western 

countries in which overweight and obesity is high within the population but as many 

undeveloped countries become more modem this problem will, and has, become an issue, 

in particular in Asian countries like India (Ramachandran et al, 2001b, Ebrahim et al, 

2010) and China (Wu, 2006, Wang et al, 2007).

Identification of these problem areas within the environment suggests routes by which they 

can be addressed and changed. Attempts have been made however, changing attitudes and 

lifestyles will take time. One of the problems is that high calorie and fatty foods are cheap 

and readily available, which makes them convenient, particularly in this 24-hour society, 

which has also changed over the decades leading to one that includes a high number of 

working hours per week. Those from a disadvantaged background, low-income families 

for example, are more likely to buy these types of foods and suffer from obesity and the 

related diseases it causes.

1.5.0 Genetics and Obesity

Although the environment has developed more recently into a more obesogenic one, 

obesity has always occurred, albeit to a lesser degree, both as a significant symptom of a 

number of syndromes and as a rare Mendelian single gene disorder, indicating the 

importance of genetics to its development. These have been studied to understand the 

development of common obesity and the different pathways that are involved in energy 

regulation.
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1.5.1 Heritability of Obesity

In studies of complex disease, heritability is often calculated to help determine the genetic 

contribution made to the disease or trait. One method to measure heritability (h ) is to use 

monozygotic (MZ) and dizygotic (DZ) twins, as they are 100% and 50% genetically 

identical, respectively. If a trait is in part genetic then there will be a greater similarity with 

MZ twins than with DZ twins. An estimate of the heritability is determined from twice the 

difference in correlation between MZ (rMZ) and DZ twins (rDZ): h2=2(rMZ-rDZ) (Lustig, 

2011) .

1.5.1.1 Heritability ofBMI

Many twin, adoption and family studies have been carried out, since the late 1980s, 1990s 

and 2000s to estimate the genetic influence of obesity measures (Stunkard et al., 1986a, 

Stunkard et al., 1986b, Turula et al., 1990, Segal et al., 2009). The heritability estimate of 

BMI has been found to be between 50 and 90% (Maes et al., 1997, Nan et al., 2012). An 

early study by Stunkard et al (1986a), comprised of 1974 MZ and 2097 DZ adolescent and 

adult twins to investigate the heritability of BMI. The heritability estimate was 77% for 

adolescents and 84% for adults. Additionally there was a higher correlation for overweight 

with MZ twins than compared with DZ twins.

As the environment is an important factor in obesity, twin studies can be designed to 

distinguish between the contribution of genetics and the environment. Genetic effects are 

divided into additive and dominant. Environmental effects are divided into shared or 

common environment and unique or non-shared environment.
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In a large study, two groups of MZ and DZ twins at different ages in childhood, seven 

years and ten years, were analysed to estimate the contributions of genetics and the 

environment to BMI (Haworth et al, 2008b). The heritability estimates were 60% and 72% 

for age seven and ten years respectively. The contribution due to shared environment was 

much lower, 12-22%. Genetic and environmental influences on the mean difference 

between obese and normal weight children were also investigated using DeFries-Fulker 

extremes analysis (DeFries and Fulker, 1988). It was found that the genetic and 

environmental influences on obesity were also similar across the range of BMI, both 

quantitatively and qualitatively. This indicates that the same genes and environmental 

factors that contribute to the range of BMI are the same for obesity and suggests that 

obesity is simply an extreme of normal variation.

The influence of BMI through childhood into adulthood seems to be genetic. The 

heritability of BMI from the age of four to aged eleven increased, from 48% to 78% 

respectively (Haworth et al., 2008a). The heritability estimate for BMI was 56-86% from 

early adulthood into middle age (Silventoinen et al., 2007). In addition this study found 

that between the ages of one and eighteen years, a high amount of influence on weight 

itself was found to be genetic. The correlation of BMI at age eighteen continued to increase 

from the BMI at aged one until seventeen years, r=0.32 to r=0.91 respectively. Between 

81-95% of this correlation is due to additive genetic factors, with a small amount due to 

unique environmental factors.

1.5.1.2 Heritability of Alternative Measures of Obesity

BMI is one measure of obesity and determining disease risk. The genetic influences of 

other measures of obesity, such as WC, WHR, skinfold thickness and weight, have also
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been investigated using twin studies. These also show a high degree of heritability even 

when accounting for environmental influences (Bodurtha e t a l.,  1990, Allison e t a l.,  1994, 

Rose e l a l ,  1998, Nelson e t a l.,  1999, Schousboe e t a l.,  2004, Wardle e t a l.,  2008). WC 

and BMI showed a high heritability in children aged between eight and eleven years, 77% 

for each, despite the occurrence of the obesogenic environment (Wardle e t a l.,  2008). 

Furthermore the results also showed that there was a genetic influence on WC, which was 

independent of BMI (40%). 60% of the genetic influence on WC was also common to 

BMI. In an adult twin study similar results were also found, the genetic influences on 

WHR were independent of BMI (28% and 48%) and WC (46% and 66%) in males and 

females, respectively (Nelson e t a l.,  1999).

1.5.1.3 Heritability of Body Composition

Body composition has been previously shown to be an important risk factor in the 

development of obesity, T2D and the metabolic syndrome. Twin studies investigating the 

distribution of body fat have shown it to be under genetic control, when body fat 

distribution was measured by DEXA in young and older adults (Cardon e t a l.,  1994, Carey 

e t  a l.,  1996, Malis e t  a l.,  2005, Skidmore e t  a l.,  2009) and additionally when body 

composition was split into different classifications based upon relative fitness and 

adiposity, termed somatotype (Song e t  a l.,  1994, Peeters e t  a l.,  2003, Reis e t  a l.,  2007, 

Peeters e l a l.,  2007). There are three different somatotypes: endomorph (high fat deposits 

with a large waist), mesomorph (muscular with low adiposity, a small waist and large 

shoulders) and ectomorph (low adiposity with thin limbs and are slim). Each of these show 

a high degree of heritability in adolescence and adults and are also sex specific (Peeters e t  

a l.,  2003; Peeters e t  a l.,  2007). Significant differences between MZ and DZ twins, aged
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seven to nineteen years, have been found between the three somatotypes and for height but 

not for BMI and weight (Reis et al., 2007)

Overall these different twin studies into the heritability of measures of obesity indicate that 

genetic influences account for a high proportion of the variation in BMI, body composition 

and body fat even in an obesogenic environment. However, further investigation is needed 

within twin studies to fully understand gene-environment interactions and the total genetic 

variance due to candidate genes (Silventoinen et al., 2010).

1.5.1.4 Heritability of Eating Behaviour

Another aspect to consider in the heritability of obesity is eating behaviour as it is a 

significant modifier of the environmental influences and many candidate genes that have 

been identified are expressed in the central nervous system. As a result of this it has been 

proposed that obesity is a neurobehavioural disorder (O'Rahilly and Farooqi, 2008).

Many twin studies have been conducted to determine the heritability of eating behaviour, 

which includes eating styles, the responsiveness to food cues and satiety. Even though 

measurement of this phenotype is difficult as it is conducted using self-reported 

questionnaires, which makes them unreliable due to under-reporting, they do show that 

there are genetic influences to these aspects (Keski-Rahkonen et al., 2007, Camell and 

Wardle, 2008, Keskitalo et al., 2008, Sung et a l 2009).

One study into satiety and responsiveness to food cues in two groups of twins, three and 

five years of age and eight and ten years of age, found that children with a high BMI had a 

lower satiety responsiveness (r=-0.19 and r=-0.22, respectively) and higher food cue
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responsiveness (r=0.18 in both groups). This was also the same for WC, r=-0.23 for satiety 

responsiveness and r=0.20 for higher food cue responsiveness (Carnell and Wardle, 2008). 

For eating rate, in another study it was found to be highly heritable (62%) and a faster 

eating rate was correlated with obesity in ten and twelve year old twins (Llewellyn et al., 

2008).

1.5.2 Monogenic Forms of Obesity

Within rare Mendelian single gene disorders, over 200 cases have been identified with 

mutations in one of eleven genes (Bell et al., 2005a, Rankinen et al., 2006, Mazen et al., 

2011, Buchbinder et al., 2011, Hung et al., 2012, Rouskas et al., 2012, Saeed et al., 2012). 

Of those that have been identified the genes for leptin (LEP), the leptin receptor (LEPR), 

pro-opiomelanocortin (POMC) and the melanocortin 4 receptor (MC4R), have been found 

to be involved in appetite regulation, via the leptin-melanocortin pathway (Bell et al., 

2005). This pathway identifies the hypothalamus as the hub of energy control regulating 

energy intake and expenditure. These Mendelian disorders are characterised by severe 

early onset, typically due to hyperphagia. Mutations in the MC4R gene are the most 

frequent autosomal dominant forms of monogenic obesity (Vaisse et al., 1998, Yeo et al., 

1998), representing 1-6% of obesity in children and adults (Farooqi et al., 2003). In cases 

of mutations within the leptin and leptin receptor genes, administration of recombinant 

forms of the gene product can be given and a reduction in the obese phenotype is seen 

(Farooqi et al., 1999).
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1.5.3 Syndromic Forms of Obesity

Of the twenty syndromes in which obesity is a common phenotype there are only four that 

present with severe hyperphagia, so unlike the Mendelian disorders, the cause of the 

increase in adiposity can arise from increased food consumption, decreased thermogenesis 

(in which brown adipose tissue is involved and higher levels in rodents have been shown to 

be resistant to obesity (Almind et al., 2007, Guerra et al., 1998, Vitali et al., 2012)) and/or 

environmental factors (Bell et al., 2005b). One such syndrome is Prader-Willi Syndrome 

(PWS). It is caused by the absence of the paternally expressed critical region on 

chromosome 15ql 1-13 (Sode-Carlsen et al., 2009). It is a complex disorder with a variety 

of clinical features including muscular hypotonia, hypogonadism, short stature and 

developmental delay. Individuals with PWS gain weight within the first six years of life 

leading to morbid obesity. The body composition of PWS individuals FOTI, i.e. the excess 

adipose tissue is deposited predominantly in a subcutaneous location rather than viscerally 

when compared to an obese individual without PWS. There is also a higher percentage 

body fat content, with less lean tissue at a given BMI but with a lower ratio between 

visceral and subcutaneous fat (Theodoro et al., 2006). The reduced visceral fat depots are 

thought to contribute to the higher insulin sensitivity and a better lipid profile even though 

individuals with PWS often die prematurely due to the complications that obesity causes, 

notably arterial hypertension, respiratory insufficiency and cardiovascular disease (Einfeld 

et al., 2006), although the etiology remains unknown (Brambilla et al., 2011).

1.5.4 Identification of Candidate Loci in Polygenic Obesity

Even though the heritability estimates for obesity related traits are high and key genes 

involved in the energy regulation pathway have been found through monogenic and
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syndromic forms of obesity, the full contribution of genetics to the development of 

common obesity has yet to be elucidated.

The most comprehensive review in the literature, The Human Obesity Gene Map: the 2005 

update (Rankinen et al, 2006), identifies 135 different candidate genes either associated or 

linked with obesity and obesity-related phenotypes (body weight, BMI, WHR, WC, body 

composition and body fat distribution), in humans, 127 of which have been identified from 

association studies. The 127 candidate genes include MC4R, neuropeptide Y (NPY), 

peroxisome proliferation activated receptor (PPARG), peptide YY (PYY'), neuropeptide Y 

receptor Y2 (NPY2R), adiponectin (ADIPOQ), which are involved in the melanocortin 

pathway along with leptin (LEP) and the leptin receptor (LEPR). These have been 

associated with overweight and obesity related phenotypes; body weight, BMI, body 

composition and fat distribution (Rankinen et al, 2006). Furthermore twenty-two genes 

associated with obesity-related phenotypes are replicated in at least five different studies, 

of which twelve genes associated have been replicated in >ten studies. These include LEP, 

LEPR, PPARG, ADIPOQ, ADRB3 and ADRB2.

Since the comprehensive review in 2005, further studies have shown significant 

associations with measures of obesity, mainly through the use of genome wide association 

studies (GWAS) (Day and Loos, 2011), which has radically changed the study of complex 

disease. In this type of study single nucleotide polymorphisms (SNPs) are genotyped in 

both cases and controls to detect disease risk variants, for a particular trait, throughout the 

whole genome. As there are >ten million SNPs in the human genome it makes them a good 

genetic marker. However this is a vast number to genotype therefore the development of 

the HapMap project (http://hapmap.ncbi.nlm.nih.gov) and genotyping technology has
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made it easier. In a genomic region, SNPs that are close together are more likely to be 

inherited together, than is expected by chance, in a block type pattern, known as a 

haplotype. This is due to linkage disequilibrium (LD) and the ‘correlation’ between two 

SNPs is measured using r2 and D’. An r2 value of one indicates complete LD, whereas zero 

indicates linkage equilibrium, or no linkage. Allele frequency and recombination between 

the two SNPs determines the value of r2. Within a haplotype block of high LD, where r > 

0.8, a selective number of SNPs, known as Tag-SNPs, can be chosen and act as proxy 

markers for the others in high LD in order to reduce the number of SNPs that need to be 

genotyped. GWAS has increased the number of novel genetic loci associated with a 

particular disease, as it is a non-candidate gene approach i.e. it is hypothesis free. 

Associations with a particular SNP indicate a region in the genome, which influences the 

risk of a disease.

In 2006 and 2007, with the use of this technology two genes were significantly associated 

with BMI: FTO and INSIG2 (Herbert et al., 2006, Dina et al., 2007, Hinney et al., 2007, 

Frayling et al., 2007a, Scuteri et al., 2007). Further GWAS have replicated the significant 

result with these two genes (Rosskopf et al., 2007, Liu et al., 2008, Bauer et al, 2009, 

Heard-Costa et al., 2009, Meyre et al., 2009, Thorleifsson et al., 2009). However it is 

thought obesity development from variants within INSIG2 may occur in those already 

predisposed to moderate obesity through additional genetic variants and environmental 

factors (Komer et al., 2008), as a large study involving Caucasian, Afro-Caribbean and 

Indian subjects found a lack of association (Smith et al., 2007).

Furthermore initial GWAS identified common variants near MC4R to be associated with 

common obesity along with FTO and INSIG2 (Loos et al., 2008, Chambers et al., 2008,
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Cauchi et al., 2009). Variants with MC4R had previously been associated with severe 

forms of obesity in children and adults in Caucasian populations (Vaisse et al., 1998, 

Mergen et al, 2001, Rosmond et al, 2001) as well as Japanese (Kobayashi et al, 2002), 

Chinese (Wang et al, 2006) and Pima Indians (Ma et al, 2004). This further supports a 

role for MC4R in the development of common obesity where it was initially thought to 

only be involved with rare monogenic forms. It is thought that a decrease in MC4R activity 

may result from mutations within the gene affecting its function in weight regulation 

pathway (Lubrano-Berthelier et al, 2003).

Fifty novel genetic loci have additionally been associated with obesity related phenotypes 

along with further replication of the initial associations in GWAS. These include TMEM18, 

KCTD15, GNPDA2, SH2B1, MTCH2, NEGRI, NRXN3, MSRA, LYPLAL1, CTNNBL1 and 

FAP2B (Liu et al., 2008, Heard-Costa et al., 2009, Lindgren, 2009, Renstrom et al., 2009, 

Thorleifsson et al., 2009, Wilier et al, 2009, Zhao et al, 2009, Heid et al, 2010, Beckers 

et al, 2011, Hong and Oh, 2011, Fox et al, 2012, Wang et al, 2012). In one study alone, 

eighteen new loci were associated with BMI, at the level of genome wide significance of 

p<5xl0‘ , along with confirming associations in fourteen previously identified loci 

(Speliotes et al, 2010). Significant associations with WHR were found with thirteen novel 

loci, (p< 1.9x 1 O'9-1.8x 1 O'40), including VEGFA, NFE2L3, TBX15-WARS2, LY86, HOXC13 

and ADAMT59 (Heid et al., 2010). Significant associations with these fifty novel loci have 

recently been replicated in different ethnic populations, including Chinese (Cheung et al, 

2010) and African-Americans (Ng et al., 2012).

A limitation of GWAS is that due to the high numbers of SNPs being genotyped, this 

increases the type one errors from the multiple-hypothesis problem that arises (Seng and
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Seng, 2008, Shuldiner, 2008). Therefore to identify a true result and reduce the number of 

false-positives, the P-value has to be stringent, with a significance level of <10' and this 

means that a large number of participants need to be genotyped.

Table 1.5.1: A summary of the key genes that have been associated with T2D and 
common obesity in adults and children and in different populations. N.B Diabetes is rare 
disease seen in childhood with a prevalence rate of 0.35 per 1000 children (Lipman et al., 
2013) therefore there is a lack of research supporting involvement of genes for T2D in this 
group.

Gene Phenotype Population
Studied

Adult Studies Child Studies

FTO BMI, HC, 
weight, WC, 
subcutaneous 
adipose 
tissue, WHR

European
Caucasian

Frayling et al, 
2007;
Dina et al, 2007; 
Speliotes et al, 
2010

Meyre et al, 2009; 
Dina et al, 2007; 
Hinney et al, 2006; 
Cauchi et al, 2009

Korean Hong and Oh, 2011
Chinese Cheung et al, 2010 Wang et al., 2012
American
Caucasian

Scuteri et al, 2007 Zhao et al, 2009

Asian Indian Saw et al, 2012 Dwivedi et al, 
2012

East Asian Li et al, 2012; 
Wen et al, 2012

MC4R BMI, WC, 
weight

European
Caucasian

Meyre et al, 2009; 
Cauchi et al, 2009; 
Loos et al, 2008

Meyre et al, 2009; 
Cauchi et al., 2009; 
Loos et al, 2008

Indian Asians Chambers et al, 
2008

Dwivedi et al., 
2012

Korean Hong and Oh, 2011
Chinese Cheung et al, 2010 Wu et al, 2010
American
Caucasian

Thorleifsson et al, 
2009

Zhao et al, 2009

BDNF BMI, WC, 
weight, 
overall skin 
fold thickness

European
Caucasian

Bauer et al, 2009; 
Thorlesfsson et al, 
2009; Speliotes et 
al, 2010

■

den Hoed et al,
2010

Korean Hong and Oh, 2011
Chinese Wu et al, 2010
American
Caucasian

Thorlesfsson et al, 
2009

Zhao et al, 2009

MTCH2 BMI, WC, 
weight

European
Caucasian

Bauer et al, 2009; 
Wilier et al, 2009;
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Speliotes et al, 
2010; Renstrom et 
al, 2009

Korean Hong and Oh, 2011
TMEM1
8

BMI,
subcutaneous 
adipose 
tissue, WC, 
weight,

European
Caucasian

Wilier et al, 2009; 
Speliotes et al, 
2010; Hong and 
Oh, 2011

den Hoed et al., 
2010; Rask- 
Andersen et al., 
2012

Chinese Wang et al., 2012
overall skin 
fold thickness

American
Caucasian

Zhao et al., 2009

NEGRI BMI, WC, 
weight, 
subcutaneous 
adipose tissue

European
Caucasian

Bauer et al, 2009; 
Wilier et al, 2009; 
Speliotes et al., 
2010;
Renstrom et al, 
2009;
Fox et al., 2012

den Hoed et al., 
2010

Chinese Cheung et al., 2010
American
Caucasian

Zhao et al., 2009

GNPDA
2

BMI, WHtR,
percentage
fat mass,
overall
skinfold
thickness

European
Caucasian

Wilier et al., 2009; 
Speliotes et al., 
2010;
Renstrom et al., 
2009

den Hoed et al., 
2010

Chinese Cheung et al., 2010 Wu et al., 2010
American
Caucasian

Zhao et al., 2009

LEPR BMI, fat
mass,
impaired
leptin
signalling,

European
Caucasian

Chagnon et al., 
2000; Quinton et 
al., 2001;

Tunisian Ben Ali et al, 2009

SEC16B BMI European
Caucasian

Speliotes et al., 
2010

den Hoed et al., 
2010

Korean Hong and Oh, 2011
Chinese Cheung et al., 2010

PPARG BMI, WHR, 
fat mass, 
T2D, HC, 
subscapular 
skinfold, total 
skinfold

European
Caucasian

Meirhaeghe et al, 
2005; Scott et al., 
2007; Ghoussaini 
et al., 2005

Lagou et al., 2008

Korean Kim et al., 2004
Indian Chauhan et al., 

2010
HHEX T2D European

Caucasian
Sladek et al., 2007; 
Scott et al., 2007; 
Saxena et al., 2007
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Japanese Omori et al., 2008
Korean Lee et al., 2008
Indian Chauhan et al., 

2010
Chinese Wu et al., 2008; 

Han et al., 2010
Asians Ng et al., 2008

CDKAL
1

T2D Japanese Omori et al., 2008
Korean Lee et al., 2008
European
Caucasian

Scott et al., 2007; 
Saxena et al., 2007

Indian Chauhan et al., 
2010

Chinese Wu et al., 2008
Asian Ng et al., 2008

CDKN2
A/2B

T2D Japanese Omori et al., 2008
Korean Lee et al., 2008
Indian Chauhan et al., 

2010
Chinese Wu et al., 2008
Asian Ng et al., 2008
European
Caucasian

Scott et al., 2007; 
Saxena et al., 2007

ADCY5 T2D, fasting 
glucose

South Asian Rees et al., 2011
European
Caucasian

Dupuis et al., 2010; Windholz et al., 
2011; Barker et al., 
2011

Asian Indian Vasan et al., 2011
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Due to the use of Tag-SNPs, even though the chromosomal region has been identified as 

having a significant association with risk of a disease, resequencing and fine mapping of 

the loci are needed to determine the true disease-causing variant (Seng and Seng, 2008). 

However the majority of these novel genes seem to be expressed in the hypothalamus 

indicating a role in energy regulation (Bauer et al., 2009), so further investigation of these 

novel loci which would lead to further insights in body weight regulation, with a view to 

determine the gene function and the pathways that they are involved in (Day and Loos, 

2012) .

1.5.4.1 Differences between adult and childhood obesity

The prevalence rates of obesity are increasing for both adults and children therefore 

determining the genes that contribute to the development of this disease and the pathways 

that they are involved with are important. Overweight or obese children are also more 

likely to be overweight or obese as adults (Whitaker et al., 1997, Freedman et al., 2001). 

As a result genes with a role in childhood obesity are thought to represent a different 

etiology compared to adult onset obesity (Blakemore and Froguel, 2008). In childhood 

obesity variations in genes involved in energy and metabolism have a more direct effect 

(Meyre et al., 2004), possibly determined by hyperphagia. Several loci associated with 

BMI in both adult and childhood obesity have a more pronounced effect in childhood (den 

Hoed et al., 2010, Elks et al., 2010). There have been examples of gene-hyperphagia 

interaction effects. There were up to three times more variance in weight and fat mass gain 

between pair differences when twelve pairs of monozygotic twins were overfed by more 

than 1000 calories for six days a week, for a total of eighty-four days in a 100 day 

overfeeding period (Deriaz et al., 1993), suggesting particular individuals are more prone 

to gain weight than others, indicating genotypic effects (Bouchard, 2008). Whereas in adult
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obesity the development of the phenotype is likely to occur over time resulting from subtle 

variations in genes involved in energy expenditure and metabolism. In addition with adult 

onset obesity there is a longer exposure to the environment compared to childhood obesity 

therefore the effects of genes are likely to contribute much stronger in the development of 

obesity.

Research investigating the three known variants within the extracellular region of the leptin 

receptor have only found associations with adult obesity (Ukkola et al., 2000, Quinton et 

al., 2001, Mattevi et al, 2002, Salopuro et al., 2005, Fairbrother et al., 2007, Furusawa et 

al., 2010, Sun et al., 2010, Yang et al., 2011) and not with children who are obese 

(Echwald et al., 1997, Endo et al., 2000, Pyrzak et al., 2009, Komsu-Ornek et al., 2012, 

Angel-Chavez et al., 2012), indicating a difference in etiology. However, these studies 

were rather small in size, (<1000 subjects) which indicates that they were not powerful 

enough to detect an effect, but larger studies are easier to undertake in adults.

Novel loci identified through numerous GWAS have also been investigated in childhood 

obesity. In one study nine loci have been significantly associated with BMI in children: 

INSIG2, FTO, MC4R, TMEM18, GNPDA2, NEGRI, BDNF and KCTD15 (Zhao et al.,

2009). Moreover the effect size of BMI was more pronounced with TMEM18, SEC JOB and 

KCTD15 in children and adolescence compared to adults (den Hoed et al., 2010). In a 

recent study, loci previously associated individually with childhood BMI were investigated 

together on weight, height and BMI from birth to age eleven years in the Avon 

Longitudinal Study of Parents and Children (ALSPAC) (Elks et al., 2010). These eight loci 

(FTO, MC4R, TMEM18, GNPDA2, KCTD15, NEGRI, BDNF and ETV5) were used to 

produce an ‘obesity risk allele score’ where the total number of risk alleles were
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determined, ranging between two and fifteen. Measurements of weight, height and BMI 

were repeatedly taken from birth to eleven years of age and converted to standard deviation 

score (SDS). No significant associations were found with a high obesity risk allele score 

and birth weight but who are within the 5% who ‘fail to thrive’ despite sufficient nutrition 

in the early postnatal environment (p=0.009). At nine years of age each additional risk 

allele was associated with greater weight (p=1.2xl0‘17), greater BMI (p=1.4xl0 l9), greater 

height (p=0.0009). The differences between those with <4 and >13 risk alleles equalled 3.5 

kg in body weight, 1.4 kg/m2 in BMI and 2 cm in height. There was an increased risk of 

overweight (OR=1.4 per risk allele, 95% Cl 1.10-1.19, p=6.3xl0’n ) and obesity (OR=1.17 

per risk allele, 95% Cl 1.07-1.26, p^O.0002). In addition, there was a positive association 

in weight gain between birth and six weeks (0.119 SDS/allele/year, 95% Cl 0.023-0.216, 

p=D.001) but not from six weeks to eleven years (0.004 SDS/allele/year 95% Cl 0.004- 

0.005) and a positive correlation with early infancy length gain (0.158 SDS/allele/year, 

95% Cl 0.032-0.284). These results suggest that these loci influence greater weight gain in 

childhood and are involved in a pathway that leads to increase adult obesity risk (Elks et 

al., 2010).

1.6.0 Explanations into the rise of common obesity

Knowledge that genetic factors make up a large contribution to the development of obesity, 

has lead to eight different hypotheses being proposed to explain the development of 

common obesity, in the current obesogenic environment (Walley et al., 2009). These are 

the thrifty gene hypothesis, the fetal programming hypothesis, the sedentary lifestyle 

hypothesis, the ethnic shift hypothesis, the predictive release hypothesis, the increased 

reproductive fitness hypothesis and the assortative mating hypothesis.
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1.7.0 Birth Weight

One theory into the origins of obesity and its sequelae is the fetal programming hypothesis. 

This suggests that exposure to adverse conditions such as under or overnutrition in utero 

causes metabolic changes in the offspring in preparation for its postnatal conditions. 

However these adaptations can be detrimental to the health of the offspring when the 

postnatal conditions do not match to the ideal.

Birth weight has long been known to have a profound influence on the health of an 

individual in adulthood (Rich-Edwards et al., 1999, Syddall et ah, 2005, Finken el al., 

2006, Barker et al., 2009) and investigations into factors that influence fetal growth have 

been carried out since the mid 20th century (Illingworth, 1950, Kam and Penrose, 1952, 

Banik et al., 1967, Simpkiss, 1968). At this time, birth order, gestational age and maternal 

age were first considered and found to have an effect on birth weight. Since then, the 

number of intrinsic and extrinsic factors affecting birth weight includes smoking, parity, 

maternal weight and weight gain, gestational diabetes, maternal nutrition, environmental 

toxins and functioning of the placenta (Magnus et ah, 1985, MacLaughlin et al., 2005, 

Chen et al., 2009a, Bae et al., 201 la, Mamun et al., 2011, Roseboom et al., 2011, Laitinen 

et al., 2012).

Furthermore, research suggests birth weight to be 10-45% heritable (Clausson et al., 2000, 

Baird et ah, 2001, van Dommelen et al., 2004, Hur et al., 2005, Svensson et al., 2006, 

Beardsall et al., 2009), indicating a strong contribution of genetics but estimates are 

inconsistent despite the use of MZ and DZ twins. The variability in estimates have been 

attributed to the unequal sharing of nutrients and placental blood supply (Machin, 1996) 

but Vlietinck et al., in 1989 (Vlietinck et al., 1989) identified gestational age to explain
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42% of the variance of birth weight, with 23% due to random environment, 22.5% due to 

additive genetic factors and 0.7% to maternal age. In twins total variance is split into 

genetic (A) contribution, shared or common environment (C) and unique environment (E) 

components, where reducing the common and unique environmental factors will increase 

the heritability. However covariates also influence each of these components, therefore the 

design of the study is also important in estimating heritability. A recent study by Gielen et 

al., (Gielen et al, 2008) used a model to determine heritability of birth weight across 

gestational age, as it is likely to change during gestation and different covariates are likely 

to explain variance over different stages of pregnancy. The covariates included were split 

into different categories: maternal factors (gestational age, parity and maternal age), twin 

specific factors (zygosity, sex and birth order) and placental factors (chorionicity, fusion of 

placentas and insertion of umbilical cord). The heritability was found to decrease during 

gestation from 38% at twenty-five weeks to 15% at forty-two weeks and the covariates 

explained more of the common environmental variance than genetic variance. Unique 

environmental variance is dependent on covariates and heritability was highest for those 

first born of women with more than two previous pregnancies and two separate placentas; 

52% at twenty-five weeks to 30% at forty-two weeks. Therefore, birth weight is a complex 

trait, but the precise molecular mechanisms underpinning birth weight are still relatively 

unknown.

1.7.1 Measurement of Birth Weight

At term, the range of normal birth weight is 2500 g to 4000 g. Low birth weight is 

classified as <2500 g, and high birth weight as >4000 g. Low birth weight includes 

newborns termed small for gestational age (SGA) i.e. less than the 10th percentile for either 

birth weight or birth length, and those who have intrauterine growth retardation (IUGR).
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Low birth weight is connected to many congenital conditions and syndromes but is 

considered here as an isolated phenotype. Low birth weight as part of a syndrome (e.g. 

Silver-Russell syndrome (OMIM 180860) and Three M syndrome (OMIM 273750)) is 

reflected by poor fetal growth and is accompanied by additional phenotypes and likely to 

have variable etiology and differing impacts on adult health.

1.7.2 Birth weight and Increased Disease Risk in Adults and Children

One interesting aspect of this isolated phenotype is the correlation of low birth weight at 

term with disease risk in later life (Weiss and Caprio, 2005, Sabin and Shield, 2008). Birth 

weight and birth length, normalised for gestational age, are markers for fetal growth, 

therefore understanding the connection between birth weight and its sequelae may lead to 

more effective clinical intervention.

Low and high birth weight for gestational age (at term) predisposes to the onset of obesity, 

diabetes and the metabolic syndrome (Table 1.7.1). In one study significant associations 

were found with lower birth weight (p<0.001), head circumference (p<0.001), smaller 

ponderal index (a measure of leanness using birth weight (kg)/length (m3) (p<0.001)) and 

shorter length (p=0.004) and T2D and impaired glucose regulation compared with those 

with normal glucose tolerance in 2019 Chinese subjects (Xiao et al., 2008). There is a 

close link between these conditions because they are all connected with energy regulation.

Numerous studies have found associations between birth weight and these pathological 

sequelae as adults, either singularly or collectively (Table 1.7.1). The majority of these 

studies have been carried out in European or American populations. However, similar 

findings have been replicated in different ethnicities including Chinese, Japanese and

40



Indian (Stein et al, 1996, Schroeder et al, 1999, Levitt et al, 2000, Anazawa et al, 2003, 

Tian et al., 2006, Corvalan et al, 2007, Xiao et al., 2008). This suggests that the lasting 

effect of low birth weight at term on the health of the individual is not restricted to one 

ethnicity, indicating the mechanism(s) involved may be the same or similar.

The increased risk of developing CVD, T2D, obesity, impaired glucose tolerance or higher 

fasting glucose was found to be one to two times higher for those of lower birth weight, 

compared to those of normal weight at term (Hales et al., 1991, Carlsson et al., 1999, 

Leong et al., 2003, Rich-Edwards et al., 2005, Wadsworth et al., 2005, Tian et al., 2006, 

Xiao et al., 2008). In some cases the risk has been found to be up to four times higher for 

fasting glucose (Tian et al., 2006) or six times higher (Hales et al., 1991). However, it is 

possible that the estimated risk of developing adverse health problems are not as high as 

those stated. It is dependent on the variables that are controlled for within the analysis and 

not all studies will have been conducted in the same manner, with the same variables 

measured (Carlsson et al., 1999).

In addition, high birth weight and high ponderal index at term are also associated with 

adult disease risk of obesity, T2D and cardiovascular disease (Sorensen et al., 1997, 

Eriksson et al., 2001a, Parsons et al., 2001, Wei et al., 2003, Tian et al., 2006). This 

indicates that both high and low birth weights contribute to the adult disease phenotype. A 

U-shaped relationship is normally observed, with birth weight within the normal range 

having no effect or association with adult disease risk. However it seems that low birth 

weight has the greatest risk on adult disease. This is contributed to the fact that individuals 

with low birth weight at term undergo rapid catch up to normal weight during early infancy 

and this weight gain continues during childhood. High BMI and abdominal fatness occurs
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as a result. Obese or overweight children are more likely to be obese or overweight as 

adults (Sabin and Shield, 2008).

The number of children and adolescents that are overweight (a BMI between >85th 

percentile and 95th percentile adjusted for age) and obese (a BMI >95th percentile adjusted 

for age) (Kuczmarski et al., 2002) and the number of young people with T2D (defined as 

having a random plasma glucose concentration (tested without regard to timing of food 

intake) >200 mg/dl, fasting plasma glucose >126 mg/dl and a 2-hour plasma glucose >200 

mg/dl) has also increased over the last thirty years, in line with the rise in adults (Ogden et 

al., 2012a; Jefferies et al., 2012). As a consequence, the age of onset of T2D has decreased 

duringthis time frame. This is of concern as it was previously, predominately, a disease 

more commonly found in those over forty years of age. Associations between low birth 

weight at term and aspects of the adult disease risk phenotype have been found between 

the ages of twelve and eighteen years (Table 1.7.2), in addition, to the under ten years age 

group (Table 1.7.3) (Crowther et al., 1998, Ong and Dunger, 2004, Ibanez et al., 2008). 

The study by Dabelea et al., (Dabelea et al., 1999) investigated the incidence of T2D in 

3061 Pima Indian children and young adults. Higher prevalence of T2D was found with 

low birth weight at term in those aged between ten and fourteen and fifteen and nineteen 

years of age (p<0.001) and mean 2-hour plasma glucose concentration was significantly 

higher in those aged between ten and fourteen years and fifteen and nineteen years with 

low birth weight (p<0.01).
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Table 1.7.1: Associations with low birth weight at term and subsequent disease 
development in adulthood have been found in fifteen different population groups from 
around the world. The three measures of disease are all part of the spectrum of the 
Metabolic Syndrome. British and American populations are of European Caucasian 
descent.

Phenotype Population A uthor
Type 2 Diabetes, British (Hypponen et al, 2003)
impaired glucose Swedish (Lithell et al, 1996)
tolerance, impaired Chinese (Tian et al, 2006)
fasting glucose, 
impaired fasting 
insulin, insulin 
resistance

British (Wadsworth et al, 2005)
Chinese (Xiao et al, 2008)
British (Phillips et al, 2005)
British (Hales et al, 1991)
Swedish (McKeigue et al, 1998)
Swedish (Carlsson et al, 1999)
Japanese (Anazawa et al, 2003)
American (Burke et al, 2004)

Cardiovascular British (Reynolds et al, 2001)
disease, stroke, Danish (Schack-Nielsen et al, 2002)
hypertension, blood American (Rich-Edwards et al., 1999)
pressure, coronary 
heart disease

British (Lawlor et al., 2004)
Finnish (Eriksson et al, 200 lb)
Dutch (Roseboom et al, 2000)
Finnish (Eriksson et al, 2000)
British (Lawlor and Leon, 2005)
British (Barker et al, 1990)
South Indian (Stein et al, 1996)
British (Law et al, 2002)
Finnish (Eriksson et al, 2000)
Finnish (Forsen et al, 1999)
British (Martyn et al., 1996)
Norweign (Risnes et al, 2009)
Swedish (Leon et al, 1996)
American (Rich-Edwards et al, 2005)
Italian (Banci et al, 2009)
Danish/Finnish (Andersen et al, 2010)
American (Curhan et al, 1996)
South African (Levitt et al, 2000)

Measures of Finnish (Yliharsila et al, 2007)
obesity (WHR, Guatemalan (Corvalan et al., 2007)
BMI, HC, WC, 
Skinfold thickness, 
percentage fat)

American (Stettler et al., 2005)
Belgian (Loos et al., 2001)
Belgian (Loos et al., 2002)
British (Kuh et al., 2002)
British (Law et al., 2002)
Guatemalan (Schroeder et al., 1999)
Finnish (Eriksson et al., 200la)
Swedish (Byberg et al., 2000)
Chinese (Tian et al, 2006)
American 1 (Leong et al, 2003)
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Table 1.7.2: Associations with low birth weight at term and subsequent disease 
development in late childhood have been found in seventeen different population groups, 
around the world. The three measures of disease are all part of the spectrum of Metabolic 
Syndrome.

Phenotype Populations A uthor
T2D, impaired 
glucose tolerance, 
impaired fasting 
glucose, impaired 
insulin resistance, 
fasting insulin

Japanese (Sugihara et al, 2008)
South African (Crowther et ai, 1998)
Pima Indians (Dabelea et ai, 1999)
Finnish (Eriksson et al, 2003)
South Indian (Bavdekar et al, 1999)
Chilean (Soto et al, 2003)
British (Ong et al, 2004)
Chilean (Mericq et al, 2005)
Taiwanese (Wei et al, 2003)
British (Singhal et al, 2003)
Korean (Kim et al, 2006)
South Indian (Raghupathy et al, 2010)

Cardiovascular 
disease, stroke, 
hypertension, blood 
pressure, coronary 
heart disease

Philippine (Adair and Cole, 2003)
Jamaican (Forrester et al, 1996)
British (Barker et al., 1990)
Finnish (Osmond et al., 2007)

Measures of 
obesity (BMI, WC, 
AC, WHR, skinfold 
thickness, fat mass, 
fat free mass

British (Ong et al., 2000)
British (Barker et al., 1997)
British (Sayer et al., 2004)
Jamaican (Walker et al., 2001)
British (Parsons et al., 2001)
Brazilian (Gonzalez et al., 2010)
Danish (Sorensen et al., 1997)
Israelian (Friedlander et al., 2002)
Danish (Barker et al., 1997)

Table 1.7.3: Associations with low birth weight and subsequent disease development in 
early childhood have been found in seven different population groups around the world.

Phenotype Population A uthor
T2D, impaired 
fasting insulin, 
impaired glucose 
tolerance

Pima Indian (Dabelea et al, 1999)
British (Crowther et al, 1998)
Indian (Bavdekar et al, 1999)
British (Ong et al., 2004)
Chilean (Mericq et al., 2005)
Spanish (Ibanez et al., 2008)

Blood pressure, 
Total cholesterol

Jamaican (Forrester et al., 1996)
Indian (Bavdekar et al., 1999)

Measures of 
obesity (BMI, 
weight, WC, 
percentage fat,

British (Crowther et al., 1998)
British (Ong et al., 2000)
Indian Bavdekar et al., 1999
British Ong et al., 2004
Chilean Mericq et al., 2005
Spanish Ibanez et al., 2008
German Karaolis-Parekert et al., 2006
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1.7.3 Theories Explaining correlation of Birth Weight and Disease Risk

There are two major theories proposed to explain the correlation between birth weight and 

obesity, T2D and the metabolic syndrome, though the precise mechanisms involved remain 

unclear. What is certain is that both in utero conditions and subsequent lifestyle have a role 

in the development of obesity and the metabolic consequences.

1.7.4 Maternal Environment

All pregnancies have some degree of restriction in fetal growth, as it is important for the 

survival of the mother and subsequent offspring. Although the growth trajectory of the 

fetus is influenced by the fetal genome, it is predominately determined maternally, through 

maternal body size, a process termed maternal constraint. Animal cross breeding studies 

(Walton and Hammond, 1938) have helped to demonstrate the importance of the maternal 

environment along with human half sibling studies (Morton, 1955) and studies involving 

the transfer of embryos in humans (Brooks et al., 1995). In humans, birth weight was 

similar with half siblings of the same mother (R = 0.58) however those with the same 

father had different birth weights (R = 0.1). Furthermore, for human embryos that were 

transferred into a recipient mother, the recipient mother had more influence on the growth 

of the fetus than the donor mother, suggesting that genetics plays a lesser role at this time. 

Fetuses tend to have a higher birth weight when they are transferred into a large uterus. 

Additional contributing factors are maternal age, presence of more than one fetus, placental 

size (affecting the nutrition and oxygen supply) and whether or not the mother has 

previously given birth (parity) (Karn and Penrose, 1952, Banik et al., 1967, Godfrey, 

2002). Maternal age and parity increases birth weight whilst presence of more than one 

fetus and a smaller placenta decreases birth weight.
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1.7.5 Environmental Origins of Birth Weight Variation

Hales and Barker (1992) (Hales and Barker, 1992) proposed the ‘fetal origin o f adult 

disease ’ hypothesis, or the ‘thrifty phenotype hypothesis which suggests that the onset of 

adult disease is the result of an adaptive response to adverse conditions during fetal growth 

that are meant to promote survival in the post-natal environment.

Optimum maternal nutrition is essential for fetal growth and development during 

pregnancy. Throughout this time the fetus is sensitive to many environmental cues, 

particularly pertaining to the post-natal surroundings. Sensing unfavourable conditions, 

such as low nutrition, (maternally through the placenta), the fetus undergoes many 

adaptations, which has been termed ‘developmental plasticity’ (Hales and Barker, 1992). 

Fetal adaptations include changes in metabolism, hormone production and the growth and 

function of various organs, while neurodevelopment is maintained, called ‘programming’. 

The changes that occur within the fetal organs include reductions in nephron number in the 

kidney, pancreatic (3-cell number, skeletal muscle mass and fibre composition, decreased 

expression of components of the insulin signal transduction pathway in skeletal muscle and 

proliferation of hepatocytes (Garofano et al., 1997, Gruppuso et ah, 2005, Ozanne et al., 

2005, Zandi-Nejad et al., 2006, Calkins and Devaskar, 2011). Environmental cues 

impacting on uterine environment, such as maternal malnutrition, placental dysfunction 

and smoking are likely to be indicative of the postnatal surroundings therefore induced 

fetal changes are more likely to be beneficial in adulthood. Problems arise when the 

environmental conditions, experienced by the fetus differ to those the fully developed adult 

experiences. If they are much more favourable than expected, e.g. such as the obesogenic 

environment that has developed in the Western world, this leads to the increased risk of 

obesity, T2D and the metabolic syndrome (Hales and Barker, 1992).
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Various sets of data support the ‘Thrifty Phenotype’ theory. These include detailed birth 

records from England and Finland (Hales et ah, 1991, Barker et ah, 1993, Eriksson et al., 

1999) and famine data from Holland (Painter et al., 2006, Stein et al., 2006), Russia 

(Stanner et al., 1997), China (Yang et al., 2008) and Nigeria (Hult et al., 2010) (Table 

1.7.4). Birth records have demonstrated that those with a lower birth weight at term had an 

increased risk of impaired glucose tolerance (OR 6 .6 , 95% Cl 1.5-28, p<0.001) (Hales et 

al., 1991) and a lower ponderal index had an increased risk of developing coronary artery 

disease (Hazard Ratio 2.07 p<0.0001) as adults (Erkisson et al., 1999). Subsequent 

research has replicated these findings (Table 1.7.1). Significant associations with low and 

high birth weight at term have been identified with impaired glucose tolerance, obesity, 

stroke, hypertension and bone mass and strength in European, American, Chinese and 

Japanese populations (Osmond et al., 1993, Curhan et al., 1996, Eriksson et al., 2001b, 

Roseboom et al., 2001b, Anazawa et al., 2003, Kensara et al., 2005, Phillips et al., 2005, 

Tian et al., 2006, Oliver et al., 2007, Osmond et al., 2007).

Famine data has been utilised to assess the link between food restriction in pregnancy and 

susceptibility to adult disease, with famine defined as the total number of calories 

consumed maternally being less than 1000 kcal each day. Offspring born during a famine 

were found to be 200 g lighter at birth (Roseboom et al., 2001a). As adults, survivors were 

found to have raised blood glucose levels (Ravelli et al., 1998), impaired insulin secretion 

(de Rooij et al., 2006a) and had higher WC and hip circumference compared to those not 

exposed to famine in utero (Ravelli et al., 1999, Stein et al., 2007). Hypertension was 

increased (an elevated systolic and diastolic blood pressure) (Stein et ah, 2007), as was the

1.7.5.1 Supportive Evidence for the ‘Thrifty Phenotype Hypothesis’
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occurrence of coronary heart disease (CHD) (defined by presence of angina pectoris, Q 

waves on ECG and history of coronary revascularisation) (Roseboom et al., 2000) with 

earlier onset (Painter et al., 2006). These findings were replicated in Chinese (Yang el al., 

2008) and Nigerian populations (Hult et al., 2010).

China suffered from natural disasters between 1959 and 1961 that resulted in famine in 

three regions of the country. Current BMI status was analysed with respect to birth year. 

Those born in 1964 were included as controls. Women who were bom between 1959 and 

1961 had a significantly higher BMI than those who were bom in 1964 (p<0.02). No 

significant difference was found with men who were bom in the same time frame. This 

suggests that the risk of being overweight or obese was much higher for those women who 

were bom during the famine. This result replicates previous findings, which found higher 

WC, BMI and HC in women exposed to famine in utero compared to men (Ravelli et al., 

1999; Stein et al., 2007), suggesting there is a sex specific effect although both men and 

women are likely to store adipose tissue in an intra-abdominal location (Ravelli et al., 

1999).

The Biafran famine in Nigeria lasted for nearly two years, between June 1967 and January 

1970. The study by Hult et al., (2010) found that those who were exposed to the famine 

during fetal life and early infancy had a higher systolic blood pressure (p<0 .0 0 0 1 ), 

diastolic blood pressure (p<0.0001), waist circumference (p=0.0011), BMI (p=0.016) and 

plasma glucose level (p=0.04) compared to those bom after the famine. This indicates that 

the risk of severe hypertension, T2D and obesity is higher in this group than those who 

were not exposed to the adverse conditions during fetal or in childhood.
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Table 1.7.4: A summary of the effects on body composition of three different famines that 
have occurred at different times over the last sixty-nine years from three continents.

-----
Famine Phenotype Author
Dutch (1944-1945) Earlier onset CAD Painter et al, 2006

Higher weight (women), 
higher WC, higher HC, 
higher BMI, higher WHR, 
higher mid thigh 
circumference, higher 
subscapular skinfold 
thickness

Stein et al, 2007

Higher BMI (women), 
higher WC, higher HC

Ravelli et al, 1999

Higher total cholesterol 
(women), higher 
triglycerides levels, higher 
LDL cholesterol levels, 
higher BMI, higher WC

Lumey et al, 2009

Higher LDL:HDL 
cholesterol ratio, lower 
plasma HDL cholesterol, 
higher LDL cholesterol, 
higher total cholesterol

Roseboom et al., 
2 0 0 0

Higher glucose levels de Rooij et al, 2006; 
Ravelli et al., 1998

Higher prevalence of CHD Roseboom et al., 
2 0 0 0

China (1959-1961) Higher BMI (women) Yang et al., 2008
Biafran (1967-1970) Higher systolic blood 

pressure, higher diastolic 
blood pressure, higher WC, 
higher BMI

Huit et al, 2010

However, with both these studies even though significant associations have been found 

there are limitations to each study. No birth weight data from any of the subjects were 

analysed with respect to the phenotype data. Therefore no direct association with low birth 

weight can be made and the subsequent risk of developing the adult phenotype but these 

studies fit with the idea that poor fetal nutrition reflected by low birth weight is associated 

with increased risk of obesity and T2D in later life.
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1.7.6 Effects of maternal malnutrition and body size

One of the important influences on maternal constraint and the growth and birth weight of 

the fetus is the health, nutritional status, and body size of the mother (Godfrey and Barker, 

2000, Belkacemi et al., 2010). This is of importance not only before pregnancy, (including 

preconception and preimplantation) but also throughout pregnancy, even during early 

gestation (Godfrey, 2002, McMillen et al., 2008). The exact mechanisms involved in how 

maternal nutrition affects the offspring both in utero and postnatally, are still not fully 

understood but it is thought that the timing in which poor fetal environment occurs is of 

significance (McMillen et al., 2008). Data from the Dutch famine shows that for women 

who were in early gestation, at the time of the famine, their offspring had normal birth 

weights while those who were in either middle or late stages of pregnancy had lower birth 

weights at term and were smaller in size (Calkins and Devaskar, 2011). This suggests that 

fetuses in the early stages of development could adjust to the lack of nutrition much better 

than those who were accustomed to a certain level of nutrition and calorie intake, which 

restricted their growth in the final stages of pregnancy. In contrast, other research has 

shown that those experiencing suboptimal conditions during early to mid-gestation were 

proportionally smaller in weight and length at birth, known as symmetric growth 

restriction. Whereas during late gestation the offspring was disproportionately small, 

known as asymmetric growth restriction (Kramer el al., 1990). Maternal smoking, 

maternal size, pregnancy related hypertension and sexual dismorphism also affect fetal 

growth, which suggest additional factors are also important throughout pregnancy along 

with nutrition (Hindmarsh et al., 2002).

Furthermore the growth trajectory of the fetus is established during early gestation as well 

as the development of the placenta, which undergoes its maximal growth during this time
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(Osgerby et al., 2004). Therefore changes in maternal weight at this time can have a 

detrimental effect. Substantial research suggests that poor maternal nutrition during 

periconception and at the time of implantation is crucial to ietal growth and future health. 

Offspring who experienced poor maternal nutrition during early gestation, or as embryos, 

were found to be more at risk of a high body mass index, coronary heart disease and 

glucose intolerance as adults (de Rooij et al., 2006b, Painter et al., 2006).

Additional evidence comes from animal models, in which sheep model are regarded as a 

good comparison to humans as they typically give birth to one or two offspring at a time, 

compared to rodent models as they typically have larger numbers of offspring per birth 

(Vuguin, 2007). Maternal malnutrition during preconception has been associated with poor 

fetal renal vascular nephron development and renal function in adult sheep (Lloyd et al., 

2012), as well as poor fetal cerebral development in sheep (Ranade et al., 2012). Early and 

mid-gestation maternal malnutrition was found to increase adipocyte size in offspring of 

beef cattle, compared to those fed a normal diet (Long et al., 2012). A direct relationship 

has been found between maternal weight gain during periconception and implantation 

(forty-five days before conception and seven days after conception) and the weight of the 

fetus and placenta at fifty-five days gestation in sheep. However this relationship is 

affected during maternal undemutrition, in which the weight of the fetus and placenta 

decreases (Edwards and McMillen, 2002b, Edwards and McMillen, 2002a, MacLaughlin et 

al., 2005). When maternal malnutrition was continued more severely and up to thirty days 

after conception similar results were found with enhanced activation of the fetal pituitary- 

adrenal axis (Bloomfield et al., 2003). Peri-implantation undemutrition in sheep did not 

affect offspring birth weight or postnatal growth but an altered cardiovascular function was 

identified in the adult offspring (Gardner et al., 2004). Angiotensin II activity occurs
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cardiovascular function in the adult offspring, which can lead to hypertension.
*

In addition, the type of malnutrition seems to be important in fetal growth. In rats that were 

given a low protein diet 4.25 days after conception, there was a decrease in the number of 

cells within the blastocyst, which could influence the growth trajectory as the offspring had 

a low birth weight and increased blood pressure in later life (Kwong et al., 2000). A 

restricted protein maternal diet has also been found to be associated with hypertension in 

offspring in rats (Augustyniak et al., 2010), brain development in rat offspring (Torres et 

al., 2010) and changes in the fetal renin-angiotensin system in the mouse (Goyal et al., 

2009). However, diets high in sugar, fat and energy (junk food) have also been found to 

have an adverse effect on fetal growth and future health. Female pregnant rats fed on a diet 

consisting of energy-rich chow produced offspring that had a higher risk of developing 

non-alcoholic fatty liver disease and had a higher liver mass than those fed on a normal 

diet (Bayol et al., 2010). Maternal overweight and obesity at conception, has been shown 

to have a detrimental effect on fetal growth and has future health implications for the 

offspring. Babies born to those who are either overweight or obese are more likely to be 

larger in size and have a higher percentage body fat compared to those born to mothers 

who are of normal weight before pregnancy (Catalano et al., 2009).

Moreover maternal body size and composition can influence the growth and development 

of the fetus. Women who have a high weight or body mass index (BMI) >25 kg/m2 prior to 

pregnancy are more likely to have a larger infant at birth (Mandal et al., 2011, Heude et al., 

2012) whereas smaller sized women, i.e. those who are smaller in weight and height (BMI 

<25 kg/m2) tend to have a smaller fetus at birth (Voigt et al., 2011). High BMI before

during this time so poor maternal nutrition could increase the activity and affect
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pregnancy is a risk factor for developing insulin resistance and gestational diabetes, which 

can also affect the fetus. It can lead to fetal overnutrition and overgrowth resulting in high 

birth weight (McMillen et al., 2008). Complications can arise as a result including 

preeclampsia and the requirement of a caesarean section. There is an increased the risk of 

death in men through coronary heart disease who are bom to obese mothers (Forsen et al., 

1997). The numbers of women who are overweight or obese has increased over the last 

thirty years, so have the numbers who carry excess weight at the start of pregnancy, rising 

from 25% to 35% between 1991 and 2001 (LaCoursiere et al., 2005).

Maternal underweight (<18 kg/m2) before pregnancy similarly influences fetal growth and 

placental developments with maternal overweight/obesity. Preterm birth (<thirty-seven 

weeks) is the main cause of neonatal mortality and can lead to low birth weight (Branum 

and Schoendorf, 2002). It has been debated whether maternal underweight increases, 

decreases or has no effect on preterm birth and low birth weight. Flowever, a systematic 

meta-analysis of the literature has found that maternal underweight increases the risk of 

preterm birth and low birth weight compared to normal maternal weight (Han et al., 2011). 

The meta-analysis included seventy-eight studies (cohort and case-control), including a 

total of over a million women from North America, Western Europe and Asia. Preterm 

birth was grouped into either <thirty-seven weeks, thirty-two and thirty-six weeks and 

<thirty-two weeks and low birth weight was grouped as moderate low birth weight (1500- 

2500 g), very low birth weight (<1500 g) and extremely low birth weight (<1000 g). In 

both pooled case-control and cohort studies maternal underweight had an increased risk of 

preterm birth at <thirty-seven weeks, Relative Risk (RR) 1.21 (95% Cl 1.14-1.28) and OR 

1.25 (95% Cl 1.35-1.77) respectively. There were also similar findings for thirty-two and 

thirty-six weeks for the pooled cohort studies (RR 1.25 95% Cl 1.09-1.43). A higher risk
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was also found with low birth weight. In both pooled cohort studies maternal underweight 

had an increased risk of low birth weight, RR 1.50 (95% Cl 1.34-1.94), with moderately 

low birth weight (1500-2500 g), RR 2.10 (95% Cl 1.59-2.76) and very low birth weight 

RR 1.54 (95% Cl 1.22-1.94). The Odds Ratio for case-control studies was 1.81 (95% Cl 

1.16-2.84).

In addition, maternal body composition has similar effects on offspring health. Lower 

maternal weight gain during gestation (fifteen to thirty-five weeks) was associated with 

raised blood pressure in seventy-seven offspring at eleven years of age in (Godfrey et al., 

1994). SBP increased by 10.7 mmHg (95% Cl 5.7-15.6, p=0.001) each log mm decrease in 

mothers triceps skinfold thickness and increased 0.6 mmHg (95% Cl 0.1-1.0, p=0.02) with 

a 1 kg decrease in weight gain. A further study of 296 children found that mothers with a 

tricep skinfold thickness lower than the mean (15 mm) at eighteen weeks gestation and a 

reduced pregnancy weight gain was associated with higher blood pressure in offspring 

(Clark et al., 1998). SBP increased by 11.3 mmHg (95% Cl 2.2-20.4) and DBP increased 

by 10.1 mmHg (95% Cl 3.2-17.1) with a 1 kg decrease per week in pregnancy weight gain.

1.7.7 Placental Function

The supply of nutrients from the mother to the fetus and the removal of waste occur via the 

placenta and is important for normal fetal growth and development (Belkacemi et al.,

2010). Trophablast cells are key in the establishment of the placenta, which develops 

during implantation and early gestation (John and Hemberger, 2012). Therefore changes to 

the structure and size of the placenta would have a detrimental effect on its function, 

affecting fetal growth and development (Jansson et al., 2006, Fowden et al., 2008). In 

addition, maternal diet and body composition (underweight and overweight) directly
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affects the supply of nutrients to the fetus via the placenta and indirectly through placental 

structure and function (Godfrey et ah, 1997, Belkacemi et ah, 2010, Higgins and Me 

Auliffe, 2010).

As the placenta plays such an important role in fetal growth research it is not surprising 

that placental weight has been associated with size at birth, where low placental weight is a 

risk factor for low birth weight at term and still birth (Nohr et al., 2005, Husslein et al., 

2012, Hutcheon et al., 2012, Roland et al., 2012). Furthermore high and low placental 

weight has been associated with increased blood pressure, impaired glucose tolerance, 

T2D, stroke and coronary artery disease in adults (Martyn et al., 1996, Leon et ah, 1998, 

Moore et ah, 1999, Forsen et ah, 2000, Thame et ah, 2000).

This suggests the placenta is able to make short-term changes to fetal nutrient supply based 

on maternal nutritional status to optimise fetal growth in utero but also adapt fetal growth 

to maximise its survival in the postnatal environment (Lewis et ah, 2012).

1.7.8 ‘Fetal Origin of Adult Disease’ and Catch-Up Growth

The ‘fetal origins of adult disease’ theory (Hales and Barker, 1992) suggests that problems 

in adulthood only arise when there is a mismatch between the intra-uterine environment 

and postnatal environments. If postnatal conditions are better nutritionally than the uterine 

environment, catch-up growth occurs, in which the offspring increases its weight rapidly to 

within the normal range and in some instances above this, as a natural response to 

nutritional deprivation (Calkins and Devaskar, 2011). It is this rapid increase in weight that 

seems to cause adverse effects in later life (Ong et al.t 2000, Leong et al., 2003, Dennison
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et al., 2006, Gonzalez et al, 2010, Yu et al., 2011). Therefore, the early postnatal 

environment is an additional critical period in the development of the offspring.

The main risk factor in the development of T2D and the metabolic syndrome is adiposity. 

Adipose tissue localises to either a visceral or subcutaneous location but research has 

shown that visceral adipose tissue (i.e. surrounding organs such as the liver, intestines and 

stomach) is more detrimental to the health of an individual compared to a subcutaneous 

location (Pouliot et al., 1992, Ross et al., 2002a, Ross et al., 2002b, Gastaldelli et al., 2009, 

Barreira et al., 2012, Pickhardt et al., 2012). However the exact mechanisms remain 

unknown: whether visceral adipose tissue contributes to features of insulin resistance 

(through altered free fatty acid metabolism and adipokine release), leading to the metabolic 

syndrome or a marker of dysfunctional adipose tissue (the lipid overflow-ectopic fat 

model) in an environment of excess energy (Despres and Lemieux, 2006).

Additionally the timing of weight gain, i.e. how many weeks after birth and the type of 

weight gain, is of importance. In humans, for weight gain in the early postnatal period, the 

impact on health can be detected up to ten years afterwards (Singhal et al., 2003, Soto et 

al., 2003, Stettler et al., 2005, Gonzalez et al., 2010). Children at the ages of two and four 

and a half years, bom SGA had more total adipose tissue than lean tissue compared with 

those of the same age, who were within the normal weight range at birth, regardless of 

their weight gain and BMI (Dulloo et al., 2006). In addition, catch up growth in preschool 

years can be just as detrimental to the later health of an individual, as catch up growth in 

the first year of life (Parsons et al., 2001, Eriksson et al., 2003, Ong and Dunger, 2004, 

Ezzahir et al., 2005, Ibanez et al., 2008). Thus, undergoing catch-up growth, irrespective 

of timing and current weight status in childhood can be a risk factor for overweight and
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other conditions later on (Walker et al., 2001, Karaolis-Danckert et al., 2006, Gonzalez et 

al., 2 0 1 0 ).

Analysis of the famine data mentioned earlier, showed that as the Leningrad famine 

spanned 800 days, those who were malnourished during fetal growth endured the same 

conditions during early infancy (Stanner et al., 1997). However, the Dutch famine was 

much shorter which meant that there was more food available in the postnatal environment, 

and children exposed to poor nutrition in utero underwent accelerated weight gain 

(Roseboom et al., 2000; Eriksson et al., 2001). As a result, the incidence of T2D, 

cardiovascular disease and obesity in later life was much higher in those from the Dutch 

famine (Ravelli et al., 1999; Roseboom et al., 2000; Painter et al., 2006; Stein et al., 2007) 

when compared to individuals from the Leningrad famine, as they had lower cases of adult 

disease (Stanner et al., 1997, Koupil et al., 2007).

1.7.9 Birth weight and Animal Models

Animal models have been used to determine the effects of low birth weight through 

maternal undernutrition and the problems that arise within the offspring in the postnatal 

environment with respect to growth and development. These are important as they can aid 

in our understanding of the same/similar mechanisms that occur in humans.

Animal models show that the initial period after birth is important. In both rats and mice, 

those that were growth restricted in utero and exhibited post-natal catch up growth, 

developed obesity and diabetes (Jimenez-Chillaron and Patti, 2007, Shahkhalili et al., 

2010) and renal dysfunction (Boubred et al., 2009) as mature adults. Mice show that catch­

up growth within the first three weeks after birth impacts on adiposity and glucose
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intolerance by six months of age. However, if catch-up growth occurs after three weeks, 

during weaning, no increased health risks are observed (Jimenez-Chillaron et al, 2006). 

Nutritional programming has been suggested to affect normal hypothalamic neural 

organisation (Velkoska et al, 2008). Maternal protein restriction during fetal and postnatal 

growth leads to an immaturity of the hypothalamus (Coupe et al, 2011). Furthermore there 

were gene expression differences of neurodevelopmental process (cell differentiation and 

cytoskeleton organisation) in the hypothalamus of IUGR rats between birth and twelve 

days but early catch up growth up to five days after birth improved hypothalamic 

neurodevelopment (Coupé et al, 2011). In addition, overfeeding in the postnatal 

development lead to persisted elevations of adipose tissue and plasma leptin levels leading 

to cardiac fibrosis in adulthood (Velkoska et al, 2008).

Life expectancy is affected by catch up growth during the suckling period in rodents 

(Jennings et al, 1999, Ozanne and Hales, 2004, Langley-Evans and Sculley, 2006). 

Changes in metabolic pathways are thought to be involved with the reduction in life span 

of rats born from a mother on a protein-reduced diet (Chen et al, 2009b). Telomeres, 

repetitive nucleotide regions at the end of each chromosome to protect against 

deterioration, have been found to shorten in the pancreas and in the kidney in rats exposed 

to fetal maternal protein restriction and undergo catch up growth in early postnatal life 

compared to controls in two separate studies (Jennings et al, 1999, Tarry-Adkins et al., 

2009). There were fewer longer telomeres and more, shorter telomeres compared to 

controls (p<0.01) (Tarry-Adkins et al, 2009). In addition, those who were growth 

restricted in utero and underwent postnatal catch up growth had a shorter life span 

(p=0 .0 1 ), while those experiencing restriction in postnatal life had longer kidney telomeres
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(p<0.05) and increased longevity (p<0.01). Whether this is an animal specific mechanism, 

further research is needed.

1.7.10 Predictive Adaptive Response

The ‘predictive adaptive response’ (PAR) is a theory, proposed by Gluckman et al., (2005) 

(Gluckman et al., 2005) is an extension of the ‘fetal origins of adult disease’. It focuses on 

plasticity and the critical time points within fetal development that environmental cues can 

influence. The adaptations the offspring undergoes are of benefit in the future environment, 

not the immediate surroundings, to confer a survival advantage. More favourable 

conditions would be a disadvantage. Furthermore, it indicates maternal constraint evolved 

to promote survival and can influence the adaptive response if it restricts fetal growth more 

than normal. Our ancestors would have benefitted from the adaptations to the fetal 

metabolic physiology arising as a result of poor fetal environment, in a nutritional 

environment where food was scarce and availability was unpredictable. However, as the 

environment has improved substantially these adaptations now have adverse consequences. 

Additional factors include our increased life span, which used to be much shorter 

compared with our ancestors. It has increased from ~45 years of age in the 1840s to ~80 

years of age at present (Westendorp, 2006). Along with this, there has been an increase in 

the age in which women bear offspring, with many more women having children over the 

age of thirty-five. Between 1990 to 2001 the number of women having children increased 

by 30%, 47% and 190% for the maternal ages thirty-five to thirty-nine years, forty to forty- 

four years and forty-five to forty-nine years respectively (Blickstein, 2003).

However this theory has been criticised. The PAR theory suggests that the adaptations the 

fetus undergoes is advantageous for survival in adulthood and increase reproductive
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success but in humans reaching reproductive age is dependent on surviving infancy, 

therefore it has been suggested that the fetal adaptations are important for surviving 

infancy rather than adulthood (Rickard and Lummaa, 2007). The reliability of the 

prediction will decrease over time, as there is more chance for environmental conditions to 

change, in addition in previous generations without medical care 60-75% of bom children 

survived into infancy. Furthermore humans have a much longer lifespan and the examples 

supporting this theory are in animals, which have a shorter life span reducing the chance 

for a difference in predicted and actual environments. Thus it is difficult to extrapolate 

these findings to humans (Rickard and Lummaa, 2007).

1.7.11 Genetics and Birth weight Variation and Disease Risk

Humans are genetically diverse: the human genome contains a range of common variants, 

including large numbers of copy number variations, insertions, deletions and SNPs 

(Shastry, 2009, Alkan et al., 2011). Although there are Mendelian causes of diabetes and 

obesity, due to genetic mutations (Hinney et al., 2010, Blakemore and Froguel, 2010, 

Steck and Winter, 2011), there is no evidence that a single genotype interacts with different 

environmental stressors to give an increased propensity to develop common forms of T2D 

and obesity in later life.

1.7.11.1 Epigenetics, Birth Weight and Disease Risk

Heritable changes that affects gene expression without modification in the DNA sequence 

is termed epigenetics (Bird, 2007) and the expression of alleles according to maternal and 

paternal origin (genetic imprinting) is mediated by DNA methylation and histone 

modification. Fetal growth factors are known to be important to fetal growth and a number
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are imprinted (John and Surani, 2000, Fowden et al., 2011), including insulin-like growth 

factor (IGF2), which is paternally expressed and insulin-like growth factor receptor 

(IGF2R), which is maternally expressed and are involved in the insulin-like growth factor 

system (Figure 1.7.4). Additional imprinted genes are the maternally expressed pleckstrin 

homology-like domain family A member 2 (PHLDA2) (Frank et al., 1999, McMinn et al., 

2006) and pleiomorphic adenoma gene-like 1 (PLAGL1) (Frost and Moore, 2010) and the 

maternally expressed, non-protein coding, transcript H I9. Expression of these imprinted 

genes has been associated with birth weight (Johnston et al., 2003, Salas et al., 2004, 

Apostolidou et al., 2007, Diplas et al., 2009, Adkins et al., 2010, Koutsaki et al., 2011, 

Petry et al., 2 0 1 1 ).

1.7.12 Genetic Influences of Birth Weight Variation

Genetic studies have shown associations between fetal birth weight and the VNTR within 

the insulin (INS) gene (Dunger et al., 1998) and the maternal genotype of the glucokinase 

(GCK) gene, which is involved in the first rate-limiting step in glucose metabolism 

(Hattersley et al., 1998, Weedon et al., 2006). Furthermore the insulin VNTR has been 

associated with measures of obesity, BMI (Heude et al., 2006), adiposity level (Heude et 

al., 2004), and the metabolic syndrome and obesity in children (Santoro et al., 2006). 

Mutations in the genes INS, HNF4A, TCF2, PAX4 and GCK can cause a subset of diabetes 

known as maturity onset diabetes of the young (MODY) (Ellard and Colclough, 2006, 

Froguel and Velho, 1993, Motzkau et al., 2012, Yamagata et al., 1996). However, these 

mutations are relatively rare, as MODY accounts for 1 -2% of all diabetes cases, of which 

32% are caused by mutations in GCK and <1% by mutations in INS (Gardner and Tai, 

2012). Therefore they do not contribute to common causes of low birth weight. 

Nonetheless it demonstrates that genetics is influential in fetal growth.
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1.7.12.1 Fetal Insulin Hypothesis and Disease Risk

The fetal insulin hypothesis is an alternative explanation to the ‘fetal origins of adult 

disease theory’, suggesting that genetics is more influential in birth weight than the 

environment (Hattersley and Tooke, 1999). It proposes that variants in either fetal or 

maternal genes, involved with insulin secretion and/or sensitivity may affect fetal growth, 

leading to lower birth weight at term and predisposition to T2D, obesity and coronary 

artery disease in adulthood (Freathy et al., 2009, Hattersley and Tooke, 1999). Insulin is a 

key fetal growth hormone and is involved in the insulin growth factor axis and is involved 

in the development of T2D in later life (Elijah et al., 2011). This connection had stimulated 

the investigation of various T2D susceptibility genes/loci for an association with birth 

weight. A summary of the number of studies providing significant associations between 

several fetal T2D risk alleles and fetal phenotype is shown in Table 1.7.5, while their 

location in the genome is shown in Figures 1.7.1a and 1.7.1b. These associations have been 

found with both higher and lower birth weight and interestingly fetal growth characteristics 

in utero. This suggests that T2D susceptibility loci are also involved in fetal growth but the 

mechanism involved may be different as variants in different genes have been associated 

with either an increase or decrease in fetal phenotypes.

Higher birth weight at term additionally increases the risk of obesity, T2D and the 

metabolic syndrome and has been associated with higher BMI and WC in adults (Rillamas- 

Sun et al., 2012, Zhao et al., 2012) as well as lower birth weight. The risk of adult disease 

increasingly progresses during childhood and into adulthood (Dietz, 1998). Several loci 

have been associated with measures of obesity in both adults and children, including FTO, 

MC4R. BDNF and MTCH2 (Frayling et al., 2007b, Thorleifsson et al., 2009, Wilier et al., 

2009). However there has been a lack of association between these loci and birth weight.
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even though those recently reported were large studies, indicating these loci have small or 

no effects on birth weight (Andersson et al., 2010a, Kilpelainen et al., 201 la). There was 

an initial small effect with FTO and high birth weight (p=0.013) and MTCH2 (p=0.012) 

with low birth weight but this did not survive correction for multiple testing (Kilpelainen et 

al., 2012). Additional evidence has shown that FTO is expressed in the placenta and is 

related to fetal growth (Bassols et al., 2010, Sebert et al., 2010).
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Table 1.7.5: List of SNPs in key genes that have been significantly associated (p<0.05) 
with fetal phenotype at birth in European Caucasian populations. Risk genotype and p 
values are given for each of the studies. AC = abdominal circumference, FL = femur 
length, EFW = estimated fetal weight, HC = head circumference, 1 = 3rd trimester, 2 = 2nd 
trimester, PI = ponderal index.

Gene SNP Risk
Allele

Fetal Phenotype P Value Author

ADCY5 rs9883204 CC Lower birth weight 7 x 10'n Freathy et al, 
2 0 1 0  *

Smaller AC1 0 . 0 0 2 Mook- 
Kanamori et 
al., 2 0 1 1

Smaller FL1 0.05
Smaller EFW1 2.5 x 10' 4

r s l1708067 GG Lower birth weight 0.004 Andersson et 
al, 2 0 1 0

CDKAL
1

rs4712523 GG Lower birth weight 0 . 0 1 Andersson et 
al., 2 0 1 0

0 . 0 1 Zhao et al., 
2009

rsl 0946398 CC 2  x 1 O' 5 Freathy et al., 
2009 *

rs7756992 GG 0.04 Andersson et 
al, 2 0 1 0

8  x lO' 5 Zhao et al, 
2009

CCNL1/
LEKR1

rs900400 CC Lower birth weight 2  x 1 0 ‘J5 Freathy et al., 
2 0 1 0

Smaller HC2 0.05 Mook- 
Kanamori et 
al, 2 0 1 1

Smaller FL2 0 . 0 2

Smaller FIC1 0 . 0 2

Smaller AC 1 8.85xl0'4
Smaller FL1 4.26X10-4
Smaller EFW1 4.19x1 O' 5

HHEX-
IDE

rsl 111875 TT Lower birth weight 0.004 Freathy et al., 
2009 ’

8 x 1 0 ' 5 Andersson et 
al, 2 0 1 0

CDKN2
A/2B

rsl 0811661 TT Higher birth weight 0 . 0 2 Andersson et 
al, 2 0 1 0

0.03 Pulizzi et al, 
2009

JAZF1
1

rs864745 GG Higher birth weight 0 . 0 2 Pulizzi et al, 
2009
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TCF7L2 rs7903146 CC Higher birth weight 0.001 Freathy et al., 
2007 ’

MTNR1
B

rsl387153 TT Higher birth weight 0 . 0 2 Zhao et al., 
2009

GCK rsl799884 AA Higher birth weight 0 . 0 2 Weedon et 
al., 2006

FTO rs!421085 CC Higher BMI 0 . 0 2 Cauchi et al.,
Higher PI 0.005 2009

65



Chromosome 3q 21.1 3q25.31

123,000k

◄-

123,050k 123,100k

ADCY5

1  i i i i i i i i r
123,150k 123,200k 156,500k 156,550k 156,600k 156,650k 156,700k 156,750k I56,800k 156,850k 156,900k

---1 |-------------------------------- ► <---1
1 1 LEKR1 CCNL1

A A
rs11708067 rs9883204 A

rs900400

Chromosome 6p22.3

20,500k 20,600k 20,700k 20,800k 20,900k 21,000k 21,100k 21,200k 21,300k

▲
rs4712523

A
rs10946398

CDKAL1

Chromosome 7p15.2-15.1 7p15.3-15.1

/  '

V /-

27,800k 27,900k 28,000k 28,100k 28,200k 28,300k 44,180k 44,190k 44,200k 44,210k 44,220k 44,230k 44,240k

JAZF1 A
rs864745 G CK

Figure 1.7.1a: G r a p h i e  r e p r e s e n t a t i o n  o f  t h e  l o c a t i o n  o f  s i x  T 2 D  s u s c e p t i b i l i t y  g e n e s ,  ADCY5, 
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w i t h  f e t a l  p h e n o t y p e  ( T a b l e  1 . 7 . 1 1 )
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Figure 1.7.1b: G r a p h i c  r e p r e s e n t a t i o n  o f  t h e  l o c a t i o n  o f  s i x  o f  t h e  T 2 D  s u s c e p t i b i l i t y  g e n e s ,  

CDKN2A/2B, HHEX-IDE, TCF7L2, MTNR1B a n d  FTO a n d  p o s i t i o n  o f  t h e  v a r i a n t s  t h a t  h a v e  
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r e s p e c t  t o  f e t a l  b i r t h  w e i g h t .
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The mechanism by which sequence variants might be directly responsible for lower birth 

weight is yet to be determined, however one possibility is by influencing insulin secretion, 

as insulin is an important intrauterine growth factor. SNPs within HHEX-IDE and 

CDKAL1 have previously been associated with decreased beta cell function (Grarup et al., 

2007, Pascoe et al., 2007) and research into mouse embryos have shown that HHEX is 

expressed during development of the pancreas and HHEX null mice lack the ventral 

pancreas (Bort et al., 2004). Pancreatic islets and beta cells express ADCY5 (Dupuis et al., 

2010, Leech et al., 1999), which encodes adenylate cyclase 5 and catalyses the generation 

of ATP, which is converted to cyclic AMP and pyrophosphate (Hanoune et al., 1997). 

Associations have been found with ADCY5 with increased fasting glucose level and 

increased risk of T2D in adults and children (Barker et al., 2011, Dupuis et al., 2010, Rees 

et al., 2011, Vasan et al., 2011, Windholz et al., 2011). Variants in HHEX-IDE, CDKAL1 

and ADCY5, may influence fetal insulin secretion in utero resulting in low birth weight and 

the development of T2D in later life. Further investigation is needed to determine the exact 

role as the function of FTO is yet to be elucidated. Possible roles include an involvement in 

DNA repair, nucleic acid modification (Gerken et al., 2007, Sanchez-Pulido and Andrade- 

Navarro, 2007) and regulation of gene expression (Wu et al., 2010).

In addition, further investigation is needed to determine if the true variants have been 

identified. ADCY5 is located within a region of high LD therefore it is possible that the true 

birth weight lowering risk allele has not been identified. The HHEX-IDE locus covers a 

region of over 200 kb, and the SNP rs900400 lies between CCNLI and LERK1. The 

function of the latter is currently unknown whereas HHEX is a regulator of RNA 

polymerase 2 transcription and IDE is an enzyme involved in insulin degradation. The SNP
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is also 800 bp downstream from an uncharacterised transcript region that is highly 

conserved (Ryckman et al., 2012).

It is possible that the genes involved with BMI are different to those involved with fetal 

growth as there is a lack of association between them. Furthermore, it is also possible that 

the timing of the effect of these genes on weight/birth weight is important. Both HHEX- 

IDE and CDKAL1 have been associated with BMI in childhood in two separate studies 

(Winkler et al., 2010, Zhao et al., 2010), and they have previously been associated with 

birth weight (Freathy et al., 2009; Zhao et al., 2009; Andersson et al., 2010). The opposite 

association of FTO and MTCH2 on birth weight suggests a possible regulatory 

mechanism/role to control fetal growth within normal maternal constraints.

Additional variants in T2D susceptibility genes have not been found to be significantly 

associated with birth weight, which makes the loci associated with lower birth weight 

(Table 1.7.11), interesting candidates to be investigated further, including HEIEX-1DE and 

ADCY5. The majority of studies between the fetal loci with birth weight have been 

conducted in European Caucasians, in which strong significant associations have been 

found with fetal birth weight therefore the role of the fetal and maternal loci in fetal growth 

in ethnic minorities in an obesogenic environment, is of particular interest. While research 

into FTO and birth weight has produced inconclusive results including from different 

ethnicities therefore further investigation is needed to clarify its role in birth weight. As a 

result, this makes FIHEX-IDE, ADCY5 and FTO interesting candidates to be investigated in 

the maternal South Asian population. Variants in these genes have previously been 

associated with T2D and obesity and the risk of developing these diseases is higher in this 

ethnic population in an obesogenic environment, compared to European Caucasians,
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therefore these variants may also contribute to fetal growth. Research has found no 

association with variants in LEPR and fetal birth weight (Rand et al., 2001) so it is not 

thought to contribute to fetal growth therefore it was not included in genotyping with the 

other three genes.

1.7.13 Birth Weight Variation and Disease Risk in Ethnic Populations

One aspect that needs to be investigated further is that the majority of studies into the 

relationship between birth weight and risk of adult disease have been conducted in 

European Caucasian populations. Many ethnic minorities are at increased risk of adult 

disease and South Asians are one such group. Development of T2D occurs within a much 

younger age group and this occurs at a lower abdominal obesity classification compared to 

European Caucasians.

One possibility is that the Indian ‘thin-fat’ (thin on the outside, fat on the inside) phenotype 

develops in utero indicating a different aetiology between the two populations. Studies 

have found that South Asian (SA) babies are smaller and lighter at birth compared to white 

Caucasians (Modi et al., 2009, Yajnik, 2002) and they have a significantly higher volume 

of visceral (0.012 to 0.023 L, p=0.001), and subcutaneous adipose tissue (deep (0.003 to 

0.017 L, p=0.006), superficial (0.006 to 0.043 L, p=0.011)) (Modi et al., 2009). They have 

relatively less muscle and viscera and significant differences have been found in mid arm 

circumference (p<0.001) and tricep skinfold (p<0.001) (Yajnik et al., 2002). The thin-fat 

phenotype has been found to persist from birth to four years of age with subscapular 

skinfold thickness significantly larger in Mysore infants compared with white Caucasians 

(p<0.001) indicating higher truncal adiposity. Other measurements including height,
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weight, head circumference and body mass index were all found to be smaller in SAs 

(p<0.001) compared to four year old Caucasians (Krishnaveni, 2005).

Additionally immigrant Indians who have adopted a Westernised lifestyle have a higher 

birth weight than native Indian babies (Harding et al., 2004), suggesting environmental 

cues may have a stronger effect than genetics. In any case, this further supports the idea 

that additional research is needed to identify the mechanisms involved in birth weight 

irrespective of ethnicity.

1.8.0 Candidate Genes

Many candidate genes have been identified for a role in the development of obesity, with 

those having a functional role in energy regulation being of particular interest, notably 

leptin and the leptin receptor. In addition, birth weight is a risk factor for obesity, T2D and 

the metabolic syndrome and genes involved in obesity and T2D have been associated with 

size at birth, indicating there maybe a complex interaction of genes involved with birth 

weight and weight gain through postnatal life into adulthood. Leptin is also known to be 

involved in the reproductive system, fertility and expressed during pregnancy. As a result, 

polymorphisms within three candidate genes will be investigated with respect to birth 

weight, HHEX-IDE, FTO and ADCY5, while functional implications of polymorphisms in 

LEPR will be investigated.

1.9.0 LEPR and Its Ligand Leptin (LEP)

LEPR and its ligand leptin are candidates for obesity through their well-established role in 

monogenic obesity (Clement et al., 1998, Montague et al., 1997, Strobel et al., 1998). 

However, as these mutations are rare within the general population they cannot explain the
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rapid rise of polygenic obesity but it indicates that these genes may still be involved to a 

lesser degree (Rankinen et al., 2006). Significant associations in large GWAS have not 

replicated the associations of variants in these two genes (Ben Ali et al., 2009, Yang et al., 

2011, Yiannakouris et al., 2001). Further research is needed to fully understand the 

mechanisms involved and their implications not only in energy regulation but also in 

reproduction and the immune system, as leptin is also important in these systems.

1.9.1. Identification of Leptin and Leptin Receptor using Mouse Models

The identification of leptin and subsequently its receptor marked a turning point into the 

genetic causes of obesity. It had been hypothesised for years that there was a circulatory 

‘factor’ produced to regulate energy intake, since the identification of the spontaneously 

obese mouse (ob/ob) and the later discovery of the db/db mouse, in the late 1940’s/early 

1950’s, which had been used as animal models into human obesity. The ob/ob mouse fails 

to make the circulating factor and the db/db mouse is unable to respond to it. However the 

cause of the obese phenotype still remained elusive even though extensive biochemical, 

physiological and nutritional studies were performed. The breakthrough occurred in 1994 

when leptin was identified as the circulating factor through positional cloning (Zhang et 

al., 1994), which was a new technique, first used in the late 1980s, to identify candidate 

genes (Collins, 1992). The factor was termed leptin from the Greek Teptos’ meaning thin. 

A year later the leptin receptor was also cloned (Tartaglia et al., 1995).

Other rodent models that develop the obese phenotype due to single gene mutations 

include the fat mouse, (fa/fa), the tubby mouse (tub/tub), the yellow agouti mouse (agouti) 

and the Zucker rat (fa/fa); of these the fat mouse is of importance as it occurs due to 

mutations in the leptin receptor (Trayhurn et al., 1999).
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1.9.2 Mutations within the Human forms of Leptin and Leptin Receptor

These findings within the mouse models led to the identification of human forms of leptin 

and the leptin receptor and mutations within these human orthologues were subsequently 

detected. Mutations within leptin and leptin receptor genes are mainly identified in those 

with early onset obesity. Subjects have a normal birth weight but soon develop obesity 

within three to four months, through constantly eating due to hyperphagia and have a high 

percentage of body fat.

Two different mutations within leptin have been described in two, separate, 

consanguineous families. In one of the families, a C to T base substitution at codon 105 

results in a non-synonymous arginine to tryptophan change within the leptin protein. Three 

individuals homozygous for this mutation have been found where their BMI was >30 

kg/m2, circulating leptin levels were low and they were hyperphagic (Strobel et al., 1998). 

Other members of the family were either heterozygous or homozygous for the wild type 

with normal weight and circulating leptin levels.

Within a consanguineous Pakistani family, a frame-shift mutation was identified in three 

siblings, in codon 133, resulting from the deletion of the G nucleotide, altering the reading 

frame and leading to fourteen subsequent different amino acids and the introduction of a 

premature stop codon (Montague et al., 1997). The resulting protein is unable to be 

secreted and remains within the cell due to misfolding and is consequently degraded by the 

proteasome (Rau et al., 1999). These subjects were found to have a high BMI and body fat 

with low levels of circulating leptin. Family members without the obese phenotype were 

either heterozygous or homozygous for the wild type undeleted allele.
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Only one mutation in the leptin receptor has been identified so far, that gives rise to 

monogenic obesity, which has been identified within three siblings in a consanguineous 

family of Kalibian descent. Direct nucleotide sequencing showed a G to A base change in 

the + 1  position of intron sixteen (one base after the 3' end of exon sixteen) and expression 

analysis showed an abnormal LEPR, which lacks exon sixteen. This results in the LEPR 

protein lacking the transmembrane and intracellular domains (Clement et al., 1998). The 

truncated leptin receptor produced is similar to the short isoform and binds leptin 

promoting its half-life, contributing to the high levels of circulating leptin. Individuals with 

this mutation have a high weight and circulating leptin levels.

Individuals with early onset obesity resulting from mutations in leptin were also found to 

have either hypogonadotropic hypogonadism with delayed puberty or primary 

amenorrhoea (Strobel et al., 1998). Upon administration of recombinant leptin, fertility is 

restored within ob/ob mice (Chehab et al., 1996) and puberty has been shown to begin in 

young women with defects in either leptin or leptin receptor, also upon administration of 

recombinant leptin (Clement et al., 1998, Farooqi et al., 1999).

These studies on leptin and the leptin receptor provide evidence that leptin is involved 

within energy balance but it was soon discovered that these mutations were rare within the 

general population, indicating that other genetic polymorphisms within energy regulation 

are involved in the development of common obesity.

1.9.3 Leptin Expression and Regulation and its Role in the Adipostat

The main site of expression of leptin is within the adipose tissue where it acts as a satiety 

factor by relaying the level of stored adipose to the hypothalamus to regulate food intake
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and energy expenditure via the leptin-melanocortin system. Leptin receptor expression has 

also been found in these locations, indicating that leptin acts not only centrally but also 

peripherally, by increasing glucose and lipid metabolism independently. Other sites of 

expression identified include stomach, skeletal muscle, osteoblasts and the placenta 

(Fruhbeck, 2006, Trayhurn and Bing, 2006).

Leptin secretion appears to be highly regulated over twenty-four hours. Minimum levels of 

leptin occur in the morning between 8  am and 1 2  pm, then rise throughout the rest of the 

day peaking between midnight and 4 am. High leptin levels reduce the desire to eat and 

increase energy expenditure whereas low leptin levels increase food intake and reduce 

energy expenditure (Sinha et al., 1996). These levels are indicative of requiring food 

during the early and middle part of the day, particularly after fasting during sleep and less 

so during the later part of the day.

With regards to measuring leptin levels in women, adjustments need to be made, as levels 

are much higher in females compared to males and vary with respect to their menstrual 

cycle (Hardie et al., 1997, Quinton et al., 1999). Leptin levels rise slightly during the 

follicular phase (days one to fourteen) then rise further with the surge in levels of the 

luteinising hormone and during the luteal phase (days fifteen to twenty-eight). Many 

studies use postmenopausal women to minimise these hormonal effects.

1.9.4 The Leptin-Melanocortin System

Leptin is released from the adipocytes into the blood where it is transported to the brain. 

The signal is received by the leptin receptor on the arcuate nucleus, which is one of the
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nuclei within the hypothalamus, the ventro-medial and paraventricular being the other two, 

and it is the most important component regarding energy balance. Within the arcuate 

nucleus there are two sets of neurons: agouti-related protein (AGRP) and neuropeptide Y 

(NPY) plus pro-opiomelanocortin (POMC) and cocaine and amphetamine related 

transcript (CART). AGRP and NPY produce orexigenic signals to promote food intake and 

reduce energy expenditure via downstream effector neurons. POMC and CART neurons 

produce anorexigenic signals to reduce food intake and increase energy expenditure (Bell 

el al., 2005b). Other hormones and neural signals involved in short to long-term appetite 

regulation include peptide YY3 .3 6 , ghrelin and insulin (Figure 1.9.1).

Other single gene mutations have been described within this system resulting in the obese 

phenotype, the affected genes being POMC, MC4R, NPY and NPYR2. This indicates that 

this is an important pathway involved in energy regulation and although mutations within 

these genes are rare, less harmful gene variants could contribute to common obesity.
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Figure 1.9.1: The leptin -  melanocortin pathway. The pathway indicates the hormones that 
are involved in activating the two sets of neurons involved in reducing and increasing food 
intake and energy expenditure. Used with permission from one of the authors from Bell et 
al., 2005.
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1.9.5 Leptin Resistance

Leptin controls energy regulation by decreasing during the fasting state and increasing in 

the fed state, promoting energy expenditure. During weight maintenance, when energy 

intake is equal to energy output, leptin is released in relation to the amount of stored 

adipose tissue and correlates highly with BMI, due to the higher volume of adipose tissue 

(Haffner et al., 1996, Wauters et al., 2001a), which has been termed hyperleptineamia. 

This constant high level of leptin in the overweight and obese state may lead to the loss of 

response to leptin and perturbation of energy regulation, leading to further increases in 

weight. The phrase Teptin resistance’ has been proposed to explain this (Arch et al., 1998), 

based on the role of insulin resistance in the development of T2D (Belfiore et al., 1979). 

Normal levels of plasma leptin are 3-5 ng/ml in healthy individuals and levels within the 

obese were found to be much higher, from 8-90 ng/ml (Anubhuti and Arora, 2008). Sinha 

et al., (1996) showed that fasting leptin levels were highest in obese individuals, 

intermediate for those obese with T2D, and lowest in lean subjects, at 41.7±9.0 ng/ml, 

30.8±6.7 and 12.0±4.4 respectively. As a result of this, leptin resistance has been proposed 

to explain the loss of response of leptin to regulate energy homeostasis (Anubhuti and 

Arora, 2008). Though the mechanism is unknown it is thought it is a combination of 

resistance at the receptor, (the level of signalling) and a decreased ability of the blood brain 

barrier to transport leptin (Anubhuti and Arora, 2008). Support for both of these 

mechanisms have been found. Animal studies have shown that obese rats with high levels 

of leptin only respond to the hormone when it is given centrally not peripherally (Halaas et 

al., 1997, Ramsey et al., 1998, Van Heek et al., 1997). A further study has shown a failure 

of leptin to activate the STAT3 signal pathway in the hypothalamus (Munzberg et al., 

2004).
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Despite leptin resistance and hyperleptinaemia being considered key contributing factors in 

the development of the obese state, the importance and use of the term 'leptin resistance' 

has recently been questioned (Myers et al., 2012). There are several reasons for this. 

Firstly, leptin resistance has been suggested to be selective (Mark et al., 2002; Anubhuti 

and Arora, 2008; Singh et al., 2010), present only in the peripheral circulation rather than 

centrally, since administration of leptin centrally can still lead to signal activation (Ramsey 

et al., 1998, Van Heek et al., 1997) and leptin is involved in increasing renal sympathetic 

nerve activity which is part of the autonomic nervous system control (Singh et al., 2010). 

High levels of leptin are detrimental to the health of the obese individual and are associated 

with additional health complications, such as cardiovascular disease, T2D and high levels 

of cytokines, which lead to what has been termed a proinflammatory state. The leptin 

resistance argument does beg the question: if high levels of leptin lead to leptin resistance 

why does that occur only in the hypothalamus bearing in mind that the receptor is 

expressed in many peripheral tissues (spleen, kidneys, pancreas and adipocytes) and the 

sympathetic nervous system is still activated? The likely explanation is that there is a dual 

aspect to leptin resistance: a high level of the cytokine leads to loss of the central energy 

regulation function with an opposite effect peripherally. High levels lead to the pro- 

inflammatory state, increased activation of the sympathetic nervous system and to the 

development of cardiovascular disease. Thus, there could be more than one underlying 

mechanism in the development of leptin resistance, leading to the obese phenotype 

explaining the contradictory evidence between polymorphisms in the leptin receptor and 

obesity. This dual effect could be mediated by the six isoforms of LEPR (see section 1.9.9) 

as the soluble isoform transports leptin across the blood-brain barrier and the long isoform 

is involved in cell signalling.
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Leptin is a pleiotrophic cytokine, as it is not only involved in energy regulation but 

reproduction, the cardiovascular system and in immunity. Therefore, any definition of 

leptin resistance needs to take this into account. High levels of circulating leptin are 

involved in the metabolic complications of obesity and its sequelae: T2D, cardiovascular 

disease, hypertension, cancer and the pro-inflammatory state that arises as a consequence 

of higher levels of adipose tissue, through cell size and number. Leptin is suggested as an 

important link between obesity and the development of cardiovascular disease (Singh et 

al., 2010) as it affects blood pressure, platelet aggregation, formation of arterial thrombosis 

and inflammatory vascular response (Beltowski et al., 2002, Bodary et al., 2002, 

Chaldakov et al., 2001, Cooke and Oka, 2002, Konstantinides et al., 2001). Furthermore, 

the pro-inflammatory state is likely to have a significant rolesince leptin induces the 

inflammatory cytokines TNF-a and IL-6 (Bastard et al., 2006) and is associated with high 

levels of adipose tissue found in obese individuals. Adipose tissue also secretes many more 

adipokines, which have been linked to the modulation of immune function and 

inflammation either a directl and indirect way (Hersoug, 2007). This suggests that higher 

levels of adipose tissue not only increases the production of leptin but also additional 

adipokines (IL-6, IL-8, C-reactive protein and plasminogen activator inhibitor-1) and these 

are also implicated in both in the pro-inflammatory state (Esposito et al., 2002, Festa et al., 

2001) and with insulin resistance (Cinti, 2012) that develop as a result of obesity. 

Therefore adipose tissue is not just confined to leptin resistance. Indeed, adipose tissue can 

be infiltrated by macrophages, which produce the pro-inflammatory cytokines tumour 

necrosis factor-a (TNFa), interleukin-6 (IL-6) and interleukin-1 a  (IL-la). These 

cytokines can interfere with insulin receptor signalling (Gregor and Hotamisligil, 2011), 

which can impact on insulin resistance. So does leptin resistance lead to obesity or does 

obesity lead to leptin resistance? It is difficult to distinguish between mechanisms, which
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predispose to weight gain and those that occur as a result of it (Myers et ah, 2010). In 

addition to other mechanisms discussed, cellular pathways may be mediators in the 

development of leptin resistance through attenuation of leptin receptor signalling.

1.9.6 Leptin Receptor

After the identification of leptin and its similarity to the cytokine family, the leptin 

receptorwas found to belong to the class I cytokine receptor family, which includes the 

receptors for interleukin-6, granulocyte colony stimulating factor and leukaemia inhibitory 

factor (Tartaglia et al., 1995). It is located on chromosome 1 p31 across 220.995 kb and 

contains twenty exons. Six isoforms of the leptin receptor are known to be produced and 

can be classified into short, long or secreted classes depending on their structure. The 

isoforms all contain the same extracellular and intramembrane domains with the main 

difference being the intracellular domain, which differs in size. LEPRa, LEPRc, LEPRd 

and LEPRf contain short structures. LEPRe is the secreted form that lacks the intracellular 

domain and its main function is to transport circulating leptin across the blood brain 

barrier. LEPRb is the longest isoform, which mediates the effects of leptin (Figure 1.9.2). 

The LEPR is expressed ubiquitously in a variety of different tissues ranging from the 

hypothalamus to the kidneys, pancreatic h—cells, adipose tissue, ovaries and placenta 

(Trayhum et ah, 1999), which indicates the pleiotropic function of leptin.
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Figure 1.9.2: Image depicting six of the leptin receptor isoformsand their location across 
the plasma membrane. The three domains, Ig-like, CRH2 and FNIII, are also shown. 
LEPRe (Ob-Re) is the soluble form of the receptor, which lacks the transmembrane 
domain. LEPRb (Ob-Rb) is the long receptor with LEPRa (Ob-Ra) and LEPRe (Ob-Rc) 
slightly smaller isoforms. Box 1 situated within exon seventeen is required for Jak binding. 
Within exon eighteen Box two and STAT3 are required for STAT signalling. Located on 
the Rb isoform are the tyrosine residues important for signalling. Taken from Ceddla. 2005 
(Ceddia, 2005).
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1.9.6.1 Leptin Receptor Extracellular Region

The extracellular domain binds its ligand, leptin and can be further divided into 

subdomains: at the amino terminal a cytokine receptor homology (CRH) domain (CRH1), 

followed by immunoglobulin (Ig)-like domain, a second CRH domain (CRH2) with two 

fibronectin type III (FNIII) folds (Figure 1.9.3). Interestingly, the CRH1 and CRH2 sub- 

domains have also been shown to contain two separate fibronectin type III folds (Haniu et 

al., 1998), which are found in a variety of extracellular proteins within the cytokine 1 

superfamily and are involved in cell surface signalling.

The CRH2 domain is important for the high affinity binding of leptin (Fong et al., 1998, 

Sandowski et al., 2002, Zabeau et al., 2004) whereas the Ig-like and FNIII domains are 

critical in LEPR activation (Zabeau et al., 2004; Fong et al., 1998). The function of the 

CRH1 domain remains elusive as it is less conserved compared to the other domains and 

upon deletion there is no detrimental effect on activation (Peelman et al., 2006). Leptin, 

like many other cytokines that belong to the gpl30 superfamily, interact with their 

receptors by forming a complex through three different binding sites: I, II and III (Peelman 

et al., 2004). Binding site II occurs between the CRH2 domain of the receptor and the A 

and C helices of leptin whereas binding site III occurs between the Ig-like domain of the 

receptor and the N-terminus of helix D of leptin. Leptin shares similarities in structure with 

the cytokines IL-6 and the granulocyte colony-stimulating factor (G-CSF), which have 

receptors that belong to the same type I cytokine receptor family as LEPR. The G-CSF has 

been found to form a 2:2 tetrameric complex with its receptor, based on the three binding 

sites (Layton et al., 2001) while IL-6 forms a hexameric complex with two IL-6 molecules, 

two gpl30 chains and two IL-6 a-receptors (Peelman et al., 2006). Due to the 

stoichiometry of the signalling complex it is thought that leptin forms a similar hexameric
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complex with its receptor (Figure 1.9.4) (Zabeau et ah, 2003). Building a hexameric model 

of the leptin and LEPR complex, the conserved amino acids Lys13, Lys86, Lys89 and Phe92, 

which are situated within the A-B helix loop of leptin, fit within the CRH2 domain of the 

LEPR (Figure 1.9.5) and form the centre of binding site I (Iserentant et al., 2005). 

Furthermore, a cluster of amino acids within the Ig-like domain, Leu370, Ala407, Tyr409, 

His417 and Elis418 (Figure 1.9.6), forms the main centre of binding within binding site III, 

and lie501, Phe502, Leu503, Leu504, Ser505, Asp615 in CRH2 (Figure 3.3.2) are located at the 

centre of binding site II. Mutations within this region affect the affinity for leptin to bind 

(Iserentant et al., 2005; Peelman et al., 2006).

As leptin is a pleiotropic hormone that is involved with control of energy regulation but 

also with immunity, inflammation, cardiovascular system and cancer, development of 

agonists and antagonists are important, however little is known about the structure of 

LEPR and the complex with leptin (Carpenter et al., 2012, Iserentant et al., 2005). 

Investigation of how leptin binds to its receptor has been performed through the use of 

computer modelling using similarities in structure between leptin and other cytokines, 

notably gP130 and G-CSF, as well as LEPR and other members of the class 1 cytokine 

receptor superfamily.
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Figure 1.9.3: A graphic representation of the extracellular domain of the leptin receptor. 
Also located are the sub-domains and the three polymorphisms Lysl09Arg (K109R), 
Gln223Arg (Q223R) and Lys656Asn (K656N). Taken from Stratigopoulos et al., (2009) 
(Stratigopoulos et al., 2009)
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Figure 1.9.4: Graphical representation of the hexameric leptin and leptin receptor (LR) 
complex. There are four leptin receptor molecules (two as dimers) with two molecules of 
leptin. The three binding sites are shown as green triangles, which show where two binding 
sites are in relation to leptin and leptin receptor molecules. Only the Ig-like domain (IgD) 
and CRH2 domain of the extracellular region of the leptin receptor is shown. Taken from 
Peelman et al., 2006 (Peelman et al., 2006a).
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Figure 1.9.5: The complex of the CRH2 domain and mouse leptin shown as ribbon model 
for CRH2 and leptin molecule. The surface leptin molecule displays hydrophobicity (blue 
indicates hydrophilic areas while green indicates hydrophobic areas). Shown in white are 
the amino acid residues that are important in binding between the two molecules, with 
those underlined located in leptin molecule and the white sticks indicate side chain 
residues in the CRH2 domain. Taken from Iserentant et al., 2005.
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Figure 1.9.6: Secondary structure ribbon model of the Ig-like domain. It displays amino 
acid residues that affect leptin receptor activity when they are mutated. Taken from 
Peelman et al., 2006b.
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1.9.7 Leptin Receptor Signalling Pathways

Of all the isoforms of the leptin receptor, LEPRb has been studied the most since it 

mediates the physiological functions of leptin notably metabolic rate, reproduction and 

growth (Louis and Myers, 2007). Through this isoform leptin has been shown to signal 

using multiple pathways. These include the Janus tyrosine kinase 2 (JAK2)/cytosolic signal 

transducer and activator of transcription protein 3 (STAT3) pathway, the mitogen- 

activated protein kinase (MAPK) cascade, the phosphoinositide 3- 

kinase/phosphodiesterase 3B/cAMP pathway and 5’-AMP-activated protein kinase 

pathway (Figure 1.9.7).

1.9.7.1 LEPR and the JAK/STAT Pathway

Activation of this pathway is initiated by the binding of leptin to LEPRb, four tyrosine 

residues located on the intracellular domain of the receptor are phosphorylated following 

the activation of constitutively associated JAK2, which undergoes autophosphorylation 

motifs located on intracellular domain (Banks et al., 2000, Kloek et al., 2002). Once 

activated, the tyrosine residue at position 1138 recruits the STAT3 transcription factor, 

which is subsequently translocated to the nucleus where it binds to specific DNA 

sequences that activate various genes involved with energy regulation (Vaisse et al., 1996). 

These include POMC and the signalling inhibitor, suppressors of cytokine signalling three 

(SOCS3). SOCS3 is involved with the negative regulation of leptin. The translated protein 

of SOCS3 binds to the 985 phosphorylated tyrosine residue, on the intracellular domain of 

the leptin receptor, which inhibits further signalling.
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1.9.7.2 LEPR and the Phosphoinositide 3-kinase/Phosphodiesterase 3B/cAMP 

Pathway

This pathway is involved in insulin function and glycogen synthesis and is mainly 

activated via the binding of insulin to its receptor. Activation is initiated by the 

phosphorylation of an insulin receptor substrate leading to the activation of 

phosphoinositide 3-kinase (PI3K). Research has shown that leptin can also activate the 

pathway, suggesting there is cross talk between this pathway and the leptin signalling 

pathway (Niswender and Schwartz, 2003), as leptin is now considered to be involved in 

glucose homeostasis and controlling insulin sensitivity in perpherial tissue (Morton and 

Schwartz, 2011). Phosphorylation of JAK2 can phosphorylate the insulin receptor 

substrates one and two.
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Figure 1.9.7: Activation of the JAK/STAT pathways by leptin binding to its receptor. 
Taken from Anubhuti and Arora, 2008.
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1.9.8 Leptin Receptor Polymorphisms

Since the identification of the db/db mouse (Tartaglia et al., 1995), only one polymorphism 

within the leptin receptor is known to result in monogenic obesity in humans (Dubem and 

Clement, 2012), as along with mutations within leptin, these are rare within the general 

population. Despite this, several studies have found associations between common 

polygenic obesity and mutations within the LEPR gene (Ben Ali et al., 2009, Chagnon et 

al., 2000, Mattevi et al., 2002, Quinton et al., 2001, Wauters et al., 2001b, Yiannakouris et 

al., 2001), in particular three mutations in the coding regions: Gln223Arg, Lysl09Arg and 

Lys656Asn.

The mutation at codon position 223 results in a glutamine to arginine change (CAG to 

CGG) in exon six, (Gln223Arg) and a mutation at codon 656 results from a lysine to 

asparagine codon change (AAG to AAC) in exon fourteen (Lys656Asn). The Lysl09Arg 

mutation results from a change at codon position 109, (AAG to AGG) in exon four. The 

former two mutations are non-conservative whereas the Lysl09Arg mutation is 

conservative (Paracchini et al., 2005). These mutations have been associated with impaired 

leptin signalling (De Luis et al., 2006, Quinton et al., 2001), higher levels of leptin (van 

Rossum et al., 2003, Yiannakouris et al., 2001), and higher levels of fasting glucose and 

insulin (Chiu et al., 2004, de Luis et al., 2008, Lakka et al., 2004, Takahashi-Yasuno et al., 

2004, Wauters et al., 2001b).

On the other hand, several studies have not found association between any of the LEPR 

polymorphisms and obesity (Dias et al., 2012, Gotoda et al., 1997, Komsu-Omek et al., 

2012, Pyrzak et al., 2009, Silver et al., 1997). As the associations with obesity are not very 

lobust, it has been proposed that they may be population specific or they influence

92



intermediate traits or phenotypes (Salopuro et al., 2005) due to the associations with higher 

levels of fasting glucose and insulin. Wauters et al., (2001) found associations with glucose 

and insulin levels in women with the polymorphisms Lysl09Arg and Gln223Arg, with the 

presence of the mutant allele, suggesting that these mutations could interact with factors 

associated with impaired glucose tolerance including hyperinsulinaemia or insulin 

resistance. In another study 6-7% of the variability of insulin sensitivity was attributed to 

the Arg allele, which was additionally associated with insulin resistance (Chiu et al., 

2004), supporting the view that this polymorphism could contribute to the initiation of 

factors leading to insulin resistance in a subset of individuals, ffowever being homozygous 

for both major alleles at Gin and Lys were found to be beneficial to individuals 

changing to a much healthier lifestyle compared to those who are heterozygous and 

homozygous for the mutant allele, indicating a modulator effect to prevent conversion 

from IGT to T2D (Salopuro et al., 2005).

As these SNPs occur in the extracellular region of the receptor, where its ligand leptin 

binds, any polymorphisms in this region could have functional implications (Figure 1.9.8). 

The majority of the associations between LEPR and obesity are with the Gln223Arg 

mutation, however evidence also suggests a role for both Lysl09Arg and Lys656Asn. 

Therefore it is possible that particular haplotypes within LEPR are important in the 

development of obesity and not just one locus. Analysis of the mutations Lys 109Arg, 

Lys656Asn and another polymorphism in LEPR, Prol019Pro with obesity was studied. 

The eight different possible haplotypes were studied with respect to the development of 

obesity. Individuals carrying the minor alleles at the three loci (GCA) were found to be 

4.41% and 3.50% higher in lean mass and fat mass respectively than those without these 

mutations (Liu et al., 2004). In both multi-allele and allele-wise tests, significant
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associations were found between this minor allele haplotype and with lean mass (p=0.006 

and p=0.005 respectively) and fat mass (p=0.020 and p=0.012 respectively). No significant 

associations were found with the other haplotypes (Liu et al., 2004). In another study the 

same three polymorphisms were analysed with respect to T2D risk in a Chinese 

population. A different haplotype was found to confer a higher risk of T2D, AGC, with 

minor alleles for Lysl09Arg and Prol019Pro and the major allele for Lys656Asn (Odds 

Ratio 1.69). Additionally the heterozygous diplotype (GGT/AGC) was found to be higher 

in T2D cases than in controls, at 17.0% and 8.2% respectively (Qu et al., 2008). 

Preliminary data has suggested that particular LEPR haplotypes decrease the binding 

avidity with leptin therefore having a functional effect in the development of obesity 

(Meehan and Blakemore, Pers Com).

There are several possible mechanisms for the effect of these polymorphisms in the 

development of obesity: low expression of the leptin receptor, reduced ligand binding or 

signalling of the long isoform of the leptin receptor, differences in receptor trafficking, 

increased expression of non-signalling receptor isoforms (including the soluble isoform) or 

decreased ability to transport leptin across the blood-brain barrier (Anubhuti and Arora, 

2008, Myers et al., 2012).
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Figure 1.9.4: A schematic diagram of the long isoform of the leptin receptor and the correspondence of 
the exons with the protein domain structure. Also shown are the three polymorphisms that occur within 
the gene sequence, which are of importance. Adapted from Matsuoka e t al., (1997).
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1.9.9 LEPROT

Located adjacent to the LEPR gene is the leptin receptor overlapping transcript (LEPROT). 

LEPROT belongs to a family of small proteins, which form part of functional protein 

complexes with other proteins involved in protein trafficking to lysosomes (Touvier et al,

2009). Research has shown LEPROT to be involved in transporting internalised LEPRb to 

the lysosomes and has been found to regulate the distribution of LEPRb between the 

plasma membrane and intracellular compartments, though the pathway involved is 

unknown (Couturier et al, 2007). Furthermore, LEPROT has been suggested to be 

involved in LEPR gene expression, as they are both transcribed by the same promoter 

(Couturier et al, 2007). In addition a short CNV lies across the first two exons of both the 

LEPR and LEPROT loci (Kidd et al, 2008, Matsuzaki et al, 2009, Park et al, 2010, 

Korbel et al., 2007) (Figure 1.9.5) and recent research has found that copy number 

variation at this locus is associated with glucose homeostasis and energy metabolism (Jeon 

et al, 2010). Further genetic and functional investigations of the LEPROT locus would be 

of interest to ascertain whether SNPs within this region affect LEPROT protein structure, 

and thus its function in transporting and influencing cell surface expression of LEPRb. In 

addition, it is clear that it would be wise to investigate the effect of the CNV that is located 

across the LEP ROTI LEPR locus and whether they are both ultimately involved in leptin 

resistance and the obese phenotype.
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Figure 1.9.5: Graphic representation of the location of the genes LE P R  and L E P R O T  on chromosome lp31 
and also the position of the three polymorphisms of interest, that have been significantly associated with 
obesity.
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1.10.0 The Haematopoietically Expressed Homeobox -  Insulin Degrading Enzyme 
(HHEX-IDE) region

Genome wide association studies have shown that markers within HHEX-IDE show 

association with T2D (Grarup et al., 2007, Saxena et al., 2007, Scott et al., 2007, Sladek et 

al., 2007, Zeggini et al., 2007). Previous studies have also shown significant association of 

variants in this region with the development of T2D in a range of different ethnicities, 

including Europeans, (Cauchi et al., 2008, Staiger et al., 2008, van Vilet-Ostaptchouk, 

2008), Japanese (Furukawa et al., 2008, Horikawa et al., 2008, Horikoshi et al., 2007, 

Omori et al., 2008), Chinese (Wu et al., 2008) Asians (Ng et al., 2008) and Indians 

(Chauhan et al., 2010).

1.10.1 HHEX-IDE  and Fetal Birth Weight

Subsequent research has found that the SNP rsl 111875 within the fetal HHEX-IDE gene 

region shows strong evidence of influencing fetal birth weight (Freathy et al., 2009; Pulizzi 

et al., 2009; Andersson et al., 2010).

A total of 19,200 offspring from four different cohorts were investigated for an association 

between five T2D susceptibility loci including rsl 111875 at HHEX-IDE, with birth weight 

(freathy et al., 2009). In the meta-analysis each risk allele of this SNP was associated with 

decreased birth weight by 14 g (95% Cl 4-23, p=0.004). In addition rsl0946398 at 

C DKAL1 loci was also significantly associated with lower fetal birth weight, with each risk 

allele reducing birth weight by 21 g (95% Cl 11-31, p=2xl0'5) but no association was 

lound with the other three loci. The risk alleles for rsl 111875 and rsl0946398 were 

combined and each additional risk allele was associated with a decrease birth weight by 17 

g (95% Cl 10-24, p=5xl0'7). There were 4% of offspring who had four risk alleles and
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where found to be 80 g lighter compared to the 8% who had no risk alleles. As maternal 

and fetal genotypes are 50% correlated, where paired fetal and maternal genotype data was 

available, (7799 in number) analysis was performed adjusting for fetal and maternal 

genotype accordingly in addition to fetal sex and gestational age. Fetal genotype remained 

significant after adjusting for maternal genotype for rs l0946398 (p=0.0005) and for 

rsl 111875 (p=0.003) but there was more of an effect on birth weight, a reduction of 36 g 

(95%CI 56-16) and 29 g (95% Cl 48-10) respectively, indicating the maternal locus has an 

opposite effect on birth weight. This was confirmed when maternal genotype was adjusted 

for fetal genotype as the effect size was 21 g (95% Cl 1-42) and 7 g (95% Cl 12-26) 

respectively although they were not significant (p>0.05).

In a similarly large study of 25,164 offspring of European descent, each risk allele of 

rsl 111875 was found to reduce birth weight by 16 g (95%CI 24-8, 8x10°) (Andersson et 

al., 2010).

1.10.2 HHEX-IDE and Childhood BMI

In addition, SNPs within the HHEX-IDE have also been significantly associated with 

pediatric BMI (Winkler et al., 2010, Zhao et al., 2010). In one study twenty SNPs at 

eighteen loci previously associated with T2D were investigated in 3592 children 

(discovery cohort) and in an additional 3592 children (replication cohort) aged between 

two and eighteen years of age, with respect of childhood BMI (Zhao et al., 2009). Two 

SNPs within HHEX-IDE were genotyped, rsl 111875 and rs7923837 with the latter being 

significantly associated with higher BMI in childhood in the discovery (p=0.0013) and 

leplication cohorts (p=0.023) and upon combining these data sets (p=1.01xl0"4). There was 

a significant association with rs3751812 in FTO p=3.8xl0'5) and higher BMI but no
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association with the other SNPs. In both genders, being homozygous for the minor allele 

was associated with higher BMI and the effect was strongest in the two to six year age 

range (p=0.000877) compared to those between the ages of seven and eleven (p=0.07446) 

and twelve and sixteen (p=0.1225).

However, in another study two different SNPs within the HHEX-IDE locus rs5015480 and 

rsl0882102 were investigated with respect to BMI in 646 children at aged eight (Winkler 

et al., 2010) and each risk allele of both SNPs were significantly associated with lower 

BMI at aged eight, (p<0.05) compared to higher BMI with the SNP rs3751812, in the 

study by Zhao et al., (2009). In addition, there was an interactive effect between birth 

weight, genotype and lower BMI at aged eight (p=0.01). Upon further analysis birth weight 

was stratified for gestational age and fetal sex, being bom large for gestational age (>90th 

percentile) had the strongest association with lower BMI at aged eight (p=0.003) compared 

to those born small for gestational age (<10th percentile) (p=0.83) and within the normal 

range, (10th to 90th percentile) (p=0.30).

These two studies provide contradictory evidence for SNPs within HHEX-IDE gene region 

to influence childhood BMI. It could suggest that additional factors are also involved as 

Zhao et al., (2010) found FTO to also be significantly associated which has previously 

associated with BMI in children and adults. The study by Winkler et al., (2010) was 

performed in a much smaller cohort, which may have resulted in the different result. 

Different SNPs within HHEX-IDE were also investigated between these two studies, which 

may indicate they have opposite effects on BMI and they could be in LD with the causal 

variant. In addition the study by Winkler et al., (2010) analysed BMI at one time point 

during childhood whereas Zhao et al., (2010) investigated the associated between the ages
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of two and eighteen which found that the rs7923837 was more significantly associated in 

early childhood (two and six years of age) indicating that the effect of these SNPs is related 

to age.

1.10.3 Location of HHEX-IDE

The HHEX gene is situated on chromosome 10, 200 kb downstream of the IDE gene, 

position 10q23-25.

HHEX spans across 7.4 kb and contains four exons which produce four transcripts but only 

three are protein coding, comprising of one 270 amino acids in length and two 98 amino 

acids in length.

IDE spans across 122.39 kb and contains twenty-five exons which produces eight 

transcripts but only three are protein coding. These differ in length with transcript one 

comprising of 1019 amino acids, transcript two of 257 amino acids and transcript three of 

464 amino acids.

1.10.4 Kinesin Family Member 11 (KIF11)

Located between HHEX and IDE is Kinesin Family Member 11 gene (KIF11), spanning

62.3 kb and contains twenty-two exons all of which are coding to produce one transcript, 

which is 1056 amino acids in length. The gene encodes a motor protein and belongs to the 

kinesin-like protein family (Le Guellec et al., 1991). This family of proteins are involved 

in creating a bipolar spindle during cell mitosis, chromosome positioning and centrosome 

separation, and moving vesicles and organelles in the cell by acting on microtubules
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(Kapitein et al., 2005, Sawin et al., 1992, Walczak et al., 1998). They convert chemical 

energy (ATP) into mechanical energy. The protein has a catalytic or motor domain and a 

tail domain, which is important to interact with the target protein. The tail domain is less 

conserved across the family, which reflects the wide range of functions of kinesins within 

the cell, while the motor domain is highly conserved within the family of kinesin proteins 

(Hirokawa, 1998, Kim and Endow, 2000, Vale and Fletterick, 1997). Regulation of kinesin 

proteins is not that well defined but one mechanism is thought to be through control of 

binding to microtubules. This requires an additional protein cyclin dependent kinase 1 

(CDK1), which phosphorylates a single, threonine residue within the tail domain (Blangy 

et al., 1995, Sawin and Mitchison, 1995).
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Figure 1.10.1: Graphic representation of the location of the H H E X -ID E  region. It spans across 200 kb 
and is located on chromosome 10q23-25. Also depicted are the three SNPs that have been associated 
with T2D and fetal birth weight. The arrows indicate the region of this locus that will be investigated 
through genotyping in this research.
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1.10.5 HH EX  Gene Function

The HHEX gene encodes hematopoietically expressed homeobox, which is a member of 

homeobox transcription factor family. Mouse studies have found Hhex to be expressed in 

early development, within the different cell layers of the blastocyst (mesoderm and 

endoderm) (Keng et al., 1998, Keng et al, 2000, Thomas et al., 1998b) and within the 

tissues liver, thyroid and lung during the embryonic stage (Bogue et al., 2000, Keng et al, 

1998, Martinez-Barbera et al., 2000). These studies suggest a role for HHEX in 

differentiation and/or organogenesis, regulation of cell proliferation and haematopoiesis 

(Jayaraman et al., 2000, Keng et al., 1998, Keng et al., 2000, Newman et al., 1997). 

Furthermore additional research showed Hhex to be expressed in gallbladder and pancreas 

in early development as well as replicating expression in the liver, lung and thyroid, further 

supporting a role for Hhex in the development of organs from the foregut endoderm of the 

blastocyst. Expression of Hhex in the thyroid, lung and liver was also found in the mature 

adult suggesting a role to maintain function of these organs (Bogue et al, 2000). Bort et al., 

(2004) showed that Hhex was important in the proliferation of cells, which develop into the 

pancreas.

1.10.6 IDE

The insulin-degrading enzyme gene is ubiquitously expressed in a variety of tissues; liver, 

kidney, skeletal muscle, pancreas and adipocytes (Cotsapas et al., 2010, Duckworth et al., 

1990, Yfanti et al., 2008) and codes for a zinc metallopeptidase, which degrades insulin 

resulting in the termination of its activity (Affholter et al., 1990, Rawlings et al., 2008, 

Seta and Roth, 1997). It has been found to localise to the cytoplasm but it is also found 

within the extracelluar space, cell membrane, peroxisome and mitochondrion in some cell
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types (Leissring et al., 2004, Morita et al., 2000, Seta and Roth, 1997). Distinct iosforms of 

the enzyme result from alternative splicing of the transcript. The active site of IDE mainly 

cleaves basic residues (arginine and lysine) and hydrophobic residues, (leucine and 

tyrosine) indicating that the recognition of the substrate is led by the tertiary structure of 

the protein rather than the amino acid sequence (Kurochkin, 1998).

Insulin is not the sole substrate of this enzyme; it has been shown to degrade a wide variety 

of other substrates including glucagon, amylin, bradykinin, calcitonin, kallidin and 

ubiquitin (Bennett et al., 2000, Farris et al., 2003, Ralat et al., 2011, Saric et al., 2003). It 

also has regulatory roles in cell growth and development, peroxisomal fatty acid oxidation 

and proteasome activity (Fawcett et al., 2007, Hamel et al., 2001, Kuo et al., 1993). IDE 

regulates translocation of insulin from the cytoplasm to the nucleus (Harada et al., 1993).

As IDE is involved in the breakdown of insulin it is thought to have a role in the 

development of T2D. Animal models have shown that a reduced IDE enzyme activity can 

induce the diabetic phenotype. In the Goto-Kakizaki rat a missense mutation in IDE gene 

resulted in a reduction in insulin degradation (Fakhrai-Rad et al., 2000) and IDE knockout 

mice had higher levels of insulin and were glucose intolerant (Farris et al., 2003). 

Furthermore significant associations have been found with variants in IDE and T2D in 

humans, rs2209772, rsl887922 and rs2251101 (Gu et al., 2004, Karamohamed et al., 

2003, Kwak et al., 2008). One study genotyped fourteen SNPs in LD across the IDE gene 

region. Haplotype genotypes were constructed based on common haplotypes across the 

region and associations were found with fasting insulin (p=0.0009), 2-hour insulin level 

(p-0.0027), homeostasis model assessment of insulin resistance (p=0.001) and BMI 

(p=0.0067) (Gu et al., 2004). However, the exact mechanism in which these variants
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contribute to impaired glucose and insulin homeostasis is unknown and there has been 

contradictory evidence as one study has found no association with ten variants across the 

IDE gene and T2D (Groves et al., 2003).

1.11.0 FTO

The FTO gene was initially identified as a candidate through two large GWA studies in 

2007 (Hinney et al., 2007, Scuteri et al., 2007) making it an exciting candidate gene. So far 

several studies have identified a cluster of SNPs, within intron one, that are highly 

associated with obesity in both adults and children (Dina et al., 2007, Frayling et al., 

2007b, Hotta et al., 2008, Peeters, 2007).

1.11.1 Location of FTO

The FTO gene is situated on chromosome 16ql 2.2 across 417 kb and comprises of nine 

exons. The transcribed protein is 58282 Da in size consisting of 505 amino acids.

1.11.2 Function of FTO

As yet the function of the gene remains elusive however structural and functional studies 

have shown that FTO is involved with DNA repair, nucleic acid modification and 

metabolism. FTO codes for an Fe (II) and 2-oxoglutarate (2-OG)-dependent dioxygenase 

(Sanchez-Pulido and Andrade-Navarro, 2007; Gerken et al., 2007) and is part of the non­

haem dioxygenase superfamily. Within this superfamily is the AlkB homologue protein 

iamily and the AlkB protein is involved with DNA repair (Sundheim et al., 2006, Yu et al., 

2006).
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Fe (II) and 2-oxoglutarate dependent dioxygenases are commonly found not only in 

eukaryotes but also bacteria and catalyse many reactions that involve the oxidation of an 

organic substrate using a dioxygen molecule (Aravind and Koonin, 2001). Both Fe(II) and 

20G are required for the normal functioning of the FTO protein, acting as a cofactor and a 

co-substrate respectively, with oxygen as another co-substrate (Gerken et al., 2007) and 

succinate and carbon dioxide are by products. The reactions that 20G dioxygenases are 

involved with include DNA repair, fatty acid metabolism and nucleic acid modifications.

Comparison of three members of the AlkB homologue protein family, ABH2, ABH3, and 

AlkB, have shown that FTO can be split into four structural and functional regions within 

the NFf-terminal domain (Gerken et al., 2007). Within the catalytic core is a double 

stranded P-helix (DSBH) in a ‘jellyroll fold’ (two anti-parallel beta sheets), which is 

conserved in each ABH member. Two of the beta strands form a hairpin that covers the 

substrate recognition site. The structure of the active site is phylogenetically conserved 

between species within each paralog but is slightly different structurally between each of 

the members. FTO contains a putative nuclear localisation signal, which no other member 

of this family contains, along with two long insertions that vary in length in different 

species (Sundheim et al., 2006).

1.11.3 Mouse studies of FTO

As with most human genes, animal models have been used to determine the protein 

function. FTO was initially identified in a mouse (Peters et al., 1999) with a 1.6 Mb 

deletion created by insertional mutagenesis on chromosome 8. Within this deletion are the 

genes Ftm, Fto, Ftl and the Iroquois B cluster containing Irx3, 5 and 6. The authors also 

identified a large gene of unknown function that they called Fatso {FTO). The resulting
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phenotype from the deletion was fused toes and hyperplasia of the thymus and the mouse 

was referred to as the Fto mouse, for fused toes. Homozygous mutations for the 1.6 Mb 

deletion, were embryonically lethal, lacking neural tube formation, left-right asymmetry 

and polydactyly. Heterozygous mutations resulted in the fusion of the forelimb digits and 

thymic hyperplasia (van der Hoeven et al., 1994). When the human gene linked to obesity 

was identified as the homologue of the Fatso mouse gene, the gene was re-named as the fat 

mass and obesity associated gene but retained the FTO symbol (Fischer et al., 2008).

Mouse knockouts of FTO have also been investigated. A homozygous deletion within 

exons two and three, which is replaced by a neomycin STOP cassette, are viable initially 

but die after four weeks. Before death they show postnatal growth retardation, a reduction 

of adipose tissue and lean mass but have increased energy expenditure, sympathetic 

nervous system activity, relative hyperphagia and reduced spontaneous locomotor activity 

(Fischer et al., 2009).

Research by Church et al., (Church et al., 2009) has shown that an A/T point mutation 

leading to a substitution of phenylalanine to isoleucine at position 367 (Ftol367F), results in 

a lean phenotype in male mice. This is accompanied by a reduction in weight and fat mass, 

even when physical activity and food intake remained the same, indicating an increase in 

metabolism or in a failure to store fat. The reduction in body weight is thought to be 

because of the decrease in fat mass where a reduction of 16 to 18% was found between the 

Fto,367r' and wild type mice at twenty-four weeks, using DEXA. There was also a gender 

difference as only the males had the lean phenotype. It is thought that within females the 

sex hormones are protective. The Fto13671' mutation was found to be expressed at lower
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levels within the brain and liver, when compared to the wild type. This data gives support 

for a functional role of FTO in energy balance and the development of obesity.

1.11.4 Expression of FTO

FTO is expressed in many human tissues including adipocytes, skeletal muscle, kidney, 

heart and adrenal glands (Dina et al., 2007, Frayling et al., 2007b, Gerken et al., 2007, 

Kloting et al., 2008), however the main site, with the highest levels of expression were 

within the hypothalamus. Specific regions, which express the protein of the hypothalamus 

and brainstem have been identified: arcuate (ARC), supraoptic nuclei (SON), nucleus of 

the solitary tract (NTS), area postrema (AP), dorsomedial hypothalamic nucleus (DMH), 

paraventrical nucleus (PVN) and ventromedial (VMH). Within these identified areas the 

distribution was found to be throughout the ARC, whereas distinct areas were found within 

the SON, notably within the dorsal vs. ventral region (Fredriksson et al., 2008).

The expression analysis indicates that FTO has a possible role in energy regulation and 

relaying information from central and peripheral locations. However a specific role of FTO 

in feeding, whether through preference, hunger or satiety, is still unclear. The use of animal 

models has been important for this. These studies have shown that FTO expression is 

controlled by the feeding and fasting state. FTO is down regulated, by around 60% in the 

arcuate nucleus of the hypothalamus in the mouse during forty-eight hours of food 

deprivation (Gerken et al., 2007). Another study looking at different obese mice (Lepoh, 

Leprdb, tub, Cpefi" and Av) showed that Fto expression in the hypothalamus did not differ 

compared with the fed control (+/+) mouse, but they were decreased in the fasted Lepob 

mouse compared with the fed Lepob mouse (20%, p<0.03). Further analysis showed that 

within the +/+ mouse, fasting was associated with a twofold decrease (p<0.01) in Fto
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expression within the mesenteric adipose tissue. On exposure to 4°C for thirty minutes, 

expression of Fto decreased by 30% (p<0.01) in the hypothalamus and twofold (p<0.001) 

in the mesenteric fat of the +/+ mouse (Stratigopoulos et al., 2008).

Expression analysis of FTO within adipose tissue has revealed varying results and 

implications of FTO in the development of obesity are still unclear. FTO expression 

analysis within visceral and subcutaneous adipose tissue has been carried out in a group of 

twenty-nine women and twenty-six men. Results showed that levels were significantly 

higher in subcutaneous than in visceral adipose tissue but there were no differences 

between the sexes (Kloting et al., 2008). Levels within the subcutaneous adipose tissue 

were also correlated with BMI, percentage body fat, sex and age but not with visceral fat. 

Another study investigating mRNA levels of FTO in skeletal muscle and adipose tissue 

found no significant difference between the two tissues (Grunnet et al., 2009).

1.11.5 Associations of SNPs within Intron One of FTO with T2D and Obesity

f  TO was initially identified as a candidate gene in the development of T2D and obesity 

through Genome Wide Association Studies (GWAS) (Dina et al., 2007; Frayling et al., 

2007; Scuteri et al., 2007). The SNPs within the FTO gene were found to be strongly 

associated with T2D but this was removed when the BMI was adjusted for, indicating that 

the association of FTO with T2D is mediated through BMI. Subsequent studies have since 

lound FTO to be associated with obesity in children and adults in different populations: 

Japanese (Hotta et al., 2008), South Asian and Chinese (Al-Attar, 2008), along with 

Europeans (Jacobsson et al., 2008, Peeters, 2007, Cauchi et al., 2009). Within intron one, a 

cluster of roughly forty SNPs are in strong linkage disequilibrium (r2> 0.80 in CEU from 

flapMap) in Caucasian populations. One study found the cluster of SNPs to be strongly
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associated with early-onset and severe obesity in both adults and children of European 

descent (P value of 1.67 x 10 26) (Dina et ah, 2007). Another study found BMI, hip 

circumference and weight to be associated with rs9930506 among the cluster of SNPs 

within intron l(p=8.6xl0'7, p=3.4xl0~8 and p=9.1xl0'7 respectively).

Further investigation of the SNP rs9939609, which is within this cluster, has revealed that 

those who are homozygous for the A allele and heterozygous weigh 3 kg and 1.5 kg 

respectively more than those who are homozygous for the T allele (Frayling et al., 2007). 

Children aged between ten and eleven years of age who carry the minor allele at rs9939609 

consume more food, in particular total energy and fat, than those who do not (Timpson et 

al., 2008). Another study has shown that this SNP is associated with impaired satiety 

responsiveness in children aged between eight and eleven years old, even after controlling 

for BMI (Wardle et al., 2009). The exact mechanism is unknown but it may be involved 

with appetite response. One study found that rs9939609 is associated with impaired satiety 

responsiveness, with homozygous AA for the minor allele being significantly lower 

(Wardle et al., 2009).

It is possible that the associated variant is in linkage disequilibrium with an un-typed 

causal variant (Jowett et al., 2010). Other possibilities include the associated SNPs could 

influence the expression, splicing or affect the function of FTO (Meyre et al., 2010).

1.12.0 Adenylate Cyclase Five (ADCY5)

A genome wide association study has shown that the SNP rsl 1708067 within ADCY5 is

association with fasting glucose level (p=7.1xl0"22) and indices of p-cell function (2.5x10
12

) in 118,475 European Caucasians (Dupuis et ah, 2010). A further study found a different
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SNP, within ADCY5, rs2877716, significantly associated with 2-hour glucose level 

(p=4.2xl0‘16) and T2D OR 1.12 (95%CI 1.09-1.15, p-4 .8xl0 '18) (Saxenaet al., 2010). The 

associated SNP from this study is in high LD with rsl 1708067. These results both identify 

ADCY5 as a novel susceptibility locus for T2D. The significant associations between 

fasting glucose, 2-hour glucose and 2-hour insulin levels and the SNP rs9883204 have also 

been replicated in an Asian Indian population (Rees et al., 2011; Vasan et al., 2011).

However, there is contradictory evidence as two studies have shown a lack of association 

with fasting glucose levels in 6822 Chinese men and women aged between fifty and sixty 

years of age (Hu et al., 2010) and glucose stimulated insulin levels in 6694 Danish men 

and women aged between forty and fifty years of age (Boesgaard et al., 2010). This 

suggests that the effect on glucose and insulin homeostasis maybe related to age, as 

rsl 1708067 has been significantly associated with increase in fasting glucose levels in 

16,000 healthy children aged between nine and sixteen years of age (Barker et al., 2011).

1.12.1 ADCY5 and Birth Weight

Subsequent research has identified variants within ADCY5 with lower birth weight and 

ponderal index (Freathy et al., 2010; Andersson et al., 2010).

The SNP rs9883204 was initially investigated in 10,623 European Caucasians and 

replicated in an additional 27,591 European Caucasians with respect to birth weight, birth 

length, birth head-circumference and ponderal index, (Freathy et al., 2010). Each 

additional risk allele (C) was significantly associated with a 0.063-s.d (95% Cl 0.079- 

0.047) lower birth weight (p=7xl0'15), a 0.044-s.d (95% Cl 0.066-0.022) lower birth length
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(p-4xl0"5), a 0.025-s.d (95% Cl 0.048-0.004) smaller head circumference (p=0.030) and a 

0.032 (95% Cl 0.055-0.009) lower ponderal index (p=0.006).

In another study significant associations were found with a different SNP, rsl 1708067, and 

lower birth weight in 4,213 European Caucasians, p=0.004, with each additional risk allele 

decreasing birth weight by 33 g (95% Cl 55-10) (Andersson et al., 2010). When this SNP 

was combined with rsl 111875 in HHEX-IDE and rs7756992 in CDKAL1 (which has 

previously been significantly associated with lower birth weight; Freathy et al., 2009; Zhao 

et al., 2009), they were significantly associated with lower birth weight, each additional 

risk allele decreased birth weight by 22 g (95% Cl 34-10, p=0.0003). Those with five to six 

risk alleles were found to weigh 110 g (95% Cl 42-179) lighter at birth compared to those 

with zero to one risk allele.

In addition, the C risk allele of rs9883204 has been significantly associated with fetal 

growth characteristics abdominal circumference, femur length and estimated fetal weight 

in the third trimester, with a combined effect of -16.9 g (p=4.2xl0°) (Mook-Kanamori et 

al; 2010). This suggests that the effect of this locus could be on fetal growth itself.

1.12.2 Location of ADCY5

The ADCY5 gene is located on chromosome 3ql3.2-q21 across 167.46 kb and contains 

twenty-one exons. Ten transcripts are produced but only six are protein coding, with the 

longest protein containing 1261 amino acids.
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1.12.3 A D C Y 5  Function

ADCY5 is a member of the adenylyl cyclase (AC) family, which encodes an enzyme 

which catalyses the generation of cAMP, from ATP. AC is activated through activation of 

adenylyl cyclase stimulatory G protein coupled receptors. cAMP is a second messenger 

which activates protein kinase A (PKA) that is involved in signal transduction and can 

regulate ion channels and affect gene expression by binding to DNA (de Rooij et al., 

1998). An increase in the level of cAMP increases the level of PKA. ADCY5 is one of 

nine membrane bound isoforms (AC 1-9), with one soluble form (sAC) (Buck et al., 1999, 

Paterson et al., 1995). Each isoform, although encoded by different genes still have the 

same protein structure; a large glycoprotein which has a cytoplasmic NH2 terminus 

followed by two repeats of a transmembrane domain and a cytoplasmic region (Krupinski 

et al., 1989). The transmembrane domain (Ml and M2) is comprised of six helices, which 

loop across the plasma membrane, while the cytoplasmic regions (Cl and C2) are sub­

organised further into a and b regions. The C la and C2b regions together form the head to 

tail motif and form the catalytic region (Tang and Gilman, 1995). The cytoplasmic regions 

are conserved across the isoforms while transmembrane domains are less so, suggesting 

this region is important for membrane localisation and maybe involved in regulation of AC 

activity (Seebacher et al., 2001).

ADC}5 is expressed in the kidney, heart, pancreas, brain and liver (Ludwig and Seuwen, 

2002) but there is an uneven tissue expression of the nine isoforms as AC1 is mainly 

expressed in the brain while AC2, AC3 and AC8 are not expressed in the liver and kidney 

(Defer et al., 2000). This reflects the distinct properties each isoform has and the 

downstream effects of activation are dependant on the cell type; AC within the liver 

responds to glycagon and muscle cells respond to adrenalin (Ludwig and Seuwen, 2002).
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The southern region of the Asian continent is called South Asia and contains many 

countries including India, Pakistan, Sri Lanka, Bangladesh, Korea, China and Japan 

(Ramaraj and Chellappa, 2008). Therefore the term South Asian population can be used to 

refer to individuals from each of these different countries. But all individuals, even from 

different countries from this region are known to have a different body composition 

compared to European Caucasians. They have a higher adipose tissue content and less lean 

tissue, which can affect the diagnosis of T2D and classification of obesity as they can 

develop T2D at a lower BMI category when compared to European Caucasians. They 

would be classified as overweight rather than obese. Therefore a different system of 

classification has been developed to account for this.

In a traditional diet the majority of energy density consumed comes from carbohydrates 

with a low amount from fat, due to the high amount of pulses and grains ingested with a 

variable amount of fruit, vegetables, meat, fish and diary (Abeywardena et al., 2003; Misra 

et al., 2009). Migration to Western countries results in a change in their dietary habits and 

this is of concern as within these countries there is an obseogenic environment, with vast 

quantity of processed food that is high in energy density, sugar and fat that is easily 

available. Thus there is an increase in the total energy density intake, with a decrease in the 

percentage energy from carbohydrates and an increase in energy from fat (Simmons and 

William, 1997). The changes in dietary habits are thought to contribute to the increased 

risk of developing obesity and its sequelae in an obesogenic environment along with 

genetic, epigenetic and gene-environment interactions (Misra and Khurana, 2011), 

particularly in first generation and second generation migrants (Popkin and Udry, 1998; 

Gordon-Larsen et al., 2003). In addition, the term ‘thin-fat’ phenotype is used to describe

1.13.0 South Asian Population
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the body composition of the South Asian population, as they have a higher amount of 

adipose tissue in a central location with a lower muscle mass (Banerji et al, 1999; 

Chandalia et al., 2007).
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1.14.0 Aims of the investigation

It is clear that the candidate genes HHEX-IDE, FTO, ADCY5 and LEPR have a role in birth 

weight obesity and T2D from the vast amount of research conducted to date. LEPR 

However, further investigation is needed to determine if variants in the maternal genes 

HHEX-IDE, FTO and ADCY5 are associated with birth weight in additional populations, 

apart from European Caucasians. Previous research has found a lack of association 

between variants in LEPR and birth weight therefore these will not be investigated. In 

addition, if known polymorphisms or particular haplotypes in LEPR affect the binding 

affinity of the recptor for leptin. Therefore a genetic and functional approach will be taken 

to investigate the candidate genes mentioned.

1.14.1 Functional Studies:

This is to analyse the functional implications of common coding variants in the 

extracellular region of the LEPR protein product.

a. Using site directed mutagenesis, naturally occurring haplotypes, some of which 

have been associated with obesity will be constructed, focussing on those known or 

predicted to be of interest.

b. Protein products will be expressed using the pCMV-Tag 2B expression vector.

1.14.2 Genetic Studies

a. Genotype T2D-associated alleles in the HHEX-IDE region, in maternal South 

Asian Cohort to investigate association with fetal birth weight.

b. Genotype FTO in maternal South Asian cohort and investigate association with 

respect to fetal birth weight
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c. Genotype novel (discovered by the genome scan currently being undertaken at 

Imperial) candidate genes associated with obesity and inflammation in the adult South 

Asian cohort.
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2.0 Material and Methods

2.1 Reagents 

Ampicillin

A stock solution of 50 mg/ml Ampicillin was made by dissolving 0.5 g of ampicillin 

sodium salt (Sigma-Aldrich) in 10 ml of deionised water and then it was passed through a 

sterile filter unit with a 0.2 pM pore size for sterilisation. 1 ml aliquots of this solution 

were pipetted into 1.5 ml Eppendorf tubes and stored at -20°C.

Diethylpyrocarbonate (DEPC)

A 0.1% (v/v) stock solution of DEPC (Sigma Aldrich) was made by adding lml of DEPC 

solution to 999 ml of deionised water, in a fume hood. Deactivation was carried out by 

autoclaving at 120°C for twenty minutes (Boxer Autoclave).

Dimethyl Sulfoxide (DMSO) and Fetal Bovine Serum (FBS)

lml of DMSO (Sigma-Aldrich) was added to 9 ml of FBS (Fisher Scientific), to make the 

media for freezing cells. Five of these solutions were made and stored at -20°C for future 

use. The remainder DMSO was made into 10 ml aliquots and also stored at -20°C.

0.5M Ethylenediaminetetraacetic acid (EDTA) pH 8

20 g of sodium hydroxide pellets (Fisher Scientific) were dissolved in 400 ml of deionised 

water, to which 186 g of EDTA (Fisher Scientific) was added, with the volume being made 

up to 1 F with deionised water and autoclaved for twenty minutes at 120°C.
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Luria-Bertani (LB) Agar

The components of LB agar (Sigma Aldrich) were in tablet form and four tablets were 

dissolved in deionised water to a total volume of 200 ml. The mixture was shaken and left 

for the tablets to dissolve after which time it was autoclaved for twenty minutes at 120°C. 

The final volume contains 36.56 g/L of tryptone, 18.28 g/L yeast extract, 18.28 g/L sodium 

chloride, 54.88 g/L agar and 6.4 g/L inert tableting aids.

LB Broth

Four tablets (1.1 g each; Sigma-Aldrich) were dissolved in deionised water to a total 

volume of 200 ml. The mixture was shaken by hand and left to dissolve before autoclaving 

at 120°C for twenty minutes. The final volume contains the components enzymatic digest 

casein at 40 g/L, yeast extract (low sodium) at 20 g/L, sodium chloride at 20 g/L and 8 g/L 

of inert agents.

Phosphate Buffered Saline (PBS), pH 7.4

The components of PBS (0.01 M phosphate buffer, 0.0027 M potassium chloride and 

0.137 M sodium chloride; Sigma-Aldrich) were in tablet form. Five tablets were dissolved 

by hand, in a total volume of 1 L deionised water and autoclaved for twenty minutes at 

120°C. After which time, in a fume cupboard, 50 ml aliquots were made.

Supplemented RPMI

1 he cell culture media was supplemented with three additional reagents for cell growth. 50 

ml of FBS was added to give a final concentration of 10%, 1 ml of insulin to give a final 

concentration of 0.01 mg/ml and a combination antibiotic of penicillin/streptomycin to 

give a final concentration of 10 U/10 pg/ml in the final volume of 500 ml of the medium.
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Tris-Borate-EDTA buffer (TBE)

1 L of 5X TBE was made by adding 20 ml 0.5 M EDTA (pH 8), 54 g of Tris base (Fisher 

Scientific) and 27.5 g Boric acid (Fisher Scientific) first then the volume was made up to 1 

L with deionised water.

X-Gal

A stock solution of 50 mg/ml was made by dissolving 0.1 g of X-Gal powder (Fisher 

Scientific) in 2 ml of N,N-dimethylformamide. 500 pi aliquots were made in 1.5 ml 

Eppendorf tubes and stored at -20°C. The Eppendorf tubes were wrapped in coloured tape 

so that the solution does not degrade, as it is sensitive to light.

2.2.0 Subjects

2.2.1 UK/Irish and South Asian Cohort

In total, 1811 DNA samples were included in the genetic studies, of which 896 are 

UK/Irish and 915 are of South Asian decent. The samples were collected from women who 

were recruited at Northwick Park Hospital (Northwest London Hospitals) between 1997 

and 1999 whilst they were attending an 18-week antenatal scan. Genomic DNA samples 

were extracted using a Gentra Puregene Buccal Cell kit following the manufacturer’s 

instructions (Qiagen). A questionnaire was used to ascertain details about family origin 

along with different family diseases including asthma, stroke and heart disease. 

Information regarding the child was also collected including birth weight, sex and 

gestation age.
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The South Asian population studied here were originally from North West India, from the 

state of Gujarat, and are 2nd generation migrants, who have settled in North West London, 

which has a large South Asian community.

2.3.0 Statistical Analysis

All statistical analysis was carried out using the program SPSS version 18. Golden Helix 

SVS, data analysis software was used to analyse FTO genotypes with respect to birth 

weight using linear regression.

2.3.1 Genotyping analysis, quantitative and qualitative

Case Control Analysis: Data sets were divided into phenotype groups and the genotypes 

analysed for association with phenotypes. Genotyping data was initially tested for Hardy 

Weinberg equilibrium (HWE) by comparing observed allele frequency with the expected 

allele frequency (p2 + 2pq + q2 = 1). Statistically significant distortions of this equilibrium 

in the whole data set can indicate problems with detection of specific alleles. Pearson’s c2 

analysis enables us to determine whether expected genotype frequencies differ 

significantly from observed genotype frequencies (p=<0.05). Data that conformed to HWE 

was then tested further for association of alleles with specified phenotypes, again utilising 

Pearson’s Chi“ analysis with the null hypothesis that there is no significant difference in 

allele frequencies when cases and controls are compared.

Population based studies: To analyse the South Asian population for quantitative traits 

using the general linear univariate analysis of covariance (ANCOVA) method was used. 

Data was tested for normality, using histograms and box plots; if it did not conform it was
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transformed appropriately before analysis. Traits explored were those associated with 

maternal adiposity and neonatal size. Covariates that were considered included gestational 

age, parity and sex of neonate.

2.4.0 Functional Study of LEPR

2.4.1 Cell Culture

Michigan Cancer Foundation-7 (MCF-7) cells, are a breast cancer cell line, that are known 

to express the leptin receptor (Garofalo et al., 2004), were grown in supplemented RPMI in 

25 cm Nunclon cell culture flasks (poly-D-lysine coated, vent closed cap) and placed in a 

duel gas cell culture incubator (Heraeus, Hera cell) at 37°C and 5% carbon dioxide. MCF-7 

cells are an adhesive cell line so they grow attached to the bottom of the flask.

Cells were observed under the microscope daily for growth and contamination. Once the 

cells had grown and covered most of the surface area of the flask, (75-100% confluent) 

they were then either washed with PBS and split into two to three flasks to continue to 

grow, if more cells were needed. Or they were centrifuged in a bench-top centrifuge 

(Eppendorf 581 OR) at 160 g for five minutes and stored at -70°C as a cell pellet for RNA 

extraction.

Cell numbers where checked by using a haemocytometer. Twenty microlitres of cell 

solution was added to the main chamber of the haemocytometer. Cells were counted using 

the middle chamber containing twenty-five small squares under an inverted microscope, 

viewed at a total magnification of xlOO then x400. Calculations were performed to 

estimate the number of cells within the ~7 ml total volume (1-2 ml trypsin and 5 ml of
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RPMI). This was carried out when the cells became 75-100% confluent to determine the 

numbers of flasks to use for continued growth.

2.4.2 Continued Growth

Under sterile conditions the RPMI was removed and the cells were washed with 5 ml of 

sterile PBS to remove any RPMI that may have been left behind. After the cells had been 

washed for a second time 1-2 ml of 0.25% trypsin-EDTA (Sigma-Aldrich) solution was 

added, so that a thin layer was formed over the cells and placed in the incubator for three to 

four minutes. Once the cells had been incubated they were checked under the microscope, 

at x400 total magnification. If most of the cells were in suspension then 15 ml of pre- 

warmed supplemented RPMI was added, to split into three flasks (5 ml per 25cm flask). If 

some cells remained adhered, the trypsin solution was swirled around the flask to help 

loosen the remaining cells. However caution was taken so that the incubation time was no 

more than five minutes. Once the cell suspension was aliquotted into the three flasks they 

were then placed back in the incubator and left to grow.

2.4.3 Storing of Cell Pellets at -70°C

The method is the same as in 2.5.2 however once the RPMI was added all the contents of 

the flask were removed and placed in a 15 ml Falcon tube and centrifuged using a bench 

top centrifuge at 160 g for five minutes. The supernatant was removed and discarded and 

the cell pellet re-suspended in any remaining RPMI. The cell pellet was washed two more 

times with non-supplemented RPMI, the supernatant being removed each time and then 

flash frozen in liquid nitrogen and stored at -70°C for DNA extraction at a later stage.
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2.4.4 Growing Cells from Frozen

Three 5 ml aliquots of RPMI supplemented with FBS were pre-warmed by adding it to a 

water bath (Grant) set to 37°C. MCF-7 cells contained in 2 ml cyrovials were taken out of 

liquid nitrogen storage, whilst ensuring that personal safety was maintained by wearing a 

lab coat, gloves and insulated gloves. The cells were then placed in the 37°C water bath for 

a maximum of five minutes, during which time they were checked and gently flicked. 

Once they had thawed they were subsequently added to 5 ml of pre-warmed RPMI and 

gently flicked again to ensure complete mixing, after which time they were centrifuged at 

160 g for five minutes using a bench-top centrifuge. The liquid was removed and another 5 

ml of pre-warmed RPMI was added to the cells, gently flicked then and centrifuged again. 

A further 5 ml of pre-warmed supplemented RPMI was added to the cell pellet where it 

was re-suspended a second time then under sterile conditions, the cells were transferred to 

a 25 cm3 cell culture flask and placed in the incubator.

2.4.5 Freezing cells for long-term storage in Liquid Nitrogen

The method is the same as 2.5.2 and 2.5.3 however, once the cells had been washed twice 

in RPMI, the cell pellet were re-suspended in 1ml of DMSO and FBS and transferred to a 2 

ml cyrovial. The cyrovial was flash frozen in liquid nitrogen then stored at -70°C overnight 

before being stored in an appropriate storage vessel containing liquid nitrogen.
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2.4.6 Total RNA extraction using Trizol ® Reagent

Two frozen MCF-7 cell pellets were used for the extraction of total RNA. The pellets were 

defrosted on ice before use. DEPC treated tips and Eppendorfs were also used to prevent 

RNA degradation. 750 pi of Trizol reagent (Invitrogen) was added to the cell pellet and the 

cells were then lysed by repetitive pipetting after which time the homogenised samples 

were incubated for five minutes at room temperature. 200 pi of chloroform was 

subsequently added and the Eppendorf tube was shaken vigorously by hand for fifteen 

seconds before further incubating at room temperature for ten minutes. The samples were 

then centrifuged at 12,000 g, at room temperature for thirty minutes, instead of the 

recommended fifteen minutes at 4°C, due to lack of equipment. After centrifugation the 

upper aqueous layer was removed, into a clean tube as this contained the total RNA. DNA 

and protein were within the lower red, phenol-chloroform phase. 500 pi of isopropyl 

alcohol was added to the aqueous phase to precipitate the RNA. Samples were incubated 

for ten minutes at room temperature and then centrifuged for thirty minutes at 12,000 g at 

room temperature. The supernatant was removed and the RNA washed once with 1ml of 

75% ethanol. The DNA was then left to air dry for five to ten minutes before dissolving the 

RNA in 30 pi of DEPC treated water and storing at -70°C, if the cDNA step was not 

performed.

2.4.7 Poly A- mRNA Extraction - DynaBead Method

PolyA mRNA was extracted from total RNA using magnetic 01igo(dT)25 Dynabeads® 

that binds to the polyA* mRNA. 50 pi of lysis buffer containing 2.5 x 10' MCF-7 cells was 

used to extract between 3-250 ng of mRNA for six separate reactions.
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2.4.7.1 Preparation of the Dynabeads

The Dynabeads® were prepared by resuspending them within the Storage buffer and 

washing them in 30 pi of Lysis/Binding buffer using the magnetic particle concentrator 

(MPC). After the Dynabeads had been resuspended 30 pi was removed and placed in six 

separately labelled RNase-free Eppendorf tubes for each cDNA reaction to be performed 

later. They were then placed on the Dynal MPC. When the suspension was clear the 

supernatant was removed, the tubes were then also removed from the MPC and placed on 

ice. 30 pi of Lysis/Binding buffer (supplied as 100 mM Tris-HCl (pH 7.5), 500 mM LiCl, 

10 mM EDTA (pH 8), 1% LiDS and 5 mM dithiothreitol (DTT)) was added to the beads 

and the tubes were replaced on the MPC and the clear supernatant removed again. The 

beads were resuspended in the Lysis/Binding buffer to 30 pi and left on ice.

2.4.7.2 Preparation of the Lysate

This method was carried out using frozen cell pellets. The cell pellet was removed from - 

70°C and 1 ml of Lysis/Binding buffer was added as soon as it defrosted. Lysis of the cell 

pellet was carried out by pipetting several times. 50 pi of the lysate was added to the 

Eppendorf tubes containing the Dynabeads. The remainder of the lysate was placed back at 

-70°C for later use.

2.4.73 mRNA Isolation

All the reagents supplied with the Dynabead kit were brought up to room temperature, 

from storage at 4°C, except 10 mM Tris-HCl, which was left on ice, whilst preparing the 

Dynabeads. After 50 pi of the lysate was added to the six separate Eppendorf tubes
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containing the Dynabeads, they were mixed by pipetting and placed on a sample mixer for 

five minutes at room temperature to enable the beads to anneal to the mRNA. After the 

time had elapsed the sample tubes were placed on the MPC and the supernatant was 

discarded. The tubes were removed from the MPC to resuspend the Dynabead-mRNA 

complex in 100 pi of Washing Buffer A (supplied as 10 mM Tris-HCl (pH 7.5), 0.15 M 

LiCl, 1 mM EDTA and 0.1% LiDS) and mixed by gently flicking the tubes. The sample 

tubes were again placed on the MPC to remove the supernatant. Washing the mRNA was 

carried out once more with the Wash Buffer A, then the complex was resuspended in 100 

pi of Washing Buffer B (supplied as 10 mM Tris-HCl (pH 7.5), 0.15 M LiCl and 1 mM 

EDTA) and transferred to new, labelled tubes. The new tubes were placed on the MPC and 

the clear supernatant discarded. 100 pi of Wash Buffer B was again added to the tubes and 

mixed then placed back on the MPC and the clear supernatant discarded the supernatant. 

100 pi of ice cold 10 mM Tris-HCl (supplied as 10 mM Tris-HCl, pH 7.5) was added to 

each of the tubes that had been removed from the MPC. Prior to the addition of the RT- 

PCR reagents the Eppendorfs were placed back on to the MPC to allow the removal of the 

supernatant. Eppendorf tubes were then placed in a water bath at 42°C for sixty minutes. 

The reaction was terminated by placing the tubes at 70°C for ten minutes then stored at -  

20°C.

2.4.8 Reverse Transcription Method using mRNA

Before the mRNA isolation method was performed the reverse transcription mix was 

prepared (Table 2.5.1) to a total volume of 50 pi and kept on ice. The reverse transcription 

method is a two-step PCR and was prepared according to the manufacturer’s instructions 

(Fermentas). Six RT-PCRs were carried out in separate RNase free Eppendorf tubes 

consisting of LEPR forward primer, LEPR reverse primer, Glucose-6-phosphate
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dehydrogenase (G6PD) forward primer, G6PD reverse primer, Random Hexamer primers 

and a water blank reaction containing G6PD forward primer.

Table 2.4.1: Checklist for the RT-PCR

R E A G E N T

V O L U M E  FOR ONE REA C TIO N  
(PL)

dNTPs 1.60
DEPC water

34.00
Primers (100 pm/1)

2.00
5XBuffer 8.00
RiboBlock

1.00
RT Enzyme

1.50

Primer sequences can be found in Table 2.4.2. Primers were supplied at 100 pM/pl and 

were diluted 1:2 for a final concentration of 15-20 pmoles in 50 pi (Eurogentec). RiboLock 

RNase inhibitor (Fermentas) was used in the reaction, which prevents the degradation ot 

mRNA by any RNases.

Table 2.4.2: Primer Sequences for LEPR and G6PD and the expected product sizes.

PR IM ER
n a m e P R IM E R  SE Q U E N C E

RT-PCR  
RNA BAND  
SIZE

LEPRF 5' - GGATCCAACTTGTCATATCCAATTACTCCTTG - 3'
2457bpl e p r r 5' - ACCTGCATCACTCTGGTGTTT - 3'

G6PDF 5' - CCAGATAGGCTGGAACCGCATCAT - 3'
205bpG6PDR 5' - TGAGGATAACGCAGGCGATGTTGT - 3'
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Extracellular Transmembrane Intracellular

-------------------------------------------------------------

CRH1 lg-like CRH2 FNIII FNIII

—:— M4—H M  M Box 1 Box 2 Box 3

Lys109Arg Gln223Arg

Figure 2.4.1: Graphic representation of the long isoform of the leptin receptor, showing 
the three domains (extracellular, transmembrane and intracellular) along with the five 
domains within the extracellular region and the three SNPs of interest. Also depicted is the 
location of the LEPR forward and reverse primers and the nested primers.
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2.4.9 Reverse Transcription Method using MCF-7 total RNA

The RT-PCR method was performed as a two-step reaction and the first strand cDNA 

synthesis step was carried out using Moloney Murine Leukaemia Virus Reverse 

Transcriptase (M-MuLV RT) according to the manufacturer's instructions (Fermentas). 

Total RNA extracted from MCF-7 cells using Trizol ® was used. All reagents were 

defrosted on ice and remained there whilst the reaction mixture was prepared. Two 

reactions were carried out using the MCF-7 RNA and a third was set up as a negative 

control. DEPC treated tips and Eppendorf tubes were used. 27.8 pi of DEPC treated water 

and 5 pi of RNA was added to the bottom of the Eppendorf tubes, followed by 8pl of 

reaction buffer, 1.2 pi of RiboLock RNase inhibitor, 4 pi of dNTPs, 3.5 pi of reverse 

primer to the side of the tube before pulse spin centrifugation at 12,000 rpm in a micro­

centrifuge (Eppendorf 5415C). 0.5 pi of reverse transcriptase enzyme was added to the 

mixture before centrifuging the tubes for a second time, after which time they were placed 

in a water bath at 45°C for one hour. The reaction was subsequently stopped, by placing 

the tubes on ice for ten minutes.

2.4.10 Reverse Transcription Method using Placental poly A+ RNA

The RT-PCR method was performed as a two-step reaction and the first strand cDNA 

synthesis step was prepared using Superscript® according to the manufacturer's 

instructions (Invitrogen). Human placental poly A+ RNA was used as the starting material, 

which contains mRNA from three different sources (Agilent Technologies). All reagents 

were defrosted on ice where they remained while the reaction was carried out. Initially 1 pi 

ot reverse primer, 1 pi lOmM dNTPs, 1 pi of mRNA and 11 pi DEPC treated water were
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pipetted into a DNase and RNase free Eppendorf tube and heated to 65°C for five minutes 

and it was then incubated on ice for one minute. Contents were centrifuged briefly, after 

which 4 pi 5X First Strand buffer (supplied with the enzyme), 1 pi 0.1 M DTT (supplied 

with the RT enzyme), 1 pi RiboLock RNase inhibitor and 1 pi of Superscript III RT were 

added. Contents were mixed by pipetting then incubated at 55°C for sixty minutes, which 

is the maximum reaction temperature and time suggested due to the final length of the 

cDNA and with using a gene specific primer. The final step in the reaction was to 

inactivate the enzyme by heating the contents to 70°C for fifteen minutes. First strand 

cDNA synthesis was also carried out using the reverse primer from the Glucose-6- 

phosphate dehydrogenase (G6PD) gene, as this is constitutively expressed in all tissues.

2.4.11 Amplification of LEPR using PCR

The extracellular region of the FEPR was PCR-amplified using previously made cDNA. 

Standard PCR conditions were used for the three different Taq DNA Polymerases that 

were used as provided by their respective supplier (Table 2.4.3).
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Table 2.4.3: Standard PCR conditions for three different Taq polymerases. New England 
Biolabs (NEB), Applied Biosystems and KAPA Biosystems. Deionised water was used to 
make the total PCR volume up to 25pl.

PCR Reagent Supplier

NEB Applied
Biosystems

KAPA
Biosystems

PCR Buffer 2.5 pl(10X 
stock)

2.5 pi (10X 
stock)

5 pi (5X stock)

Magnesium 
Chloride (25 mM)

2.5 gl 2.5 pi 2.0 pi

Forward Primer 
(lOmM)

0.5 pi 0.5 pi 0.75 pi

Reverse Primer ( 10 
mM)

0.5 pi 0.5 pi 0.75 pi

dNTPs(lOmM) 0.5 pi 0.5 pi 0.5 pi

Taq Polymerase 0.125 pi 0.25 pi 0.1 pi

DNA 50 ng 50 ng 50 ng

Total PCR volume 25 pi 25 pi 25 pi

Standard PCR conditions were also used for each polymerase and were as follows:

Initial dénaturation: 95°C for 30 seconds

Then 30 cycles of

D é n a t u r a t i o n :  30 s e c o n d s  a t  95°C

A n n e a l i n g :  30 s e c o n d s  a t  56°C

E x t e n s i o n :  30 s e c o n d s  a t  72°C

T h e n  a  f i n a l  s i n g l e  s t e p :

Final extension: 72°C for 5 minutes
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With the exception that the final extension was held at 72°C for ten minutes for AmpliTaq 

Gold polymerase (Applied Biosystems), while for KAPA Taq polymerase (KAPA 

Biosystems) the conditions varied in length at each step. The initial dénaturation lasted for 

two minutes, dénaturation and annealing steps were held for fifteen seconds at the same 

respective temperatures as above and the extension step was held for forty-five seconds. 

The final extension lasted for one and a half minutes.

2.4.11.1 Magnesium Titration

The magnesium titration was performed to give final concentrations of ImM to 4mM at 

0.5 mM increments. The following formulae were used to calculate the volume of stock 

magnesium chloride to be used in each of the reactions for the standard PCR conditions 

provided by each supplier. To maintain the total PCR volume at 25 pi the volume of water 

added was reduced. The example given is for 1 mM.

Final Concentration (mM) = Dilution Factor x Stock Solution

Volume of MgCl2 to be added (pi) = Total PCR volume (pi) x Dilution factor

D i l u t i o n  f a c t o r  =  f i n a l  c o n c e n t r a t i o n  /  s t o c k  s o l u t i o n  

= 1 mM/25 mM 

= 0.04

V o l u m e  o f  MgCl2 t o  b e  a d d e d  =  t o t a l  PCR v o l u m e  x d i l u t i o n  f a c t o r
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= 25 pi x 0.02

= 1 pi

Table 2.4.4: Volumes of 25 mM stock Magnesium Chloride concentration. These were 
used to give final concentrations between 1 mM and 4 mM in 0.5 increments in the PCR.

Final Concentration Volume in 25 pi
1.0 mM 1.0 pi

1.5 mM 1.5 pi

2.0 mM 2.0 pi

2.5 mM 2.5 pi

3.0 mM 3.0 pi

3.5 mM 3.5 pi

4.0 mM 4.0 pi

The distilled water and MgCh were added to the appropriately labelled tubes then the 

remaining reagents, bar the cDNA, were combined into a master mix, by multiplying the 

volume for one reaction by the total number of reactions needed. The master mix was 

subsequently added to all the tubes followed by the cDNA. A 1:10 dilution of all the 

primers was used. Primer sequences can be found in Table 2.4.2. All the reagents were 

kept on ice whilst they defrosted and throughout the reaction set up. The reagents were 

gently flicked so that they are all mixed then placed on the thermal cycler (G-Storm, GS4).
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2.4.12 Agarose Gel Electrophoresis

Once the PCR had been completed, the products were subjected to electrophoresis on an 

agarose gel. For a 1% (w/v) mini gel the following method was used.

600 ml of 1X TBE was made in total from a 5X stock solution. One gram of agarose was 

then added to 100 ml of IX TBE buffer in a conical flask (250 ml). The mixture was 

heated at thirty-second intervals in a microwave until all the agarose had dissolved and the 

mixture was clear and colourless. Distilled water was added to the mixture if the total 

volume was lower than the 100 ml marked on the flask. The flask was cooled under the 

cold tap until it was hand hot at which time 3 pi of ethidium bromide (10 mg/ml) was 

added and mixed in to the molten agarose solution. The gel apparatus was set up, including 

combs within the appropriate slots, and the agarose solution poured into it and left to set 

for around thirty minutes. Fifteen microlitres of ethidium bromide was added to the rest of 

the 1 X TBE buffer and added to the gel tank, up to the maximum level, once the gel had 

set.

In some cases a 1.2% (w/v) or a 2% (w/v) mini gel was used in which 1.2 g and 2 g was 

added to 100 ml of IX TBE respectively. Where a 1% (w/v) midi gel was used, for that 2 g 

of agarose was added to 200 ml of IX TBE. 600 ml was used for the gel tank.

Eight microlitres of the PCR product was loaded with 2 pi of 5X loading dye (Bioline) and 

loaded into each well, using GeneRuler (Fermentas), Hyperladder I (Bioline) or Easy 

Ladder II (Bioline) as the DNA marker (Appendix I).
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The gel was electrophoresed at 100 volts for thirty minutes or until the dye had moved half 

the distance between the well and the bottom of the gel. The DNA bands were then 

visualised and was photographed using a High Performance UV Transilluminator and 

camera (GelDoc-it Imagining System, UVP).

2.4.13 Gel Extraction of LEPR PCR Product

As the optimisation PCR of LEPR was non-specific, the band correlating to the 

extracellular region of the LEPR, which was 2457 bp in size, was extracted from an 

agarose gel using a gel extraction kit after another set of PCRs was performed, to increase 

the yield. The kit uses spin columns which binds the DNA until the final step in which it is 

eluted during the addition of nuclease free water and centrifuged. The agarose gel was 

made as described earlier however three combs were taped together to create bigger wells 

so that a larger volume of the PCR product could be electrophoresed in one well. After the 

gel had been electrophoresed for thirty minutes the gel was placed on a portable UV 

transilluminator to excise the bands, taking care to remove as much extraneous agarose as 

possible and ensuring that correct personal protective equipment was used, in this case a 

lab coat, disposable gloves and a UV-blocking face shield. Once the bands had been 

excised they were placed in a 1.5 ml Eppendorf tube and weighed. An empty Eppendorf 

tube was also weighed. The difference in weight was calculated after which three volumes 

of Buffer QG was added. The tubes were then placed in a water bath at 55°C for ten 

minutes, or until the gel had dissolved, inverting two to three times to ensure full mixing. 

The colour of the mixture was checked so that it did not differ from the original colour of 

the buffer, which indicates problems with the TBE buffer. If a change from yellow to 

orange or violet was observed, then 10 pi of 3 M sodium acetate, pH 5 was added and
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mixed. Once the gel had been dissolved, one volume of isopropanol was added to the 

solution, mixed and subsequently added to the spin column, and centrifuged for one minute 

at 12,000 rpm. The spin column has a maximum volume of 800 pi therefore any remainder 

of the gel mixture was added to the spin column, after the initial spin and the flow through 

discarded. Once all the gel mixture had been added to the spin column, 750 pi of the wash 

buffer PE (after the addition of 100% ethanol) was added and centrifuged for one minute at

12,000 rpm. It was recommended to incubate for two to five minutes for subsequent salt 

sensitive reactions. The flow through was discarded and the column was spun, empty, for 

an additional one minute to remove any buffer that remained. After this the spin column 

was placed in a 1.5 ml Eppendorf tube and 30 pi of EB buffer was added directly to the 

column. These were left for one minute to increase the final concentration of the DNA, 

before being centrifuged for one minute and the eluted DNA collected in the Eppendorf 

tube.

The LEPR PCR amplicon was also extracted from an agarose gel from smaller wells, in 

which only 25 pi was added. This meant that for each LEPR PCR (25 pi total), all of the 

product was loaded into one well. The weights of each of the gel extracts were measured.

2.4.14 Ligation of LEPR into pGEM T Vector

Before the ligation reaction was conducted the purified LEPR products were quantified to 

calculate the volume to be used for a 1:4 ratio with the vector. This was calculated using 

the following equation:
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ng of vector X kb size of insert X 4

kb size of vector 1

50 X 2.4 X 4 = 160 ng
3.0 1

The reagents were left to defrost on ice after, which time the pGEM T vector and control 

insert DNA were briefly centrifuged. Three ligation reactions were set up in separate 0.5 

ml Eppendorf tubes, one at a time using the reagents and volumes in Table 2.4.5 and mixed 

by pipetting. The ligation buffer was shaken before use each time. The tubes were wrapped 

in cling film and left overnight at room temperature for the maximum number of 

transformants. The ligations were set up as duplicates so that one set could be 

electrophoresed to check that it had been successful.

Table 2.4.5: Reagents and volumes used in the ligation of the LEPR insert into the 
pGEMT vector.

Reagent
LEPR  Insert 

(P1) Positive Control (pi)
Negative Control  
(pi)

2X Buffer 5 5 5
pGEMT 1 1 1
PCR Product 3 0 0
Control insert 0 2 0
T4 Ligase 1 1 1

dH20 o 1 3
Total 10 10 10

2.4.15 Transformation of pGEM T Vector using E. coli

After the ligation reaction had been completed overnight the tubes were spun briefly and 

placed on ice. 4 pi of each ligation was added to three labelled 15 ml Falcon tubes. A 

lourth tube was set up using 0.1 ng of uncut plasmid (supplied with the JM109 competent 

E. coli cells) to calculate transformation efficiency of the competent cells. 200 pi of JM109
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competent E. coli cells were taken out of -70°C to defrost on ice. After which time 50 pi, of 

these cells, was added to each of the falcon tubes, gently flicked and placed on ice for 

twenty minutes. The pipette tips used to transfer the cells were cut to avoid shearing the 

competent cells. Once the incubation was complete, the tubes were then placed at 42°C for 

fifty seconds, then placed on ice for a further two minutes. 950pl of the transformants was 

added to each of the four falcon tubes and placed in a shaking incubator at 37°C for 1.5 

hours at 320 rpm. After which time, 100 pi were placed on duplicate LB agar plates 

supplemented with ampicillin, X-Gal and IPTG and left to grow overnight at 37°C (see 

section 2.4.20). However, for the transformants containing pGEM-T and LEPR all of the 

lml was spread onto three plates for the maximum number of white colonies.

2.4.16 Extraction and Purification of pGEM-T Plasmid

Successful colonies were picked and inoculated in 10 ml of LB broth for growth overnight. 

Glycerol stocks were made from each bacterial culture and stored at -20°C; 500 pi of 

culture to 500 pi of 70% sterile glycerol.

To identify successful transformants i.e. those that had the LEPR insert in the correct 

orientation, mini preparations were initially carried out from the overnight cultures, 

followed by restriction digests. Those that produced 2.5 kb and 3 kb bands on an agarose 

gel were then selected for a maxi preparation to increase the yield and concentration of the 

plasmid for the restriction digestion and the subsequent ligation of the LEPR insert into the 

pCMV Tag 2B expression vector.
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2.4.16.1 Mini Preparation of Overnight Culture

A GeneJET mini preparation kit (Fermentas) was used to extract and purify plasmid DNA. 

5 ml of bacterial culture were added to a 15 ml Falcon tube and centrifuged at 4000 rpm 

for five minutes. Supernatant was then removed and the pellet was resuspended using 250 

pi of resuspension solution. RNase A (supplied with the kit) was added to the solution 

prior to first use. The solution was then transferred to a 1.5 ml Eppendorf tube to which 

250 pi of lysis buffer was added and mixed by inverting six times. This was followed by 

350 pi of neutralising solution. Once the contents had been mixed, by inverting the tube six 

times it was then centrifuged for five minutes at 12000 rpm, using a microcentrifuge. The 

supernatant was removed without disturbing the pellet and transferred to a spin column 

provided with the kit, where it was centrifuged again for one minute at 12000 rpm. The 

flow through was discarded and 500 pi of wash buffer was added. 170 ml of 100% ethanol 

was added to the wash buffer prior to first use. Tubes were centrifuged for a fourth time 

and the flow through discarded. Columns were washed with another 500 pi of wash buffer 

and centrifuged for one minute at 12000 rpm. Flow through was discarded and the spin 

columns were centrifuged empty to remove any residual wash buffer. Fifty microlitres of 

elution buffer was then added to the centre of the spin column, left to incubate at room 

temperature for two minutes then centrifuged for a final time at 12000 rpm to collect the 

elute which contains the plasmid DNA. Once the plasmid DNA had been collected 5 pi 

was mixed with 2 pi of 5X loading dye, which was loaded onto a 1.0% (w/v) agarose midi 

gel and electrophoresed to check that the mini prep had been successful.
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2.4.16.2 Maxi Preparation of Overnight Cultures

Extraction and purification of the plasmid was carried out using a PureLink™ HiPure 

plasmid filter purification kit (Invitrogen) which uses a filter column containing an anion- 

exchange resin, to allow the negatively charged phosphate backbone of the DNA to bind to 

the positively charged resin of the column and the impurities to be washed away. DNA is 

eluted in the high salt elution buffer and desalted by ethanol precipitation for use in 

subsequent ligation/restriction digest reactions.

Conical flasks were fitted underneath the filter columns, to collect the flow through and 

were prepared before use by adding 30 ml of equilibrium buffer and left to drain by gravity 

flow. During which time the 100 ml of overnight culture, which was grown overnight at 

37°C in two 50 ml Falcon tubes, was centrifuged at 4000 g to pellet the cells, in a bench 

top centrifuge. All medium was removed taking care not to dislodge the pellet. 10 ml of 

Resuspension Buffer, into which RNase A had previously been added, was added to each 

one of the pellets until homogeneous, after which time it was transferred to the second 

pellet for resuspension. 10 ml of Lysis Buffer was subsequently added and mixed by 

inverting five times and incubated at room temperature for five minutes. 10 ml of 

Precipitation Buffer was added and mixed immediately by inverting and centrifuged at

15,000 g for ten minutes at room temperature. The supernatant was carefully removed and 

loaded into the equilibrated column and left to drain by gravity flow. 60 ml of Wash Buffer 

was added to the column and again left to drain by gravity flow. Once the Wash Buffer had 

completely drained the conical flask was removed and a sterile 50 ml Falcon tube was 

placed underneath. 15 ml of Elution Buffer was added to the column and allowed to drain 

by gravity flow to elute the DNA. 10.5 ml of isopropanol alcohol was added to the eluted
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DNA and mixed well to precipitate the DNA before centrifugation at 15,000 g for thirty 

minutes at 4°C. The supernatant was discarded and 5 ml of 70% ethanol was added to the 

pellet, followed by centrifugation at 15,000 g for five minutes at 4°C. The pellet was then 

allowed to air dry for ten minutes after which time the plasmid DNA was resuspended in 

500 pi of TE buffer and stored at -20°C.

2.4.17 Restriction Digest of Plasmid Mini/Maxi Preparations

After the plasmid DNA was extracted by mini prep or maxi prep methods they were then 

subjected to a double restriction digest to determine which of the plasmids contain the 

LEPR insert in the correct orientation. As there are two restriction enzymes, the buffer 

supplied with the BamHI enzyme was used but as this does not provide optimum 

conditions for Sail, the volume of this enzyme was doubled. The restriction digest was set 

up in 0.5 ml Eppendorf tubes by adding 5 pi of enzyme buffer, 1 pi of BamHI enzyme (10 

Weiss units/pl), 2 pi of Sail enzyme (10 Weiss units/pl), 2 pi of plasmid DNA with the 

remaining total being taken up to 50 pi with deionised water. The tubes were then wrapped 

in cling film and placed at 37°C overnight.

Once the products had been digested overnight, 10 pi was mixed with 3 pi 5X loading dye 

and subsequently subjected to electrophoresis on a 1% (w/v) agarose midi gel. To 

determine whether the plasmid had been digested successfully and contained the LEPR 

insert in the correct orientation, 7 pi of each undigested mini or maxi prep, mixed with 2 pi 

was loaded alongside each of the corresponding double digests.
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Plasmids that had been successfully digested and produced bands of 3 kb and 2.5 kb were 

thought to contain the LEPR insert in the correct orientation. Those that did were used for 

ligation into the expression vector pCMV Tag 2B.

As the digested product of the mini prep contains two bands, 3 kb and 2.5 kb, the 2.5 kb 

band had to extracted from the gel using the method previously described (2.4.8). 

Therefore more double digests of the mini preparation had to be set up to produce a large 

enough quantity to load into the large wells within the agarose gel, to be used in the 

ligation into pCMV Tag 2B Expression Vector.

2.4.18 Ligation of the LEPR insert into Expression vector, pCMV Tag 2B

The digested LEPR that was extracted from the gel was used to ligate into the expression 

vector. Five ligation reactions were set up, three as controls and two experimental. The 

ideal insert to vector molar ratio of DNA was calculated using the following calculation to 

get a 1:1 ratio:

X pg of insert = (base pairs of insert) (0.1 ug of pCMV Tag 2B)

4.3 kb of pCMV Tag 2B

2500 x 0.1 = 58.12 pg

4.3
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Before the ligations were set up the pCMV Tag 2B vector was digested using the 

restriction enzymes Sail and BamHI, to enable the ligation to occur. Ligations were set up 

as in Table 2.5.7, in duplicate so that one set could be electrophoresed, to check that the 

ligation had been successful. Three controls were carried out to determine the effectiveness 

of the double restriction digest of the vector (control one), to determine whether any uncut 

plasmid remained (control two) and to verify if any of the original plasmid remained 

(control three). Two experimental ligations were performed to determine the best insert to 

vector ratio.

Table 2.4.6: Ligation reaction of the PCR product and pCMV Tag 2B expression vector.

Ligation
Components

Control Reactions Experimental Reactions

1 12
3 4 5

pCMVTag 2B 
0*1)

1 > - 1 1

PCR insert (pi) - - 2 2 4

10X Buffer (pi) 1 1 1 1 1

T4 Ligase (pi) 1 - 1 1
'

dH20  (pi) 7 8 6
5 3

Total Volume 10 10 10 10 10

2.4.19 Transformation of pCMV Tag 2B expression vector using E.coli cells

After the ligation reaction had been completed overnight the tubes were spun briefly and 

placed on ice. 2 pi of p-mercaptoethanol was added to five separately labelled 15 ml 

Falcon tubes, which already contained 50 pi of competent E. coli cells and incubated on 

ice for ten minutes. After which time 2 pi of the control reactions and 4 pi of the
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experimental reactions were added to the five 15 ml Falcon tubes. These were then left to 

incubate for a further thirty minutes on ice before being added to a water bath set to 42°C 

for thirty seconds before incubating on ice for an additional two minutes. 950 pi of NY 

broth was added to each of the five Flacon tubes, which prior to use had been preheated to 

42°C. The tubes were then incubated at 37°C in a shaking incubator at 320 rpm, for one 

hour. After which time, 100 pi were plated on duplicate LB agar plates supplemented with 

kanamycin and left to grow overnight at 37°C. However for the experimental transformants 

all of the 1 ml was spread onto four plates for the maximum number of colonies.

2.4.20 LB Agar supplemented with Ampicillin, X-Gal and IPTG

200 ml of LB agar was prepared as previously described. After it was autoclaved and had 

cooled so that it was hand hot, ampicillin, X-Gal and IPTG (Fermentas) were added to give 

a final concentration of 50 pg/ml for the ampicillin and 100 pg/mleach for X-Gal and 

IPTG. 10 ml of this mixture was subsequently poured into twenty 90 mm petri dishes and 

left to set before storing at 4°C until needed.

2.4.21 LB agar supplemented with Kanamycin

200 ml of LB agar was made and after autoclaving left to cool to hand hot after which time 

1 ml of 10 mg/ml stock solution of kanamycin was added and mixed well before pouring 

10 ml into twenty 90 mm petri dishes and left to set before being stored at 4°C until 

needed.
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2.4.22 Quantification of DNA and RNA samples

The concentration of DNA samples was determined by using an UV spectrophotometer 

(Cecil) initially by using a 1 in 1000 dilution of the DNA sample. If this failed to produce a 

positive reading the dilution was changed to a 1 in 500. Prior to use the spectrophotometer 

was set to 260 nm and a water blank was used as the negative control (blank). The 

concentration of DNA samples was calculated by using the equation below. An OD 

reading of 1 at 260 nm equals 50 pg/ml.

DNA concentration (pg/ml) = 50 pg/ml x OD260 X dilution factor

For the determination of RNA samples the same method was used except the 

spectrophotometer was set to 260 nm and the following calculation was used. An OD 

reading of 1 at 260 nm equals 40 pg/ml.

RNA concentration (pg/ml) = 40 pg/ml x OD260 x dilution factor.
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2.5.0 Genotyping of HHEX-IDE  Gene locus in the South Asian Population

2.5.1 Sequenom iPLEX Assay Design

The Sequenom iPLEX assay was used to genotype thirty-seven selected SNPs surrounding 

the HHEX-IDE gene locus in the South Asian (SA) cohort. In brief the SNPs of interest 

were selected using the National Centre for Biotechnology Information (NCBI) website 

and the HapMap database. The MassARRAY assay design software was then used to 

design a set of three primers for each SNP in a multiplex assay.

2.5.2 Quantification of DNA

To determine DNA concentration, twenty samples were selected at random from the SA 

cohort (see section 2.4.20).

Once the concentration of the DNA was calculated this was then extrapolated to the rest of 

the South Asian samples. As there was a wide range of concentrations from the samples 

tested a 1/100 dilution was done for all the samples so that the final working concentration 

would be close to 2.5 ng/pl, in a total volume of 20 pi, which is within the concentration 

range of the iPLEX assay. This would be sufficient for ten iPLEX reactions. All the South 

Asian DNA samples were placed in numerical order in eight 96-well plates and stored at -  

20°C.
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2.5.3 MassARRAY Software

This software was used in designing the primers for the thirty-seven SNPs so that a 

maximum number of reactions can be carried out in one assay without any of the primers 

or products interfering with one another or a reduction in performance in any of the SNPs 

when the Matrix-Assisted Laser Desoprtion/Ionisation Time-Of-Flight (MALDI-TOF) 

stage is performed. Three sets of primers are designed; forward and reverse primers are 

designed for the multiplex PCR amplification with a third primer (extension primer) for the 

iPLEX extension reaction. The extension primer hybridises adjacent to the SNP, which is 

then extended by a single terminal base. The product produced varies in mass depending 

on the base added and are easily differentiated using MALDI-TOF mass spectrometry.

The Ensembl database was used to acquire the sequence surrounding each SNP for 

uploading into the MassARRAY software. The SNP itself was placed in square brackets 

with a forward slash separating the two alleles. The SNP information was copied and 

pasted into the SNP Group and the Assay Group name was changed, for the input file for 

the Assay design. There were four different aspects of the software to consider. Firstly the 

assay design was set up to be single base extension (SBE) Mass Extend. The presets tab 

was selected and the settings were changed to high multiplexing (thirty-six) with regard to 

the SBE presets (iPLEX). Once that was changed the maximum multiplex level was set to 

forty. SNP capture details were set to an amplicon length of between 80 bp and 160 bp, 

with the optimum being 100 bp. The extend primer design was set so that the length of the 

extended primer was between 15 bp and 30 bp and the MS multiplexing remained 

unchanged. The lower limit mass of the extension primer was left at 4500 Da and the upper 

limit was left at 8500 Da. The minimum distance between the expected mass peak of two
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assay analytes was kept at fifty. The minimum distance between two MassEXTEND 

primers was kept at ten. Once the program was completed the final results were displayed 

indicating how many assays the SNPs could be incorporated into, the full report saved as 

an excel file, including information regarding the assays and the primers. Primers were 

labelled as the SNP ID, with either forward (F), reverse (R) or extension (E) used as an 

extra identifier. The F and R primers were ordered at a different concentration to the 

extension primers, 25 nmoles and 200 nmoles respectively.

2.5.4 Sequenom iPLEX Reaction

The primers were centrifuged then rehydrated using deionised water. The forward and 

reverse primers were made up to a final concentration of 100 pmoles/pl and the extension 

primers were made up to a final concentration of 500 pmoles/pl and stored at -20°C. 

Primers were labelled with the last four digits of their SNP ID along with either F, R or E. 

Primer sequences are given in Appendix II.

2.5.5 Initial PCR

Two microlitres of the South Asian DNA samples were transferred from the eight 96 well 

plates into two 384 well plates, with water placed randomly as blanks. Details of the 

sample positions were manually recorded. This was carried out twice as two assays were 

performed on each plate. The plates were labelled accordingly; Assay one plate one, Assay 

one plate two, Assay two plate one and Assay two, plate two. Each assay was carried out 

separately to reduce possible contamination and error.
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Table 2.5.1: Checklist for the initial PCR

R eagent
V olum e for one reaction in 384  
plate (pi)

V olum e for 500 reactions in 384  
plate (pi)

dH20 0.850 425.0
PCR buffer 0.625 312.5
MgCl, (25 mM) 0.325 162.5
dNTPs (25 mM) 0.100 50.00
Primer Mix (500 nM) 1.000 500.0
HotStart Taq (5 U/pl) 0.100 50.00
Total (pi) 3.000 1500

The PCR mix was made for a total of 500 reactions to provide sufficient quantities for the 

whole plate (Table 2.5.1). The primer mix was made first, adding 2.5 pi of the forward 

and reverse stock primers (100 pmoles/pl) with the rest of the final 500 pi total being 

made up with dTEO. The rest of the reagents were added into the 2 ml Eppendorf tube 

with the HotStart Taq being added last. The 3 pi of PCR mix was dispensed into each 

well, using a 16-channel pipette. The plates were then centrifuged so that all the reagents 

were mixed well together and placed on a Peltier thermal cycler (PTC-225) (Table 2.5.2).

Once the initial PCR was completed the Sequenom iPLEX extension reaction was 

performed and the resulting mixture of products were ran on the Sequenom MassARRAY 

system. The different stages of the Sequenom iPLEX extension reactions were all 

performed either by myself, Ms Marlene Attard or Dr Petros Takousis at some stage 

during the project. The final stage of the reaction were performed by, either Ms Marlene 

Attard or Dr Petros Takousis.
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Table 2.5.2: PCR cycle conditions for the initial reaction

PCR Step T em perature Tim e
N um ber o f
cycles

Initial denature 95°C 15 minutes
Dénaturation 95°C 20 seconds

X 4

Annealing 65°C 30 seconds
Extension 72°C 1 minute
Dénaturation 95°C 20 seconds

X 4

Annealing 58°C 30 seconds
Extension 72°C 1 minute
Dénaturation 95°C 20 seconds

X 38

Annealing 53°C 30 seconds
Extension 72°C 1 minute
Final extension 72°C 3 minutes

2.5.6 SAP Clean Up Method

Once the initial PCR was completed the products were then treated with shrimp alkaline 

phosphatase (SAP), which is a cleanup step to degrade any remaining dNTPs and primers 

to prevent them from being carried over into subsequent reaction. The reagents were added 

to a 1.5 ml Eppendorf tube in the order given in Table 2.5.3. The tube was vortexed, 

centrifuged and allowed to reach room temperature to ensure that the enzyme mixes with 

the other reagents before adding 2 pi to each well using a 16-channel pipette. Once the 

enzyme mix had been added the plate was sealed with an adhesive lid, centrifuged then 

placed on to the thermal cycler for incubation under the following conditions: 37°C for 

twenty minutes, 80°C for five minutes and 4°C for five minutes. The temperature was 

increased to 80°C to deactivate the SAP enzyme. Once the clean up step was completed the 

extension was carried out.
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Table 2.5.3: SAP Clean up method

R eagent V olum e for 1 reaction  
(pl)

V olum e for 384  
reactions (pi)

Water (HPLC 
Grade)

1.53 810.9

SAP Buffer 0.17 90.1
SAP Enzyme 0.30 159.0
Total (pi) 2.00 1060.0

2.5.7 Sequenom Single Base Extension (SBE) Reaction

The volume of each extension primer used in the reaction varied depending on the mass. 

Primers with a high mass were added at a higher concentration in the primer mix as they 

are harder to ionise compared to the lower mass primers. This was determined by using the 

Regression method for dilution of extension primers as recommended by Sequenom, 

detailed in Appendix A of the iPLEX Gold Application Guide. In summary, the 

concentrations of the extension primers were adjusted on an individual basis to ensure 

strong primer peaks well above background, accounting for each primer’s molecular mass 

and the total number of primers in the multiplex. The volume of the primer mix was made 

up to 498.2 pi with dH20  (Tables 2.5.4 and 2.5.5).

Equation 1:

LN (Mass of the primer) — 7.82 = Final reaction concentration (pM)

Equation 2:

C o n c e n t r a t i o n  i n  =  F i n a l  r e a c t i o n  c o n c e n t r a t i o n  (pM) x  1 1 . 1 9 4  

P r i m e r  m i x  (pM)
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Equation 3:

Volume in = Concentration x Total volume / Extension primer 

1 plate (pi) in Primer mix in 1 plate stock concentration 

(pM) (pM)

The worked example is for the SNP rs882136E from Table 2.6.9. 

Equation 1:

LN (4481.9) -  7.82 =

8.408-7.82 = 0.588 pM 

Equation 2:

0.588 x 11.194 = 6.58 pM 

Equation 3:

6.58x498.2/500 = 6.56 pi
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Table 2.5.4: Extension reaction primer mix for assay one

Extension  
Prim er N am e

Prim er
M ass

Final R eaction  
C oncentration  
(pM )

C oncentration  
in Prim er M ix  
(pM )

V olum e in 1 
384 Plate (pi)

rs882136E 4481.9 0.588 6.58 6.56
rsl 7851 141E 4584.0 0.610 6.83 6.81
rs2497349E 4752.1 0.646 7.24 7.21
rsl2262390E 4857.2 0.668 7.48 7.45
rsl0509646E 5169.4 0.731 8.18 8.15
rsl 544210E 5252.4 0.746 8.36 8.33
rs34266926E 5386.5 0.772 8.64 8.61
rs2488068E 5600.6 0.811 9.07 9.04
rs249731 IE 5741.8 0.836 9.35 9.32
rsl 710784 IE 6011.9 0.881 9.87 9.83
rs2497350E 6195.0 0.911 10.20 10.17
rs9420592E 6372.2 0.940 10.52 10.48
rs2488067E 6396.2 0.943 10.56 10.52
rsl 1187146E 6497.2 0.959 10.74 10.70
rs7081351E 6678.4 0.987 11.04 11.00
rs4933236E 6831.5 1.009 11.30 11.26
rsl7374868E 7027.6 1.038 11.61 11.57
rsl2765131E 7056.6 1.042 11.66 11.62
rsl 0882102E 7325.8 1.079 12.08 12.04
rs2096177E 7672.0 1.125 12.60 12.55

W ater 304.99
Total 498.2
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Table 2.5.5: Extension reaction primer mix for those SNPs within assay two

Extension  
Primer N am e

Prim er
M ass

Final R eaction  
C oncentration  
(pM )

C oncentration  in 
Prim er M ix (pM )

V olum e o f  Prim ers  
in 1 384 Plate

rs2229328E 4488.9 0.589 6.60 6.57
rs2497304E 4866.2 0.670 7.50 7.47
rs2488087E 4995.3 0.696 7.79 7.77
rs2488073E 5139.4 0.725 8.11 8.08
rs 1418387E 5228.4 0.742 8.30 8.27
rs2497309E 5445.6 0.783 8.76 8.73
rsl 1187144E 5554.6 0.802 8.98 8.95
rsl539330E 5828.8 0.851 9.52 9.49
rs2275729E 5902.9 0.863 9.66 9.63
rsl 118716 IE 5934.9 0.869 9.72 9.69
rsl0437472E 6072.0 0.891 9.98 9.94
rsl 1187158E 6246.1 0.920 10.30 10.26
rsl 1187152E 6745.4 0.997 11.16 11.12
rsl 1597458E 6799.5 1.005 11.25 11.21
rs947591E 7062.6 1.043 11.67 11.63
rsl2780253E 7148.7 1.055 11.81 11.76
rsl 1187157E 7419.9 1.092 12.22 12.18

W ater 335.46
Total 498.2

The reagents and volumes for the extension step are given in Table 2.5.6. They vary for the 

two assays due to the numbers of SNPs in each, twenty and seventeen named high PLEX 

and low PLEX respectively.

O n c e  t h e  p l a t e  s e t  u p  w a s  c o m p l e t e ,  i t  w a s  c e n t r i f u g e d  t h e n  p l a c e d  o n  a  t h e r m a l  c y c l e r  

( T a b l e  2 . 5 . 7 ) .
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Table 2.5.6: iPLEX reaction mix for the 20-PLEX assay (A) and for the 17-PLEX assay 
(B).

A)
Reagent C oncentration  in 

9 nl
V olum e for 1 
reaction (jxl)

V olum e for 384  
reactions (fil)

Water (HPLC) N/A 0.619 328.07

iPLEX Buffer 0.222X 0.200 106.00
iPLEX
Termination Mix

1 .OOOX 0.200 106.00

iPLEX Enzyme 1.000X 0.041 498.20
Total 2.000 1038.27

B)

Reagent C oncentration  
in 9 h1

V olum e for 1 
reaction (|ul)

V olum e for 384  
reactions ( |la1)

Water (HPLC) N/A 0.7395 391.97

iPLEX Buffer 0.222X 0.2000 106.00
iPLEX
Termination Mix

0.500X 0.1000 53.00

iPLEX Enzyme 0.500X 0.0205 498.12
Total 2.0000 1060.00
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Table 2.5.7: PCR cycle times and temperatures for the extension reaction

PCR Step Temperature Time Number of cycles
Initial Denature 94°C 30 seconds
Dénaturation 94°C 5 seconds
Annealing 52°C 5 seconds

X 4Extension 80°C 5 seconds
Dénaturation 94°C 5 seconds

X 39
Annealing 52°C 5 seconds
Extension 80°C 5 seconds
Final Extension 72°C 3 minutes

2.5.8 MALDI-TOF Mass Spectrometry

Once the extension primer reaction has been performed the products were treated with an 

anion exchange resin to remove adduct-forming ions that can complicate with the MALDI- 

TOF mass spectrum. The MassExtend clean resin is initially spread onto a solid block 

containing 384-wells. A small amount of the resin is placed on the left hand side of the 

block and spread across the block so that it fills all of the wells. Any remaining resin is 

removed and the block is left to air dry for thirty minutes. After which time the plates were 

briefly spun and the adhesive film removed. The plate was then placed upside down over 

the block and carefully aligned then both the block and plate were tipped upside down so 

that the resin falls into the wells. 16 pi of dFLO was then pipetted into each of the wells. 

Adhesive lids were then placed on the plate and the plate was regularly rotated for ten 

minutes so that the resin was suspended within the solution. The plate was then centrifuged 

in a bench top centrifuge for five minutes at 3000 rpm.
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15-25 nl of the extended primer products were robotically (MassARRAY NanoDispenser) 

dispensed onto SecrtroCHIP array containing matrix spots (3-hydroxylpicolinic acid) spots 

in a 384 well format. Calibrant was also spotted onto the chip ten times. This contains three 

standard oligonucleotides of known mass that is used to compare with the samples: 5100, 

8500 and 10,000 mass units (Appendix III).

Data files, including plate layouts and the expected mass for each of the three genotypes 

expected (Appendix IV), were uploaded onto the Sequenom server so that each sample can 

be identified.
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2.6.0 Genotyping FTO  variants within the South Asian Population using the 

Sequenom iPLEX Assay

To ascertain whether variants in the FTO gene influence fetal birth weight in the South 

Asian population, selected variants that have been previously published and found to be 

associated with obesity and type II diabetes were genotyped using the Sequenom iPLEX 

assay. The FTO SNPs include rs9939609, rsl7817449, rsl421085, rs3751812, rs8050136, 

rsl 121980, rs9940128, rs7193144 and rs9939973. The parameters were the same as for the 

design of the HHEX-IDE assay (Section 2.5).

2.6.1 Sequenom iPLEX Reaction

The protocol for the initial PCR, clean up method and extension reaction is the same as in 

sections 2.5.7, 2.5.8 and 2.5.9 the extension reaction primer mix used is given in Table 

2.6.1. The high PLEX protocol was performed, as there are twenty-seven SNPs within the 

assay. Two 384-well plates were used to genotype all the samples, which also included 

several water blanks and replicates. FTO primer names (forward, reverse and extension) 

and sequences are given in Appendix IV.
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Table 2.6.1: Extension reaction primer mix for the FTO  assay.

Extension Prim er  
Nam e

Prim er
M ass

Final R eaction  
C oncentration  (uM )

C oncentration  
Prim er M ix (uM )

V olum e in 1 384  
plate (ul)

rs3751812E 4432.9 0.577 6.46 6.43
rsl 1781222E 4528.9 0.598 6.70 6.67
rs4872145E 4534.9 0.600 6.71 6.69
rsl3439692E 4890.2 0.675 7.56 7.53
rsl0098490E 5078.3 0.713 7.98 7.95
rs7833754E 5200.4 0.736 8.24 8.21
rs2928684E 5241.4 0.744 8.33 8.30
rsl 769898 IE 5413.5 0.777 8.69 8.66
rs9939973E 5613.7 0.813 9.10 9.07
rs9940128E 5621.7 0.814 9.12 9.08
rs8050136E 5780.8 0.842 9.43 9.39
rsl0421768E 6004.9 0.880 9.85 9.82
rsl7089358E 6037.9 0.886 9.92 9.88
rsl421085E 6207.0 0.913 10.22 10.19
rs721 183E 6407.2 0.945 10.58 10.54
rs34968988E 6495.2 0.959 10.73 10.69
rs6986233E 6590.3 0.973 10.90 10.86
rs9939609E 6688.4 0.988 11.06 11.02
rs7834536E 6828.5 1.009 11.29 11.25
rs2978477E 7050.6 1.041 11.65 11.61
rsl7817449E 7082.6 1.045 11.70 11.66
rsl7089331E 7210.7 1.063 11.90 11.86
rs4872153E 7219.7 1.065 11.92 11.87
rs7193144E 7624.0 1.119 12.53 12.48
rsl 121980E 7632.0 1.120 12.54 12.49
rs34146184E 7837.1 1.147 12.84 12.79
rsl0104250E 7997.2 1.167 13.06 13.01

Water 228.17
Total 498.2
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2.7.0 Genotyping the variant rsl 1708067, close to ADCY5 using the TaqMan Assay in 

South Asian Cohort.

To investigate whether there was an association between the maternal ADCY5 locus and 

birth weight, South Asian samples were genotyped using the TaqMan SNP Genotyping 

Assay for the variant rsl 1708067. The SNP rs9883204 has been previously associated with 

low birth weight and this variant is in high LD with rsl 1708067. Real time PCR was chosen 

to easily genotype the SNP rsl 1708067 as it uses two primers to amplify the region of 

interest (forward and reverse) and uses two different fluorescent minor groove binder 

(MGB) probes to discriminate betw een the two alleles. At the 3' end of the probes the non- 

fluorescent quencher (NFQ) is attached, which prevents the dye from emitting a signal 

when the two are in close proximity to each other. During the PCR cycles, the primers bind 

to their complementary sequences and the same occurs with the two probes, which bind to 

the region surrounding the SNP. DNA Taq polymerase extends the new DNA strand from 

the 3' end of the primer to the 5' end of the probe and cleaves the dye in the process. When 

this occurs the dye increases its fluorescent signal, as it is no longer close to the quencher 

and indicates which allele is present in the sample. If the VIC dye is emitted only then 

samples are homozygous for the one allele and if the FAM dye is only present then the 

samples are homozygous for the alternative allele. If both dyes are emitted then the samples 

are heterozygous, so have both alleles (Figure 2.7.1).
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Figure 2.7.1: Diagrammatic representation of the TaqMan SNP genotyping assay. Three 
stages of the reaction process is shown; 1) all the components of the assay 2) during the 
denaturation step of the PCR, where the forward primer binds to the template DNA and 
depending on the allele at the SNP of interest one of the two probes will bind 3) extension 
step of the PCR, where the DNA polymerase is extending the forward primer based on the 
template strand, and cleaving the dye from the probe as it extends towards it.
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Once the PCR step was performed the plates were analysed during the post-read step 

where the genotypes were called depending upon the fluorescence of the samples.

2.7.1 TaqMan SNP Genotyping Assay Set-up

DNA samples were diluted 1 in 25 for a final concentration of around 20 ng, in 2.45 pi and 

set up on eight 96-well plates, arranged according to their sample number. Within these 

plates, duplicates and water blanks were also placed randomly. Once the 96-well plates had 

been set up the DNA was transferred to two 384-well plates.

As there were 768 samples, the genotyping assay, which contains the primers and the two 

probes, was ordered as small scale, which was enough for 1500 reactions and the 

genotyping master mix was ordered to provide enough mixture for 400 reactions.

Once the DNA was added to the 384-well plates the master mix was prepared. The 

genotyping mixture was stored in restricted light, in an ice bucket with a lid, to prevent 

repeated exposure to light, as this would degrade the fluorescent dyes contained within it. 

T he master mix was made to contain enough 2 X PCR master mix and genotyping assay 

mix for 384 reactions, with sufficient additional mix to allow for any pipetting variability, 

so the volume for one reaction was multiplied by 500 (Table 2.7.1).
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Table 2.7.1: Master mix volumes and reagents for the TaqMan genotyping assay.

Reagent 1 X PCR using 40X mix 1 X 384 Plate

Taqman universal PCR 
Master Mix (2)

2.5 pi 1250 pi

Assay Mix 0.125 pi 62.5 pi

DNA 2.4 pi each 2.4 pi each

Total 5 pi 5 pi each

Once the master mix had been added to the 384 well plates they were centrifuged to aid in 

mixing, then placed on to the Real Time PCR machine (ABI 7900HT). SDS software, 

provided by the supplier Applied Biosystems, was used to set up the PCR program under 

the specified conditions (Table 2.7.2) and to select the two fluorescent dyes that were being 

used. The two alleles, A and G were given a reference to distinguish between the three 

genotypes. The A allele was given the reference LT-1 and the G allele was given the 

reference LT-2.

Table 2.7.2: PCR conditions for the TaqMan SNP Genotyping Assay

PCR Conditions Duration and Temperature

Hold Step 10 min at 95°C

Melting step for 40 cycles 15 secs at 92°C 
1 min at 60°C

2.7.2 Allelic Discrimination Plate Read

After the PCR had been completed an endpoint plate read was carried out to determine the 

genotype the DNA samples. This was carried out using the RT-PCR machine. The SDS
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software uses the fluorescent signals measured during the RT-PCR reaction for each allele 

to determine the genotype for each sample. These are displayed as an allelic discrimination 

plot, which were initially checked as a quality control step. This is to ensure that the 

success rate was >90%, the water controls had been given no genotype and three distinct 

genotypes were viewed.
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2.8.0 Computer Modelling of the Leptin Receptor

2.8.1 UNIPROT Knowledgebase

The protein sequence of the Human leptin receptor was downloaded from the protein 

knowledgebase, UNIPROT (www.uniprot.org). Leptin receptor was searched within the 

database (Figure 2.8.1), which revealed several entries (Figure 2.8.2). The Human leptin 

receptor was selected (P48357). The results for this entry were searched to identify the 

sequence information amongst the other details displayed on the page including properties, 

function and location. As there are several isoforms of the leptin receptor, care was taken 

to select the correct one, isoform B (OBRb) under the Sequence heading. The FASTA 

format link was selected and the leptin receptor sequence (Appendix V) was copied from 

the resulting page that was displayed. It was then saved into a word document to be used to 

upload onto the I-TASSER server.
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Figure 2.8.1: Homepage of the UniProt webpage. This was used to search for the leptin 
receptor sequence, under the query option (highlighted in red).
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O Q62959 LEPR_RAT * Leptin receptor Lepr Fa Obr Ratios norvegicus Pat) 1,162

O 002671 LEPR_PIG * Leptin receptor LEPR OBR Sirs scrofa p ig ) 1,165

0 Q9MYL0 IEPR_MACMU i r Leptin receptor LEPR 03R Macaca mulatta (Rhesus macaque) 1,163

0 G640Q2 C640O2_MOUSE * Lepr protein Lepr Mus muscuius (Mouse) 813

0 Q4G138 Q4G138_HUMAN * LEPR protein LEPR Homo sapiens (Human) 659

0 A2RRQ4 A2RRQ4_HUMAN LEPR protein LEPR Homo sapiens (Human) 232

Q 097779 097779_L0XAF * LEPR LEPR Loxcdccta africana (African elephant) 57

Q G0QNA9 QCQNA9_LOXCY ir LEPR LEPR Loxcdonta cyciotis (African forest elephant) 57

0 QOQNCO QOQNCO_PROCA i k LEPR LEPR Procavia capensis (Cape hyrax) (Rock dassie) 42

0 097778 OS7778_ELEMA ir LEPR LEPR Eiephas maximus (Indian elephant) 57

0 089013 OBRG_MOUSE ir Leptin receptor gene-related protein Leprot Lepr Obr Mus muscuius (Mouse) 131

0 015243 OBRG_HUMAN ★ Leptin receptor gene-related protein LEPROT LEPR OBR Homo sapiens (Human) 131

0 Q0QNO5 QCGND5_LOXAF * LEPR LEPR Loxodoota africana (African elephant) 64

Figure 2.8.2: Search results for leptin receptor. The first entry was selected, as this is the 
human form of the protein (highlighted in red).
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2.8.2 The I-Tasser Server.

Before the I-TASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) could be 

used, a login was created to be able to use the site. This login was used to upload a query 

protein. After this had been created, the amino acid sequence of the native leptin receptor 

was uploaded to the relevant section on the I-TASSER web page (Figure 2.8.3). Each 

protein sequence uploaded on to I-TASSER server was given an ID for reference use, to 

distinguish between the many proteins that were uploaded. Further down the page, options 

were given to restrain the search or provide additional templates, which was not used. A 

notification to the email address provided when assigning a login was sent when the 

structure of the query protein had been determined. Only one query protein could be 

uploaded at a time therefore once the structure of one query protein had been determined, 

another was subsequently uploaded. The same method was used to upload each additional 

file. The native LEPR was uploaded first and given the reference ‘LEPRnative’.

The mutations at the three different positions within the leptin receptor (Lysl09Arg, 

Gln223Arg, and Lys656Asn) were created as separate files, from the native leptin receptor 

sequence. Only one mutation was created from the native leptin receptor sequence at one 

time and uploaded on to the I-TASSER server. They were given the ID references 

LEPR 109, LEPR223 and LEPR656, respectively.

Once the query protein structure had been predicted the results were viewed as a separate 

webpage.
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SPRING

COTH

BSpred

SVMSEQ

ANGLOR

BSP-SUM

1 SAXSTER

TnreaDom
TM-score

TM-align

MM-align

NW-align

EDTSurf

MVP

MVP-Fit

SP1CKER

HAAD

PSSpred
BioUP

GPCRRD

TM-fold

Decoys

Potential

RVV
L ___

View On-line l-TASSER Video 
Download l-TASSER Standalone Package (Version 1.1)

[Queue! [Forum! [Download! [Search; [Registration! [About! [Statistics! [Remove! fPotentiaf! rDecovs! [What's new'

Copy and paste your sequence here {<1,500 residues, in FASTA format):

i

Or upload the sequence from your local computer 
i Choose File ; no file selected

Email: (mandatory, where results will be sent to)

Password: {mandatory, please click here if you do not have a password)

ID: (optional, your given name of the protein)

k  Option l: Assion additional restraints & templates to guide l-TASSER modeling, 

k  Option H: Exclude some templates from l-TASSER template library.

I Run l-TASSER ; j Clear form )

(Please submit a new job only after your old job is completed)

Figure 2.8.3: I-TASSER homepage. The leptin receptor sequence was submitted in 
FASTA format (highlighted in red) and login details were provided along with an ID for 
the protein (highlighted in blue). The options given were left unchanged (highlighted in 
purple).
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3.0 Results

3.1 LEPR Functional Study

There is an increase in the circulating levels of leptin in obese individuals, termed 

hyperleptinaemia (Considine et al., 1996, Enriori et al., 2007, Leyva et al., 1998), in which 

these high levels for a prolonged period of time leads to leptin resistance. The exact 

mechanism for this remains unknown although several theories have been proposed. These 

include reduced expression of the leptin receptor, increased expression of non-signalling 

receptor isoforms, reduced ligand binding or signalling of the long receptor isoform or 

differences in receptor trafficking. The aim of this study was to investigate the eight 

possible haplotypes within the LEPR, involving Lysl09Arg, Gln223Arg and Lys656Asn to 

determine if there is a change in binding avidity between leptin with particular haplotypes 

in the LEPR, as a reduction in binding avidity could result in a modulation decrease in 

intracellular signalling as a result. This study involved PCR amplification of the 

extracellular region of LEPR from Michigan Cancer Foundation 7 (MCF-7) cells, sub­

cloning the LEPR PCR product into an expression vector where the eight naturally 

occurring haplotypes could be generated via site-directed mutagenesis, and then 

transfected into a mammalian cell line for analysis of the binding avidity with the ligand 

leptin using a Quartz crystal microbalance (Figure 3.1.1).
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figure 3.1.1: Flow chart of the LEPR functional study displaying the twelve stages to 
t le instigation.
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3.1.1 Extraction of RNA and Amplification of Extracellular LEPR using PCR

Total RNA was successfully extracted from MCF-7 cells, (from a pellet that contained 

7.75x106 cells), using the Trizol method (see section 2.4.6), to a concentration of 5.16 

pg/pl. The RNA extract was subsequently reverse transcribed to make cDNA (see section 

2.4.8). The standard PCR conditions were used (see section 2.4.11) but the expected LEPR 

product of 2457 bp failed to be amplified, therefore a magnesium titration, ranging from 1 

mM to 4 mM in 0.5 mM increments was performed along with three different temperatures 

between 50°C and 54°C (2°C increments). Amendments were also made to the PCR cycle 

conditions; the extension step was increased to three minutes from thirty seconds and 100 

ng of cDNA was used instead of 50 ng. But the LEPR amplicon still failed tobe amplified. 

The RNA extraction and cDNA production was repeated in case of any contamination or 

human error, plus a change in Taq polymerase was made for the PCR step, from Taq DNA 

polymerase (New England Biolabs) to AmpliTaq Gold (Applied Biosystems) using 

standard PCR conditions provided by the supplier (see section 2.4.11.) This did not resolve 

the problem so a different method of extraction of mRNA was used, using DynaBeads 

(Invitrogen), which extracts mRNA, by using magnetic beads that bind to the mRNA 

allowing separation from cell contents and buffer solutions using a magnetic particle 

concentrator, rather than total RNA from MCF-7 cells. Subsequent use of this mRNA- 

derived cDNA still did not produce the amplicon of interest, even after protocols were 

rechecked and PCR conditions changed, as described earlier along with an increase in the 

amount of Taq polymerase to 1 pi (5 U) from 0.25 pi (1.25 U) and thirty-five cycles from 

thirty. After which time an additional DNA Taq polymerase was used, from AmpliTaq 

Gold to KAPA 2G Fast HotStart (Kapa Biosystems) in the PCR. This was specifically 

designed to amplify large amplicons, up to 5 kb at a much faster rate, thus reducing total 

reaction time compared to wild-type Taq polymerases. Mutations may be created as a

174



result of using an enzyme without proof reading capability, which has an error rate for base 

incorporation of approximately 1 every 9000 nuceleotides (Tindall and Kunkel, 

1988)(Tindall and Kunkel, 1998). Any such errors would be identified at stage seven of the 

investigation, when the correct colonies containing the pCMV vector with the LEPR insert 

would be sequenced to identify the insert in the correct orientation in the pCMV vector. 

Standard PCR and cycle conditions were used as provided by the manufacturer (see section 

2.4.11.). The expected product was amplified at 56°C and at 2.0 mM magnesium chloride 

however the band was rather faint and the reaction was non-specific therefore the reaction 

conditions were changed. A magnesium titration (1.5 mM to 3.5 mM in 0.5 mM 

increments) was subsequently performed at two annealing temperatures, 57°C and 58°C 

and the number of cycles was increased to forty. The LEPR amplicon was not successfully 

amplified and the reaction was still non-specific therefore the PCR conditions were 

repeated with a magnesium titration (1.5 mM to 3.5 mM in 0.5 mM increments) at 56°C, 

57°C and 58°C but the number of cycles were decreased back down to thirty-five and the 

volume of Taq in the reaction was increased from 0.1 pi (0.5 U) to 0.2 pi (1 U) per 25 pi 

reaction. The expected product was amplified under several conditions: 3 mM and 3.5 mM 

magnesium at 56°C and 2.5 mM at 58°C (Figure 3.1.2). However these reactions were still 

non-specific and produced a smear effect when the results were electrophoresed using a 

1% (w/v) agarose gel (see section 2.4.12) therefore the band at the predicted size was 

extracted from the gel by cutting it out of the agarose and extracting it as below. This 

enriched for the specific band and enabled it to be ligated into the pGEM-T vector (Figure 

3.1.5). The control PCR using G6PD specific primers, was performed alongside the LEPR 

reaction. It was also amplified with the expected product of 395 bp (Figure 3.1.2).
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2 0 0 0 b p

lO O O bp

5 0 0 b p

2 5 0 b p

Figure 3.1.2: A Magnesium and temperature PCR optimisation of LEPR. DNA ladder 
(Easy Ladder) is shown in the last well (21), magnesium titration is performed (1.5 mM, 2 
mM, 2.5 mM, 3 mM and 3.5 mM) at three annealing temperatures, 56°C (Lanes 1 to 5), 
57°C (Lanes 7 to 11) and 58°C (Lanes 12 to 16). G6PD PCR is performed in triplicate 
(Lanes 17 to 20). Lanes 4, 5 and 13 (as indicated by the arrows) contain a visible band of 
the right size of the LEPR product. 10 pi of each PCR was loaded into the corresponding 
lanes.
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For the agarose gel extraction process (see section 2.4.13) the PCR was performed at the 

optimised conditions of 2 mM magnesium chloride and the annealing temperature of 58°C, 

to increase the yield of LEPR so that a high quantity could be ligated in to the pGEM-T 

vector. Elowever, after several attempts at this, during electrophoresis, the PCR product 

was not separating particularly well with such a large quantity (Figure 3.1.3) therefore only 

25 pi was loaded instead into each well (Figure 3.1.4). Each time the LEPR band was 

extracted from the agarose gel it was weighed to determine the correct volume of 

extraction buffer to add. The weight of each of the gel extracts was low each time the 

LEPR band was extracted but they varied between 0.044 and 0.074 g.
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1 2 3 4 5 6

lOOOObp
5000bp
3000bp
2500bp
2000bp
ISOObp

1000bp 
800bp 
600bp

Figure 3.1.3: 1% (w/v) agarose gel electrophoresis of leptin receptor PCR performed at the 
optimised conditions. Twenty reactions of the PCR were performed and loaded into the 
five wells, which could hold 100 pi, Lanes 2 to 6. Lane One contains DNA ladder 
(GeneRuler).
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Figure 3.1.4: 1% (w/v) agarose gel electrophoresis of leptin receptor PCR at the optimised 
conditions. Lane one contains DNA Ladder (GeneRuler). Lanes 2 to 12 contain 20 pi of 
each of the ten PCRs that was performed, with lanes 7 to 11 containing a band of the 
expected size of LEPR.
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3.1.2 Ligation of pGEM-T vector and LEPR insert and Transformation of 
Escherichia coli (JM109)

Once the LEPR PCR product had been extracted from the agarose gel the concentration 

was determined (see section 2.4.22) before it was subsequently ligated into pGEM-T 

vector (see section 2.4.14). The diagrammatic representation of the pGEM-T vector map is 

shown in Figure 3.1.5a, which contains an origin of replication an ampicillin resistance 

gene and the lacZ gene. T overhangs are located within the lacZ gene and during PCR the 

Taq polymerase adds an additional A base on the 3' end of the amplicon, thus the two 

products will complementary bind together. Within the lacZ there are also multiple enzyme 

restriction sites (Figure 3.1.5b) to enable the PCR insert to be cleaved from the vector. The 

LEPR insert was initially ligated with the pGEM-T vector in a 1:3 ratio (160 ng of LEPR 

insert) and transformed into competent E.coli (see section 2.4.15). Each time LEPR was 

extracted from the agarose gel the DNA concentration was determined to be between 162.5 

ng/pl and 275 ng/pl. The pGEM-T vector is exactly 3 kb in size and the LEPR insert is 

2457 bp therefore once the two products are ligated together it produced a recombinant 

plasmid with a size of 5457 bp.

Detection of the successful colonies was indicated by the white selection by using lacZ 

gene, (see section 2.4.15). Colonies that had the LEPR insert incorporated within the 

vector produced a white colour indicating that the lacZ gene had been disrupted. Those that 

had a blue colour did not have the LEPR insert, as the lacZ gene had not been disrupted.

Initial ligations between LEPR PCR product and the pGEM-T vector, were followed by 

transformations into competent JM109 E.coli cells which resulted in only blue colonies 

being produced. The preparation of the LB agar plates was checked so that the correct
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solutions of ampicillin, X-Gal and IPTG were added to produce a final concentration of 50 

pg/ml, 100 pg/ml and 100 pg/ml respectively (see section 2.4.20). The three ligations 

(experimental, positive and negative controls) were left overnight at room temperature rather 

than being placed in the fridge to help the ligation process as given by the standard protocol 

(see section 2.4.14). A second set of each of the three ligations was performed so that a 

small amount could be electrophoresed to determine if the ligation was a success before 

transformation into E. coli.
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Figure 3.1.5: Diagrammatic representation ot the pGEM-T vector, into 
amplicon was inserted. A) The T overhangs are located within the lacZ gene of 
so that the inserted DNA of interest can disrupt the gene. B) Multiple ™  b } j, 
sites are also situated next to the two T overhangs so that the inserted DNA can be eas ly 
removed. The restriction enzyme Sail is highlighted. Accessed from pGEM-T vector 
system technical manual (Promega).
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These results showed that the concentration of the extracted product was too low, as the 

PCR product was faint, despite the concentration of the extracted PCR product being 

determined before ligation was performed. The quantification of the extracted LEPR PCR 

product showed that for a 1:3 ratio, 3 pi of extracted LEPR contained 375 ng, which was 

more than the 165 ng calculated. One method to improve the concentration of LEPR 

extract in the ligation reaction was to increase the ratio of insert to vector from 1:3, to 1:4, 

1:6 and 1:8 but not so that the total ligation reaction was over lOpl. This still did not seem 

to improve the number of white colonies with the correct insert therefore when several 

LEPR bands were extracted from the agarose gel, after successful PCR amplification, two 

gel extracts were placed into one Eppendorf tube and extracted together. In addition, all the 

extracts that were carried out were pooled together at the last step. Quantification of these 

extracted PCR products showed an increase in concentration (675 ng/pl) and this 

subsequently resulted in successful ligations between the LEPR insert and pGEM-T vector 

(Figure 3.1.6). Adjustments were also made to the transformation protocol; instead of the 

recommended 2 pi, 4 pi of the ligation reaction was added to 50 pi of competent E.coli 

cells to increase the number of possible successful transformations that would contain the 

pGEM-T vector with LEPR insert. All of the SOC media containing the transformants (1 

ml) was spread out on to five agar plates to increase the chance of white colonies growing. 

Many ligations and transformations had to be performed but the number of white colonies 

was high, ranging from eleven to thirty colonies compared to over fifty blue colonies. Once 

the transformants were incubated overnight on LB agar plates they were placed in the 

fridge so that the blue colour could develop to avoid error.
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Figure 3.1.6: 1% (w/v) agarose gel electrophoresis of ligation between LEPR and pGEM- 
T vector. Lane 1: DNA ladder (HyperLadder I), Lane 2; ligation with LEPR gel extract, 
Lane 3: ligation with positive control, Lane 4: ligation with negative control. 4 pi of each 
ligation was loaded into the corresponding wells.

184



3.1.3 Double Restriction Digests of Mini Preparations

The white colonies that were identified on the LB agar plates after overnight incubation at 

37°C were selected and grown as overnight cultures (see section 2.4.16) for mini 

preparation (see section 2.4.16.1) and subsequently set up as overnight double digests with 

the restriction enzymes BamHI and Sail (see section 2.5.16). The restriction site for BamHI 

(5'-GvGATCC-3') was incorporated into the forward primer of the LEPR (Table 2.4.2), as 

this enzyme wasnot within the pGEM-T vector but the Sail restriction site (5 '-GVTCGAC- 

30 was (Figure 3.1.5). This was designed for ease of cloning so that the LEPR insert could 

be subsequently cleaved from the pGEM-T vector and sub-cloned into the pCMV-Tag 2B 

mammalian expression vector (Figure 3.1.20).

Digested mini preparations were analysed via agarose gel electrophoresis (see section 

2.4.12) to identify cultures in which the LEPR insert had been ligated into the pGEM-T 

vector. Uncut mini preparations were electrophoresed next to the corresponding cut mini 

preparations to detect those that had been digested. Mini preparations that were found to 

have two bands upon visualisation of the double digest, corresponding to 2457 bp and 

3000 bp in size indicated that the LEPR was successfully ligated into the vector, in the 

correct orientation. The BamHI enzyme restriction site was incorporated into the 5' end of 

the forward LEPR primer, thus upon digestion using BamHI and Sail the LEPR insert 

would be digested out of the vector and two bands would be visible. If the LEPR insert is 

in the wrong orientation, the BamHI restriction site would be located within 30 bp of the 

Sail restriction site therefore upon electrophoresis this would be resolved at 5427 bp which 

is similar in size to the insert and vector ligated together (Figure 3.1.7; Figure 3.1.5B). 

Once the conditions for ligation and transformation had been optimised, twenty-eight

185



overnight cultures of white colonies, mini preparations and restriction digests were set up 

to try and identify the correct culture, that contained the LEPR insert in the correct 

orientation.

Before the restriction digests were set up, the concentration of the plasmid DNA extracted 

from the overnight cultures was determined (see section 2.4.22), so that there was -500- 

1000 ng in the reaction. The concentrations of the plasmid DNA from the mini 

preparations ranged from 637 ng to 1120 ng, therefore 1 pi was used in the digests. After 

these twenty-eight experiments were performed, four cultures were identified that 

produced two bands upon digestion with the two enzymes BamHl and Sail at 3 kb and 2.5 

kb (Figure 3.1.8). An additional band was seen at 2kb therefore this band and the one at 2.5 

kb were extracted. However, after careful analysis this appeared to be due to human error 

(Figure 3.1.9). Many of the other cultures did not seem to be producing the desired results, 

producing one band at 3000 bp indicating the presence of the pGEM-T vector without the 

insert, or a band at 5.5 kb indicating the LEPR was in the wrong orientation (Figure 

3.1.10). This was confirmed when selected cultures were digested with each enzyme 

individually singularly (Figure 3.1.11).
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Ai) LEPR insert in the correct orientation within the pGEM-T vector
BamHI
restriction LEPR insert
Site/5' T 
overhangs

pGEM-T vector
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ii) Upon digestion with BamHI and Sail

LEPR insert

pGEM-T vector

Bi) LEPR insert in the wrong orientation within the pGEM-T vector
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Figure 3.1.7: Diagrammatic representation of the ligation of the LEPR insert into the 
pGEM-T vector. The orientation of the LEPR is important for subsequent ligation of the 
LEPR into the pCMV Tag 2B expression vector. Ai) The correct orientation of the LEPR 
insert into the vector and Aii) the cleavage of the LEPR insert from the vector upon 
digestion with BamHI and Sail restriction enzymes. Bi) The wrong orientation of the 
LEPR insert in the pGEM-T vector and Bii) the failure of the LEPR to be cleaved from the 
pGEM-T vector upon restriction digestion
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Figure 3.1.8: 1% (w/v) agarose gel electrophoresis of double restriction digest with the 
enzymes BamHI and Sail, of seven mini preparations, with undigested mini preparations 
alongside. Lanes 3, 7, 9 and 11 show bands at both 3 kb and 2.5 kb indicating the LEPR 
insert has been ligated out of pGEM-T vector. Lane 1: DNA ladder (Hyperladder I), Lane 
2: undigested mini preparation 1, Lane 3: digested mini preparation 1, Lane 4: undigested 
mini preparation 2, Lane 5: digested mini preparation 2, Lane 6: undigested mini 
preparation 3, Lane 7: digested mini preparation 3, Lane 8: undigested mini preparation 4, 
Lane 9: digested mini preparation 4, Lane 10: undigested mini preparation 5, Lane 11: 
digested mini preparation 5, Lane 12: digested mini preparation 6, Lane 13: undigested 
mini preparation 6, Lane 14: undigested mini preparation 7, Lane 15: digested mini 
preparation 7. 5 pi of undigested mini preparation and 10 pi of digested mini preparation 
were loaded into the corresponding lanes.
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Figure 3.1.9: 1% (w/v) agarose gel electrophoresis of LEPR PCR at the optimised 
conditions using gel extracts from the four mini preparations (one, three, four and five) that 
produced two bands upon double digestion at 3 kb and 2.5 kb. Lane 1: DNA ladder 
(Hyperladder I), Lane 2: mini preparation one 2 kb gel extract, Lane 3: mini preparation 
one 2.5 kb gel extract, Lane 4: mini preparation three 2 kb gel extract, Lane 5: mini 
preparation three 2.5 kb gel extract, Lane 6: mini preparation four 2 kb gel extract, Lane 7: 
mini preparation four 2.5 kb gel extract, Lane 8: mini preparation five 2 kb gel extract, 
Lane 9: mini preparation five 2.5 kb gel extract, Lane 10: PCR water blank. 10 pi of each 
PCR was loaded into the corresponding lanes.
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Figure 3.1.10: 1% (w/v) agarose gel electrophoresis of double restriction digests of mini 
preparations with BamHI and Sail. Digested mini preparations were loaded alongside the 
corresponding undigested mini preparation. Lane 1: DNA ladder (GeneRuler), Lane 2: 
undigested mini preparation 16, Lane 3: digested mini preparation 16, Lane 4: undigested 
mini preparation 17, Lane 5: digested mini preparation 17, Lane 6: undigested mini 
preparation 18, Lane 7: digested mini preparation 18, Lane 8: undigested mini preparation 
19, Lane 9: digested mini preparation 19. The main band from all the mini preparations 
seem to be between 1.5 kb and 3.0 kb, while the size of the double digested products vary. 
None of which produce the two expected bands of 2.5 kb and 3 kb. Lanes 3 and 9 show 
mini preparations that contain empty vector while Lane 5 shows mini preparation, which 
contains LEPR insert in the wrong orientation. 5 pi of undigested mini preparations and 10 
pi of digested mini preparations were loaded into the corresponding lanes.
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Figure 3.1.11: 1% (w/v) agarose gel electrophoresis of single restriction digests with the 
restriction enzymes BamHI and Sail for three mini preparations. Digested mini 
preparations are loaded next to the single digests. Lane 1: DNA ladder (HyperLadder I), 
Lane 2: undigested mini preparation 2, Lane 3: digested mini preparation 2 with Sail, Lane 
4: digested mini preparation 2 with BamHI, Lane 5: undigested mini preparation 12, Lane 
6: digested mini preparation 12 with Sail. Lane 7: digested mini preparation 15 with 
BamHI, Lane 8: undigested mini preparation 15, Lane 9: digested mini preparation with 
Sail, Lane 10: digested mini preparation 12 with BamHI. 5 pi of undigested mini 
preparations and 10 pi of digested mini preparations were loaded into the corresponding 
lanes.
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Due to this inability to identify the correct restriction enzyme fragments from the mini- 

prepped recombinant plasmids, the experiment was started all over again. This included 

using placental poly A+ RNA (Agilent Technologies) instead of mRNA extracted using the 

Dynabead method from MCF-7 cells (see section 2.4.7) for the RT-PCR (see section 

2.4.11) and PCR amplifying the extracellular region of the LEPR at the previously 

optimised conditions. Gel extraction of the amplified LEPR product and subsequent 

ligation into the pGEM-T vector and transformation into competent JM109 E.coli cells 

produced fifty-six white colonies. The plasmid DNA was extracted from these colonies 

and set up as double restriction digests, but the restriction digest assay was changed from 

the standard protocol (see section 2.4.17) to try and maximise the digestion reaction. The 

total volume was changed from 20 pi to 50 pi, with the amount of distilled water increased 

up to this volume. The volumes of the digestion buffer and plasmid DNA were increased 

by two and a half times but the volume of the enzymes were kept the same. Two cultures 

were identified that produced two bands upon digestion with BamHI and Sail of which two 

revealed to have the LEPR insert in the correct orientation (Figure 3.1.12). Further 

identical double restriction digests were carried out for the two mini preparations to extract 

the LEPR insert so that there would be a high concentration of the insert for subsequent 

ligation into the pCMV-Tag 2B mammalian expression vector. When all of the digested 

products (250 pi) for mini preparation number nineteen were loaded into one large well 

across the width of the mini agarose gel by placing masking tape over the ‘teeth’ of the 

comb, the LEPR band also appeared much fainter than the pGEM-T vector (Figure 3.1.13), 

therefore a maxi preparation was carried out to increase the yield of the culture and 

plasmid DNA extracted, however this did not seem to increase the quantity of the LEPR 

insert after restriction digestion (Figure 3.1.14). As there were problems with the 

restriction digestion and low yield, a PCR was performed using the extracted product to
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see if the LEPR would be re-amplified. A band was produced but it was smaller than the

2.5 kb band from the marker suggesting it might not be the LEPR insert (Figure 3.1.15).
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Figure 3.1.12: 1% (w/v) agarose gel electrophoresis of five undigested mini preparations 
and the corresponding double restriction digests of these five mini preparations. Faint 
bands at 3 kb and 2.5 kb can be seen in lanes 9 and 11 for mini preparations 19 and 20 
respectively. Lanes 1 and 12: DNA ladder (HyperLadder I), Lane 2: undigested mini 
preparation 9 (5 pi), Lane 3: digested mini preparation 9, Lane 4: undigested mini 
preparation 10, Lane 5: digested mini preparation 10, Lane 6: undigested mini preparation 
16, Lane 7: digested mini preparation 16, Lane 8: undigested mini preparation 19, Lane 9: 
digested mini preparation 19, Lane 10: undigested mini preparation 20, Lane 11: digested 
mini preparation 20. 5 pi of undigested mini preparations and 10 pi of digested mini 
preparations were loaded into the corresponding lanes.
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Figure 3.1.13: 1% (w/v) agarose gel of double restriction digest of mini preparation 
numbered nineteen. 250 pi from five separate restriction digests (50 pi total) was loaded 
into one well located across the width of the agarose gel, using DNA ladder (GeneRuler).
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Figure 3.1.14: 1% (w/v) agarose gel of the double restriction digest of mini preparation 25 
pi was loaded into each lane. Lane 1: DNA ladder (Hyperladder I)
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Figure 3.1.15: 1% (w/v) agarose gel electrophoresis of LEPR PCR from gel extracts of 
mini preparations nineteen and twenty. Lane 1: DNA ladder (HyperLadder I), Lane 2: mini 
preparation 19, Lane 3: water blank. 10 pi of each PCR was loaded into the corresponding 
lanes.
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As the two cultures, from the previous experiments failed to produce the LEPR insert upon 

restriction digestion of the plasmid DNA, the study was started from the beginning again, 

at the PCR stage, for a second time. Thirty-one white colonies were observed on the LB 

agar plates supplemented with X-Gal, Ampicillin and IPTG following ligation with 

pGEM-T vector and transformation into E. coli. These were left to grow overnight for mini 

preparation and restriction digests with BamHI and Sail, the following day. The restriction 

digestion assay was changed for a second time to improve conditions further. The same 

enzymes were used from a different supplier (New England BioLabs from Fermentas), as 

both enzymes were compatible and had 100% activity with the same restriction buffer. The 

same conditions were used as the standard protocol (see section 2.5.16) but the volume of 

the Sail enzyme was reduced to 1 pi from 2 pi. In previous restriction digests using 

enzymes from Fermentas, a two-fold excess of Sail was required as it has a 50 to 100% 

enzymatic activity with the restriction buffer as compared to BamHI enzyme, which had 

100% activity. One culture out of the thirty-one digested to produce two clear bands, which 

indicated the culture had the LEPR insert in the correct orientation (Figure 3.1.16).
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Figure 3.1.16: 1% (w/v) agarose gel electrophoresis of double restriction digest of mini 
preparations from four different cultures. The two separate bands for LEPR insert and 
pGEM-T vector can be seen in lane 9. Lane 1: DNA Ladder (GeneRuler) Lane 2: 
undigested mini preparation of culture 23; Lane 3: digested mini preparation of culture 23; 
Lane 4: undigested mini preparation of culture 24; Lane 5: digested mini preparation of 
culture 24; Lane 6: undigested mini preparation of culture 25; Lane 7: digested mini 
preparation of culture 25; Lane 8: undigested mini preparation of culture 26; Lane 9: 
digested mini preparation of culture 26. 5 pi of undigested mini preparations and 10 pi of 
digested mini preparation were loaded into the corresponding lanes.
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Once the mini preparation had been located that contained the LEPR PCR product (Culture 

26), five identical restriction digests were set up overnight so that the LEPR product could 

be extracted from the agarose gel, to increase the yield for it to be ligated into the pCMV- 

Tag 2B expression vector. However upon visualisation of these five restriction digests, two 

bands could be seen but they did not appear to have separated very well although the same 

conditions were used (Figure 3.1.17). The LEPR band at 2457 bp was still extracted and 

extracts were pooled together to increase the concentration of the extracted LEPR product. 

Once the LEPR product was extracted, a 4 pi aliquot was electrophoresed to ensure there 

was a good quantity produced (Figure 3.1.18). The culture was also set up as another 

overnight culture so that a maxi preparation could be carried out to further increase the 

yield of the plasmid DNA for further restriction digests.
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Figure 3.1.17: 1% (w/v) agarose gel electrophoresis of double restriction digest of culture 
26 with the enzymes BamHI and Sail. Lane 1: DNA ladder (GeneRuler); Lanes 2-11: 
Culture 26 double digested mini preparation. 20 pi of digested mini preparation was loaded 
into each of the corresponding lanes.
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Figure 3.1.18: 1% (w/v) agarose gel electrophoresis of the LEPR gel extract from double 
digest of culture 26. Lane 1 and 4: DNA ladder (Hyperladder I), Lanes 2 and 5: LEPR gel 
extract, Lane 3 and 6: Maxi preparation of culture 26. 5 pi of both the gel extract and maxi 
preparation was loaded into the corresponding lanes.

202



3.1.4 Ligation of pCMV-Tag 2B Expression Vector and Transformation into E. co li

Once the LEPR band had been extracted from the agarose gel after the double digest, it 

was then ligated into the pCMV-Tag 2B expression vector. The diagrammatic 

representation of the pCMV-Tag 2B vector map is shown in Figure 3.1.19A. This vector 

contains the SV40 origin of replication, which enables replication of the vector in large 

numbers within the COS-7 mammalian cell line due to expression of the viral SV40 large 

T antigen. In addition the cytomegalovirus (CMV) promoter sequence is also located 

within the vector, which initiates translation along with a FLAG tag coding sequence. This 

is a hydrophobic sequence located adjacent to the cloned insert so that the LEPR protein 

product produced is a fusion protein that contains the FLAG tag which enables affinity 

purification using monoclonal antibodies to the FLAG tag. The expression vector was 

digested with the restriction enzymes, BamHI and Sail, which are located within the 

multiple cloning site of the vector (Figure 3.1.19B) to provide the same sticky ends as the 

LEPR product so they could be ligated together. The combined size of the vector (4.3 kb) 

and LEPR insert (2457 bp) would be 6757 bp. Transformants were spread on to LB agar 

plate with kanamycin to detect those that had incorporated the vector.

The ligation and transformation of the LEPR insert into pCMV-Tag 2B vector was also 

problematic. Five ligations were set up, three of which were control reactions to determine 

the effectiveness of the double restriction digest of the vector (control one), to determine 

whether any uncut vector plasmid remained (control two) and to verify if any of the 

original plasmid remained (control three). Two experimental reactions were used to 

determine the best insert to vector ratio for ligation between the LEPR insert and the 

expression vector. The volume of LEPR extract to be added to the vector for a ratio of 1:1
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was 58.12 pg. The concentration of LEPR extracted from the agarose gel after double 

digest was determined and found to be 4925 pg/ml. As with the ligations for the pGEM-T 

vector, an additional set of reactions was set up with pCMV-Tag 2B so that they could be 

electrophoresed to ensure the ligation had been successful before transforming competent 

E. coli. However, this showed that the concentration of the LEPR insert was actually low 

as the LEPR band wasnot visible and therefore the number of ligations into the pCMV-Tag 

2B would be expected to be low (Figure 3.1.20). In addition the bands visible from the two 

experimental ligations seemed to relate to the pCMV-Tag 2B vector from control ligation 

one which contained no control DNA. The ligation reactions were still used to transform 

competent E.coli as it was possible the vector, which contains the insert, produced the 3 kb 

band upon electrophoresis, because the vector and insert ligated together would be 

expected to be smaller than the expected band of 6.8 kb, as it would be circular and 

supercoiled therefore it would run further. Despite this, no transformations were detected. 

The LB agar plates were checked so that the correct volume of Kanamycin was added to 

produce a final concentration of 50 pg/ml. The volume of LEPR insert ligated into the 

vector was increased, to increase the concentration further, with a decrease in the volume 

of distilled water so that the total volume of the ligation remained at 10 pi, however this 

still failed to produce any colonies. The LEPR was ligated straight into the pCMV-Tag 2B 

vector, bypassing the sub-cloning into the pGEM-T vector by digesting the LEPR product 

extracted from the gel with BamHI and Sail to produce the same sticky ends however this 

again resulted in no colonies.
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Figure 3.1.19: Diagrammatic representation of the pCMV-Tag 2B expression vector. Part 
A) shows the map of the vector with SV40 origin of replication for large copy number in 
COS-7 mammalian cells, neomycin and kanamycin resistance gene and the multiple 
cloning site (MCS), adjacent to the FLAG tag. Part B) shows the multiple cloning site 
1 egi°n and the location of the two enzymes, BamHI and Sail highlighted. Assessed from 
the pCMV-Tag expression vector technical manual (Stratagene).
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Figure 3.1.20: 1 % (w/v) agarose gel electrophoresis of control and experimental ligations 
between pCMV-Tag 2B expression vector and LEPR insert. Lane 1: DNA ladder 
(Hyperladder I), Lane 2: control ligation 1 (digested pCMV-Tag 2B vector with ligase); 
Lane 3: control ligation 2 (digested pCMV-Tag 2B vector); Lane 4: control ligation 3 
(LEPR insert); Lane 5: experimental ligation 1; Lane 6: experimental ligation 2. Linear 
pCMV-Tag 2B expression vector can be seen at 4.3 kb in Lanes 2, 3, 5 and 6.
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3.1.5 Nested LEPR PCR

As the ligations with both vectors and subsequent transformations of E.coli were 

unsuccessful, an additional set of primers was designed so that a nested PCR could be 

performed (Appendix VI). This was to increase the concentration of LEPR product 

extracted after the second PCR was performed to ensure there was a high concentration of 

LEPR product to enable successful ligations into pGEM-T vector, in the correct orientation 

and subsequent transformations into the pCMV-Tag 2B expression vector.

The new sets of primers were designed further out from the original set (LEPRF and 

LEPRR). During the reverse transcription step the newly designed reverse primer was used 

to create the new cDNA, using placental RNA (see section 2.4.10) and the nested PCR was 

performed under standard conditions (see section 2.4.11) but with different conditions, 

52°C for the annealing temperature and at 2 mM, 2.5 mM and 3 mM Magnesium Chloride 

concentrations. The 3 mM reaction was subsequently diluted to 1:20, 1:50 and 1:200 to use 

in the next PCR step with the original set of LEPR primers at the optimised conditions, 

56°C annealing temperature and 2.5 mM Magnesium Chloride. All of these produced the 

expected band of 2457 bp (Figure 3.1.21). The remaining PCR products, from the two 

dilutions were electrophoresed using a new agarose gel over seven wells and extracted to 

be used in the ligation of the pGEM-T vector. Concentration of these seven extracts were 

determined and found to be between 300 ng/pl and 975 ng/pl. For a 1:3 vector to insert 

ratio 125 ng of insert was needed, and even though the concentration of the LEPR extract 

was above this, 3 pi was added to the experimental ligation to increase the number of 

ligations with the correct orientation of the LEPR insert with the vector. Three separate 

transformations were performed in which fifty-nine white colonies were produced on LB

207



agar supplemented with X-Gal, IPTG and Ampicillin, and subsequently grown as 

overnight cultures. However when these were digested using BamHI and Sail none of the 

mini preparations produced the two bands of vector and LEPR insert (Figure 3.1.22). Most 

of these seemed to be empty vector or contain the LEPR insert in the wrong orientation. 

The correct orientation was important so that the LEPR insert had the same sticky-ends for 

the enzymes BamHI and Sail, as the pCMV-Tag 2B vector so that they could be ligated 

together. As a result there was no LEPR to be ligated into the pCMV-Tag 2B expression 

vector. This meant that the subsequent stages in the functional study could not be 

completed, in particular stage seven which involved sequencing the LEPR insert. This 

would have identified colonies containing LEPR insert in the correct orientation in pCMV 

Tag 2B expression vector and also identify any de novo polymerase base misincorporation 

mistakes. In hindsight, sequencing after each cloning stage could have been performed to 

immediately identify any of these de novo mistakes and not wait until stage seven as 

ligation into both pGEM-T and pCMV Tag 2B vectors was problematic and these mistakes 

may have been the cause.
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Figure 3.1.21: 1% (w/v) agarose gel electrophoresis of LEPR PCR using the original 
LEPR primers from different dilutions of the nested RT-PCR. Lane 1: DNA ladder 
(GeneRuler), Lane 2: a 1:20 dilution of the nested PCR, Lane 3: a 1:50 dilution of the 
nested PCR, Lane 4: a 1:200 dilution of the nested PCR, Lane 5: water blank. 10 pi of the 
PCR was loaded into the corresponding lanes.
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Figure 3.1.22: 1% (w/v) agarose gel electrophoresis of restriction double digests (BamHI 
and Sail) of six mini preparations, with undigested mini preparations loaded adjacently. 
Lanes 1 and 14: DNA ladder (GeneRuler), Lane 2: undigested mini preparation 23, Lane 3: 
digested mini preparation 23, Lane 4: undigested mini preparation 24, Lane 5: digested 
mini preparation 24, Lane 6: undigested mini preparation 25, Lane 7: digested mini 
preparation 25, Lane 8: undigested mini preparation 26, Lane 8: digested mini preparation 
26, Lane 9: undigested mini preparation 27, Lane 10: digested mini preparation 27, Lane 
11: undigested mini preparation 28, Lane 12: digested mini preparation 28. Lanes 3, 5, 7, 9 
and 11 show empty vector at 3 kb when cut with the two enzymes whilst lane 13 shows the 
LEPR in the wrong orientation within the vector. 5 pi of undigested mini preparation and 
10 pi of digested mini preparations were loaded into the corresponding lanes.
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In summary, the LEPR extracellular region was successfully PCR-amplified and sub­

cloned into the pGEM-T vector however the LEPR insert was not successfully sub-cloned 

into the pCMV-Tag 2B vector to enable the eight haplotypes of the three polymorphisms 

(Lysl09Arg, Gln223Arg and Lys656Asn). Time constraints prevented further exploration 

of this line of work and a modelling ‘in silico ’ approach was adopted.
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3.2.0 Computer Modelling of the Leptin Receptor

Leptin is a key hormone involved in energy regulation as well as being apart of the 

immune, cardiovascular and reproductive systems. However, the precise mechanics driving 

the interaction between leptin and its receptor, and the complex it forms, remains elusive 

(Peelman et al., 2006b). Leptin is key in energy regulation (Figure 1.9.1) but proved 

refractory to cloning (see section 3.1). We decided to use computer modelling methods 

instead, to see if we could identify whether three SNPs located within the extracellular 

region of the leptin receptor, Lysl09Arg, Gln223Arg and Lys656Asn, widely identified as 

important in genetic studies (see section 1.9.11) could be shown to alter binding affinity 

with leptin either isolated or as haplotypes. Some data suggests that this is the case: LEPRb 

with 223Arg shows lower affinity for Leptin than Gin223 (Meehan, Pers Com).

In order to predict whether different leptin receptor haplotypes, defined by the three 

specific polymorphismsnamed above affects its conformation and thus affects binding of 

its ligand, leptin, the I-TASSER online server (http://zhanglab.ccmb.med.umich.edu/I- 

JASSER) was used to predict the 2D and 3D structures including the eight haplotypes 

(Table 3.2.1; Appendix VII). The server uses a ‘sequence to structure to function 

paradigm’ that includes using different servers and additional software was used to identify 

regions of homology and identity and any differences between the predicted 3D structures 

of the LEPR that contain the eight haplotypes.
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Table 3.2.1: The eight haplotypes within the extracellular region of the LEPR defined by 
the three specific polymorphisms at Lysl09Arg, Gln223Arg and Lys656Asn. Haplotype 
sequence is shown as the amino acid sequence and with respect to the codon sequence at 
each polymorphism. The SNP is shown in bold.

Haplotype Codon Polymorphisms Amino Acid Haplotype

Number LysIüy Gin223 T y ? 5̂ Sequence

Haplotype 1 AAG CAG AAG KQK

Haplotype 2 AGG CAG AAG RQK

Haplotype 3 AAG CGG AAG KRK

Haplotype 4 AAG CAG AGC KQN

Haplotype 5 AGG CGG AAG RRK

Haplotype 6 AAG CGG AGC KRN

Haplotype 7 AGG CGG AGC RRN

Haplotype 8 AGG CAG AGG RQN

3.2.1 I-TASSER Server

The I-TASSER server (Roy et al., 2010) has been a recent development in predicting 

protein structure. It enables the user to predict protein structure using a ‘sequence-to- 

structure-to-function paradigm’. The prediction of the protein is estimated over four 

different stages; a) template identification, b) structural assembly, c) model selection and 

refinement and d) structure-based functional annotation.

3.2.1.1 Template Identification

During template identification, proteins are identified from a PDB structure library, which 

contains protein structures that have already been solved by a process of threading by a
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local meta threading server (LOMETS) (Wu et al., 2007), in which template proteins are 

identified by using a sequence-structure alignment procedure. It selects proteins that show 

similarities with the query protein in overall structure or for a particular motif or region. A 

sequence profile is developed from this as the homologous sequences of the template 

proteins are aligned together. LOMETS utilises different threading methodologies 

therefore combines several algorithms to maximise the number of protein templates 

homologous to the query protein. These include the PSI-BLAST profiles (Altschul et al., 

1997) and the Needleman-Wunsch (Needleman and Wunsch, 1970) and Smith-Waterman 

(Smith and Waterman, 1981) algorithms. As the scoring system and sensitivity of the 

alignment vary between each algorithm, the quality of the alignments for each program is 

assessed using a normalised Z-score.

3.2.1.2 Structure Alignment

During structure assembly, continuous fragments from the threading alignment are used 

from the templates to make a conformational structure of the query protein that have 

aligned well. The unaligned regions are built by ab initio modelling. Two different 

approaches are applied as a result. Aligned regions are modelled using an off-lattice 

approach to maximise the accuracy of the secondary structure whereas unaligned regions 

are modelled on a cubic lattice system. This process is performed by replica-exchange 

Monte Carlo simulation, which determines the best arrangement of the continuously 

aligned fragments. These are guided by a knowledge-based force field that involves using 

different aspects: general knowledge-based statistics terms from PDB (using hydrogen 

bonding, hydrophobicity, C-alpha/side chain correlations), spatial restraints from threading 

templates and sequence-based contact predictions from SVMSEQ (a support-vector- 

machine (SVM) based residue-residue contact predictor that uses sequence information)
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(Zhang, 2009). The structure trajectories are then clustered by SPICKER to identify 

structures that have a low free energy state and by averaging the positions of all the 

clustered structures the cluster centroids are obtained.

3.2.1.3 Model selection and refinement

During this stage, cluster centroids are used during the fragment assembly simulation to 

refine the models and remove any steric clashes. The LOMETS treading alignments and 

the PDB structures that were identified as structurally closest to the cluster centroids were 

used as constraints within this second round of selection. The structures are also clustered 

for a second time and those with a low energy state are selected from the different cluster 

centroids. The cluster centroids are used to make the final structural models by using the 

REMO (Li and Zhang, 2009) program that builds all atom models by using the C alpha 

trace and hydrogen bonding.

3.2.1.4 Structure-based functional annotation

The 3D predicted models are used to determine protein function by matching them 

structurally to proteins of known structure and function, using three methodologies. The 

topology of the predicted models is used in the alignment of functional templates using 

TM-align (Zhang and Skolnick, 2005) program. A TM-score is used to rank those 

depending on the level of structural similarity and given a value of between zero and one. 

Those closest to one have a high degree of structural similarity. Proteins with similar 

global structure to the predicted models are selected from the PDB along with those that 

are similar in structure and sequence surrounding the active/binding site region of the
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predicted models. In each of these search results, the matched proteins are measured and 

then ranked based on the level of structural and sequence similarity.

The accuracy of the predicted protein structure is estimated using the confidence score (C- 

score). This ranges from -5 to 2, where the higher the score indicates a better quality 

model. The score is calculated using the significance (Z-score) of the threading alignments 

in LOMETS and the convergence (cluster density) of the I-TASSER simulations.

3.2.2 Analysis of I-TASSER Results

I-TASSER was used to analyse the wild type LEPR amino acid sequence, with the three 

mutations individually at Lysl09Arg, Gln223Arg and Lys656Arg.The LEPR protein 

sequence was downloaded from the UNIPROT Knowledgebase, accession number 

(P48357) termed the native wild type sequence (see section 2.8.1), and then edited and 

each leptin receptor haplotype sequence uploaded on to the I-TASSER server (see section 

2.8.2). Once the structure had been determined the results were displayed using a web 

browser. They were displayed and analysed with regards to the following criteria: regions 

of predicted secondary structure, regions of predicted 3D structure, identification of 

threading templates i.e. finding identity/similarity in fold recognition with the protein of 

interest compared to that which exists in solved protein structures and identifying structural 

analogues i.e. structural motifs from known proteins are compared to the protein of 

interest, with those with a best fit being analogous in structure and thus producing a 

predicted model.
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3.2.2.1 Sequence and predicted secondary structure

Figure 3.2.1 shows the results of submitted amino acid sequence in the FASTA format and 

the predicted secondary structure shown below with the confidence score for each residue. 

The secondary structure prediction is given as either H for alpha helix, S for beta pleated 

sheet or C forrandom coil. The confidence score (C-score) ranges from zero to nine, with 

nine being the highest and indicating a higher confidence in the prediction and is based on 

the significance between the threading template alignments and the convergence parameters 

of the structure assembly simulations (Zhang, 2008).

The four haplotypes sequences, which includes the wild type LEPR and the single 

polymorphisms at Lys109, Gin22’ and Lys636, were submitted to the server separately, as 

more than one protein sequence cannot be submitted at one time. Results of the individual 

predicted models were viewed but they were also compared when all four predictions of 

the protein structure were complete. In the first instance, the predicted secondary sequence 

was viewed. The best model, ‘model one’, was compared between the wild type LEPR 

predicted protein and the models with the individual mutations, producing four models in 

total (Table 3.2.1). These werenamed Model A which was Native LEPR (haplotype 

sequence 1), Model B which has a single change LEPR Lys109 to Arginine (haplotype 

sequence 2, Model C which has a single change of LEPR Gin223 to Arginine (haplotype 

sequence 3) and Model D which has a single change LEPR Lys656 to Asparagine 

(haplotype sequence 4).
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Table 3.2.2: Results from the I-TASSER protein prediction. C-score and TM-scores 
indicating the best model are given for the ‘first model’ for the full-length native LEPR 
protein sequence and for the mutations, 109Arg, 223Arg and 656Asn.

Protein C-
score

TM-score

Native LEPR (Model A) -1.30 0.55±0.15
LEPR 109Arg (Model B) -2.79 0.39±0.13
LEPR 223 Arg (Model C) -2.67 0.41 ±0.14
LEPR 656Asn (Model D) -2.04 0.47±0.15
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Submitted Sequence

>protein
MICQKFCVVLLHWEFIYVITAFNLSYPITPWRFKLSCMPPNSTYDYFLLPAGLSKNTSNS 
NGHYETAVEPKFNSSGTHFSNLSKTTFHCCFRSEQDRNCSLCADNIEGKTFVSTVNSLVF 
QQIDANVÎNIQCV7LKGDLXLFICYVESLFKNLFRNYNYKVHLLYVLPEVLEDSPLVPQKGS 
FQMVHCKCSVHECCECLVPVPTAKLNDTLLMCLKITSGGVIFQSPLMSVQPIKMVKPDPP 
LGLHMEITDDGNLKISWSSPPLVPFPLQYQVKYSENSTTVIREADKIVSATSLLVDSILP 
GSSYEVQVRGKRLDGPGIWSDWSTPRVFTTQDVIYFPPKILTSVGSNVSFHCIYKKENKI 
VPSKEIVWWMNLAEKIPQSQYDWSDHVSKVTFFNLNETKPRGKFTYDAVYCCKEHECHH 
RYAELYVIDVNIKISCETDGYLTKMTCRVJSTSTIQSLAESTLQLRYHRSSLYCSDIPSIH 
PISEPKDCYLQSDGFYECIFQPIFLLSGYTMWIRINHSLGSLDSPPTCVLPDSWKPLPP 
SSVKAEITINIGLLKISViEKPVFPENNLQFQIRYGLSGKEVQVÎKKYEVYDAKSKSVSLPV 
PDLCAVYAVQVRCKRLDGLGYWSNWSNPAYTWHDIKVPHRGPEFWRIIKGDTMKKEKNV 
TLLWKPLMKNDSLCSVQRYVINHHTSCNGTKSEDVGNHTKFTFLWTEQAHTVTVLAINSI 
GASVANFNLTFSWPMSKVNIVQSLSAYPLNSSCVÏVSWILSPSDYKLMYFIIEWKNLNED 
GEIKWLRISSSVKKYYIHDHFIPIEKYQFSLYPIFMEGVGKPKIINSFTQDDIEKHQSDA 
GLYVIVPVIIS S SILLLGTLLISHQR2-ÎKKLFWEDVPNPKNC S WAQGLNFQKPETFEHLFI 
KHTASVTCGPLLLEPETISEDISVDTSWKNKDEKMPTTWSLLSTTDLEKGSVCISDQFN 
SVNFSEAEGTEVTYEDESQRQPFVKYATLISNSKPSETGEEQGLINSSVTKCFSSKNSPL 
KDSFSNSSWEIEAQAFFILSDQHPNIISPHLTFSEGLDELLKLEGNFPEENNDKKSIYYL 
GVTSIKKRESGVLLTDKSRVSCPFPAPCLFTDIRVLQDSCSHFVENSIKLGTSSXKTFAS 
YMPQFQTCSTQTHKIMENKMCDLTV

Predicted Secondary Structure

20 40 60 80 100 120
I I I I 1 1

Sequence MICQKFCVVIJiHWEFIYVITAFNLSYPITPWRFKLSCKPPNSTYDYFLLPAGLSKNTSNSNGaYETAVEPKFNSSGTHFSiiLSKTTFHCCFRSEQDIiNCSLCADNIEGKTF'/STVNSLVFQ 
Prediction CCSCSHHHHHHHHHHHHHHHHHHCCCCCCCCCCSSSSCCCCCCCCCCCCCCCCCCCCCCCCCCCCCSSSSSSCCCCCSSSCCCCCSSSSSCCCCCCCCCCCCCCCCCCCSSCSSSCCCCCS 
Conf.Score 9510276888999999999987604114850225775037634442247466521045787565416777645887346326773789972455445776667985470150217624627 

Secondary structure elements are shown as H for Alpha helix,S for Beta sheet & C for Coil

Figure 3.2.1: I-TASSER results showing the submitted sequence in FASTA format and 
the predicted secondary sequence for the complete native protein sequence of LEPR 
(accession number P48357).
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The predicted secondary structure was viewed and this showed that the majority of the 

predicted protein consisted of random coil and beta sheets and a small amount of alpha 

helix, for each of the models A to D (Figure 3.2.2). The confidence score for these 

secondary structures varied. Some regions had a high confidence score of seven to nine, 

other regions were low, <5. Beta pleated sheet regions are better predicted than random 

coil, which would explain the higher confidence score shown for beta pleatedsheets 

compared to random coil. There also appeared to be slight variations between each of the 

four models, in particular the length of some of the coil and beta pleated sheet structures 

vary between them. At position 160, Histidine residue, (Figure 3.2.2) Model C is predicted 

as having a shorter beta pleated sheet structure compared to the other three predicted 

models and also at amino acid position 182, Glutamine residue. The confidence scores also 

vary at these residues between the four models.

The four haplotypes were then viewed with respect to the predicted 3D structure to identify 

any subtle difference in patterns of helix, beta sheet and coil from the native conformation.
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1 4 0  1 6 0  1 8 0  2 0 0

I I I I
^KLFICYVESLFKNLFRNYNYKVHLLYVLPEVLEDSPLVPQKGSFQMVHCNCSVHECCECLVPVPTAKLNDTLLMCLKITSl
:c s s s s s s s c c c c c c c c c c c s s s s s s s s s c c c c c c c c c c c c c c c c s s s s c c c c c c c c s s s s s s c c c c c s s s s s s s s s s s c o
' 6 5 8 9 9 9 7 8 8 8 8 7 8 8 7 7 5 6 5 7 9 8 8 7 7 5 4 5 0 0 0 4 6 8 8 8 6 5 6 6 5 8 6 2 1 4 6 1 3 1 1 3 6 7 7 6 6 9 9 9 6 1 5 7 6 5 2 1 2 5 8 9 9 9 9 9 9 8 0 5 '

bi

1 4 0  1 6 0  1 8 0  2 0 0  2 2 0

I I I I I
JCLFICYVESLFKNLFRNYNYKVHLLYVLPEVLEDSPLVPQKGSFQMVHCNCSVHECCECLVPVPTiiKLKD'rLLMCLKITSGGV:
:c ss ss sss c c c c c c c c c c c s s s s s s s s s c c c c c c c c c c c c c c c c c s s c c c c c c c c c s s s s s c c c c c c s s s s s s s s s s s c c c c c <
4 3 7 9 9 9 7 8 8 8 8 8 8 8 8 7 6 5 2 7 8 8 9 8 8 8 7 6 0 2 1 5 7 8 8 8 6 6 7 6 6 8 6 4 2 4 5 3 5 3 0 2 3 7 7 4 6 8 9 9 4 2 6 7 6 5 1 3 4 5 3 9 9 9 9 9 9 8 4 6 8 7 6 !

1 4 0  1 6 0  1 8 0  2 0 0  2 2 0

I I I 1 I
.KLFICYVESLFKNLFRNYNYKVHLLYVLPEVLEDSPLVPQKGSFQMVHCNCSVHECCECLVPVPTAKLNDTLLMCLKITSGGV:
:c s s s s s s s c c c c c c c c c c c s s s s s s s c c c c c c c c c c c c c c c c c c s s s c c c c c c c c c s s s s s s c c c c c s s c s s s s s s s s s c c c o
¡ 0 5 8 9 9 9 7 7 8 9 8 7 8 8 8 7 5 4 1 8 8 6 6 3 5 4 0 0 2 1 0 5 7 8 8 8 5 5 6 6 5 8 4 0 4 6 5 3 6 6 4 4 6 8 7 6 7 9 9 9 7 3 4 6 5 4 2 1 2 0 6 9 9 9 9 9 9 9 5 5 8 7 5 .

1 4 0  1 6 0  1 8 0  2 0 0  2 2 0

I I I I I
jKLFICYVESLFKNLFRNYNYKVHLLYVLPEVLEDSPLVPQKGSFQMVHCNCSVHECCECLVPVPTAKLNDTLLMCLKITSGGV:
:CSSSSSSSCCCCCCCCCCCSSSSSSSSSCCCCCCCCCCCCCCCCCSSSCCCCCCCCSSSSSSCCCCCSSSSSSSSSSSSCCCC(
¡ 3 5 9 9 9 9 7 8 8 8 8 7 8 8 7 7 5 5 5 8 9 8 8 8 8 6 4 4 1 1 0 4 7 8 8 8 6 6 6 6 6 8 6 2 0 5 7 3 5 3 2 3 5 7 7 6 6 9 9 9 7 1 5 7 6 5 1 2 1 3 7 9 9 9 9 9 9 9 3 5 7 5 6 !

Figure 3.2.2: A part of the predicted secondary structure from amino acid positions 138 to 
227 each of the four models. A) Model A; B) Model B; C) Model C and D) Model D. The 
top row displays the amino acid sequence, middle row indicates where secondary structure 
is predicted, in this case either a random coil (C) or a beta pleated sheet (S). The last row 
gives the confidence score. The length of the four predicted beta pleated sheet regions 
varies between the four models between the amino acids 157 and 216.
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3.2.2.2 Predicted 3D Model

In addition to textual displays we can analyse ribbon diagrams of the LEPR haplotypes as 

compared to the wild type LEPR. The predicted 3D structures are displayed, that show the 

five best models as determined from the query amino acid sequence (see Figure 3.2.3 for 

one example). The best model is shown as ‘model one’, which has the highest C-score 

(within the range of -5 to 2). Secondary protein structures within the image are shown, 

which includes alpha helix and beta pleated sheets. The C-score for each image shows the 

confidence in the predicted protein structure for each of the models. The template 

modelling score (TM-score) is also calculated and the score for ‘model one’is given below 

the predicted models. This score indicates how similar two protein structures are with 

different tertiary structure.

The C-scores for the four models were relatively low, -1.30, -2.79, -2.67 and -2.04 for 

models A, B, C and D respectively. The higher the value, i.e. closer to two, the better the 

confidence in the predicted structure, that it is the more likely structure of the query protein 

is to be real. However, when the three mutations were created, separately, the C-score 

decreased. This suggests that the confidence in all four predicted proteins is relatively low 

indicating the LEPR protein structure is refractory to this type of computer determination. 

Interestingly, the image of ‘model one’ (the best predicted model by I-TASSER) varied 

between each of the four models A, B, C and D, which showed that that the different 

alleles did appear to have a structural impact, at least with this prediction package(Figure 

3.2.4).
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Top 5 Models predicted by l-T A S S E R

Download Model 1 Download Model 2 Download Model 3 Download Model 4 Dowiiload Model 5
C-scorc—2.03 C-scorc=-2.06 C-scorc—2.10 C-scorc—2.22 C-scorc—2.31

Estimated accuracy of M odell: 0.47±0.15 (TM-scorc) 14.4±3.7À (RMSD)

Figure 3.2.3: The I-TASSER predicted five models for the leptin receptor with the 
Lys656Asn polymorphism. C-score is given at the bottom of each model, which indicates 
the confidence in the prediction of the protein structure, with the TM-score given for 
‘model one’.

223



Figure 3.2.4: Predicted protein structures of model 1 from four models a) the complete 
region of the leptin receptor (LEPR native) b) LEPR complete sequence with 1oyArg 
polymorphism c) LEPR complete sequence with 22jArg polymorphism and d) LEPR 
complete sequence with 6r,6Asn polymorphism.
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3.2.2.3 Threading Alignments

The threading template lists ten templatesthat were used for the query protein, as identified 

by the LOMETS threading program, part of the I-TASSER suite. The alignments of each of 

the templates are shown along side the sequence of the query protein (Figure 3.2.5). A 

normalised Z-score is provided against each template, which indicates the quality of the 

alignment. A value >1 indicates a confident alignment. A Protein Data Bank (PDB) unique 

accession code is given to identify known proteins to which the query protein has been 

aligned, for further information

The ten best templates used for model A included the ectodomain of gpl30 (PDB 3I5H), 

the fragment of the human fibronectin encompassing type III repeats (PDB IFNF) and the 

FNIII domains of the human gpl30 (PDB 3L5I). These are expected as gpl30 is a cytokine 

and belongs to the cytokine superfamily, of which LEPR is a member. The fibronectin type 

III domain is commonly found in extracellular proteins and two FNIII domains are located 

within the LEPR (Figure 1.9.3). This was also true for models B, C and D, which would be 

expected as the query protein sequences are essentially the same but with only one amino 

acid difference.
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To p  10 templates used by l -T A S S E R

Rank PD B Idenl Iden2 C ov. Norm . Download 
Hit Z -  A lign .

score

1 315hA 0.19 0.13

2 3l5hA 0.20 0.13

3 IfnfA 0.14 0.08

4 315hA 0.17 0.13

5 3I5HA 0.17 0.13

6 3IShA 0.18 0.13

7 31SiA 0.15 0.04

8 IfnfA 0.13 0.08

9 3orxB 0.09 0.20

10 lzIcA  0.16 0.11

0.49 2.12 Download 

0.49 2.68 Download 

0.31 3.68 Download 

0.50 3.70 Download 

0.49 2.24 Download 

0.49 1.75 Download 

0.24 3.21 Download 

0.31 3.11 Download 

0.92 1.75 Download 

0.49 1.96 Download

20 40 60 80I I I I
Sec.StrCCSCSHHnHHHaBHKHHKHHin-HCCCCCCCCCCSSSSCCCCCCCCCCCCCCCCCCCCCCCCCCCCCSSSSSSCCCCCSSSCCCCCSSSS: 

Seq MICQKFCVVLLHWEFIYVITAFNLSYPI'TPWRFKLSCMPPNSTYDYFLLPAGLSKNTSNSNGHYETAVEPXPNSSGTBFSNLSKTTFECi

LL-------------------- DPCCYIS ESPV---VQLHSNFTAVCLKEKCMDYFHVUANYIVWKTNHF7-IPKEQYTI2NRTASSV

-ALY7LI7PAVLRTDrEEQILVEAHGDSTPKQLDIFVHDFPPKQKDM:rPAGGMLV7:TIEIPAKSVa7DSRQNQYV 
-------------------------------------AAGPGAAAARRLDESCSVQRARCA'RCLSLQITRISAFFQ!

Figure 3.2.5: A exert of the I-TASSER analysis showing ten templates located by the I- 
TASSER server, from the protein database. These known structures are utilised to predict 
the protein structure of the query protein. Results shown are for the complete sequence of 
the native LEPR accession number P48357. The unique PDB reference number represents 
each template that is used by I-TASSER. Each template sequence is aligned beneath the 
query protein sequence where regions of homology have been identified.
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3.2.2.4 Structural Analogues

The ten proteins found in the PDB with the highest degree of structural homology to model 

1 are listed in Figure 3.2.6. These are based on the program TM-align and the TM-score is 

provided, with the highest, better score ranked at the top. The structural alignment of the 

best I-TASSER model with the protein analogues is also shown. Identical amino acids are 

colour matched, with mismatches differentiated using a black typeface.

The ten best proteins used that are structurally closest to model A included the complement 

component-3 glycoprotein (2B39), human complement component-5 glycoprotein (3CU7), 

P-glycoprotein (3G6L), Botulinium neurotoxin serotype A (3BTA) and serotype B (1F31),

E. coli RecA-ssDNA/dsDNA complex (3CMU), endo-alpha-N-acetylgalactosaminidase 

(2ZXQ), Cobra Venom Factor and human factor B complex (3HS0) and Thioester 

containing proteins isoform 1 (2PN5). Of these ten proteins only one of these proteins, the 

P-glycoprotein, is a receptor that can transport a variety of substrates across the intra and 

extracellular membranes. This indicates that the LEPR is structurally similar to a range of 

other proteins that do not belong to the cytokine family. Flowever it would be expected that 

within these results, the LEPR would be structural similar to other type 1 cytokine 

receptors as they share critical regions of similarity (Iserentant et al., 2005, Stratigopoulos 

etal., 2009).
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10 proteins In P D B  which are structurally closest to the first l-T A S S E R  model (identified by )

Rank TM -
score

RM SD3 IDENa Cov. PDB
Hit

1 0.6539 6.43 0.06 0.81 2b39A
M o d e ll

2 0.5834 6.30 0.05 0.71 3cu7A
M o d e ll

3 0.4750 2.19 0.07 0.49 3hsOF
M o d e ll

4 0.4078 9.00 0.04 0.61 2pr>5A
M o d e ll

5 0.2589 7.76 0.05 0.35 2 i c f  B 
M o d o ll

6 0.2577 9.69 0.05 0.41 3bfcaA
M o d o ll

7 0.2568 9.45 0.03 0.40 3cmuA
M o d e ll

8 0.2516 9.79 0.05 0.41 3cf61A
M o d e ll

9 0.2509 9.85 0.04 0.40 l f  31A 
M o d e ll

10 0.2479 9.40 0.04 0.39 2zxoA
M o d e ll

Structural alignment using TM -align

----------------------------------- --------------?PMIL3iLESSE®WLEABGG0G''.'IQVSVTVHDFf AKKOVLSSSJiiQLNSNNGYLKTVTlKIPASXEIiltSDKGBKFVTW ;
M ICQ K FCW LLK W EFIYV i'TA FilLS YFI’rPSiRFKI.SGKFPNSTyDyFLLPAGLSKiWSNSH-GHYET-------------AVEPKFNSSGTHFSNLSK1'"'F53: FRi

- ------------------------r -  EQTYViSA?KIFRVGASENIVIQVYGYTEAFDA?XSIKSY?DKKFSYSSGHVHLSSENKFQ\'SAII,?iQ?KQL?GG<p.\-''VSYVYL£1
MICQKFCyVLLBWEFIYVITAF'5LSYP2iPWRFKLS . : :?i'NSTyDyFILFAGL5Ki:TSN-SKGHy-ET-- AVE ? KFHSSGTHF fi N- -LS K::FK ; FI

--------------------------- A------- LY?I,i:--'AVLRTD TEB0ILVEAaG DST?Ki}LOIFVi;DF?RKQK7LF0TRVD NPAGG' X V ? P ? I E I F  AKSVS2Di5RQ>JQYVWQ\
M ICQKFCW U.H W EFIY V IT A F K L S Y PIT¡.-KRFXLS . :  PNSTYD.YPLLi ?AGLSKXTSN-SNGBY-E-----------AVEP KF USSG?HFSKLKK T T  F H FR;

------ .--------- LLWG-'KFIRANOEYTLVISNFNSQLSKVDL---------LLKLELSVLMVrKHVD--VRRN.^R:INFKMFEDLTAG- —
MICQKFCWLLHWEFIYVI-AFMLSYPITP WRFKLSX':' ?-------- PNSTYDYFLLPAGLSXNTSNSN---CBYS---?AVE?KFSSSGTBPSHLSK1

DSDIIAEENIVS----- ----------------------------------------------------------------•---------------■---
----- -----MICQKFCWLLHWEFIYVI7AFNIiSYPITPWRFXLSCMPPNS2,YDYFI.IiPAGLSKN?SNSNGHYETAVEPKFNSSGTHFSNI>SKTTFI

pfvnkqfnykdpvncvd2ayikipnvgq:'-0-vkafkihnkiwv2:erd::f:k?segdlnpppeakq---------vpvsyyd-stylstdnekdnylkc
------------------------ ; I QKF----------WLLKWEFIYVi::--------AFNLSYPITPWRFKLS-C-------------

VETISTGSLSLDIALGAGGLPMGRIVEIYCPESSGK7TL'?LQVIAAAQRSGKTCAFIDAEHALDPIYARKLGVD2DNLLCSQPD(?CEQAI,EICDALARSC

VSVLTMFRYAGWLDRLYMLVG'PLAAIIHGVALPLMMLIFGDHl'DSFASVGNVSKNSTNMSEADKRAMFAKLESEM’rrYAyYYTGIGAGVLIVAYIQVSF^

P V TIiW F N Y N D P ID N Jm i MEPPFARGTGRYYXAFXI?DR3WIirERYTFGYXPEDFNKSSGIFURDVCEYYDPDYEH'7NDKKN2FLQTMIKI,FNRIK< 
------------------------------------------------;;----------------- ---------------1 - Q - — KF .W LL IsK E FIY ---------------------------V2?AF—  -----------------------------------------------------------------------

ASSTLKTXXMEVQIXKNFPSVLQyTKTDGKVMYGQSXDVRTVSINGOTIELGDDDVTFXKVSD'rSATYTLKVKDSAKKIDAVITVQITVKAKQLHLNVTI

Figure 3.2.6: I-TASSER results showing the ten proteins that are structurally closest to the 
first model predicted by I-TASSER, using TM-align. Results shown are for the complete 
protein sequence of the native LEPR (accession number P48357).
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When the ten best structural proteins were viewed with models B, C and D there were 

notable differences with those from model A. Only three proteins were the same, 

complement component-3 glycoprotein, Botulinum neurotoxin B and RecA- 

ssDNA/dsDNA amongst the four models and the proteins structurally similar to models B. 

C and D included human gpl30 (3L5H), fatty acid synthase from yeast (2UV8; 2UVA) 

and humans (2PFF; 2V28; 2UVC), and cytoplasmic dynein (3PMZ). It is of interest that 

of the proteins structurally similar to models B, C and D, included the human gpl30 

receptor, which also belongs to the type 1 cytokine receptor family but it was not included 

with model A.

3.2.3 Extracellular LEPR Protein Structure Prediction

As the Models A to D had a low C-score it was determined that these were not good models 

at predicting the structure of LEPR. I-TASSER is mainly used to predict proteins that 

contain one domain and LEPR contains three domains: extracellular, transmembrane and 

intracellular. Therefore the protein sequence was split so that only the extracellular region 

was submitted to the server, i.e. amino acid positions 1 to 830. Mutations were also created 

at positions 109, 223 and 656 as before. These models were designated models E-H 

respectively. However, again, the four models produced poor C-score values, indicating 

that the models predicted were not accurate for the LEPR protein (Table 3.2.2).
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Table 3.2.3: l-TASSER results for the extracellular region of the leptin receptor. Native 
structure was predicted along with the polymorphisms at the positions Lysl09Arg, 
Gln223Arg and Lys656Asn.

Protein Name Model C-Score TM-Score
E x t r a c e l lu l a r  L E P R  n a t iv e E - 2 .8 4 0 .3 9 ± 0 .1 3

E x t r a c e l lu l a r  L E P R  1 0 9 A rg F -2 .9 5 0 .3 8 ± 0 .1 3

E x t r a c e l lu l a r  L E P R 2 2 3 A r g G -2 .4 1 0 .4 3 ± 0 .1 4

E x t r a c e l lu la r  L E P R 6 5 6 A r g H -2 .3 0 0 .4 4 ± 0 .1 4

The predicted secondary structure was viewed for each of the four models, E to H. Again 

the query proteins were predicted to contain beta pleated sheets, alpha helices and random 

coils and there were slight variations between each of the models. For example at positions 

107 and 108 in the amino acid sequence, for Model F, there was indicated alpha helix 

within the structure followed by beta sheet but this was not predicted in the other three 

models (Figure 3.2.7). In addition, the length of the beta sheet varied between each of the 

four models, between three and seven, starting at residue 109 which is lysine to residue 

115, valine.

The templates used to predict the protein structure for each of these four models were also 

viewed, to see if there was any similarity in the length of homology, along with the proteins 

identified by the programme as having a similar structure. These were both similar to the 

full-length protein models A to D, gpl30 ectodomain and the fragment of human 

fibronectin encompassing type III repeats. There were also differences in the structural 

images of the four models E to F, as with the earlier models (Figure 3.2.8).
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100 1 0 7  1 0 8  120

E^NCSLCADNIEGKTFVSTVNSLVFQQIDANWNIQCWLKGDL
cccccccccccccsssssscccccccccccccssssssccc
6 7 6 6 5 6 7 9 8 2 2 5 0 5 8 4 5 6 7 5 2 4 5 3 0 3 6 8 8 8 3 4 4 9 9 9 9 6 8 6 4

1 0 0  107 108 1 2 0

I IIRNCSLCADNIEGRTFVSTVNSLVFQQIDANWNIQCWLKGDL:
iCCCCCCCCCCHHSSSSSSSCCCCCCCCCCCSSSSSSSCCCO
2 3 6 5 5 6 8 9 9 0 2 5 6 7 7 4 3 1 1 7 4 5 6 7 7 6 5 8 9 6 5 2 5 9 9 9 8 0 7 4 4 .

1 0 0  107 108 1 2 0

I I
r n c s l c a d n i e g k t f v s t v n s l v f q q i d a n w n i q c w l k g d:
ccccccccccccsssssssccccsssccccccssssssco
5 7 7 6 6 6 8 9 8 3 2 6 2 8 9 9 9 8 9 7 6 1 4 3 7 4 2 8 9 7 4 0 7 9 9 9 9 6 8 7

100 107 108 120
I I

>r n c s l c a d n i e g k t f v s t v n s l v f q q i d a n w n i q c w l k g d l :

:cccccccccccccsscssscccccssccccccssssssccc
:6 7 6 6 5 6 7 9 8 2 1 4 0 2 6 0 2 2 7 3 0 5 6 3 2 1 2 7 9 8 3 5 5 9 9 9 9 7 8 6 3

Figure 3.2.7: Predicted secondary protein structure of the four models: A) — E, B) = F, C) 
= G and D) = H. Highlighted by the arrows are positions 107 and 108 in which alpha helix 
is predicted in Model F but is absent in the other three models. Highlighted in green are the 
predicted beta sheets, which vary in length between the four models.
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Figure 3.2.8: Predicted protein structures of ‘model one’ for the four models E, F, G and 
H. A) the native extracellular region of the leptin receptor, B) the extracellular region with
109 °  2.2.3Arg polymorphism C) the extracellular region with Arg polymorphism and D) the 
extracellular region with the 636Asn polymorphism.

232



The extracellular region contains four different domains, which might explain why I- 

TASSER was not able to predict the structure of the protein with strong confidence. The 

different domains within the extracellular region include CRH1, Ig-like domain, CRH2 and 

fibronectin type III domain. Out of the three polymorphisms of interest, only the 

Gln223Arg mutation was located within one of these domains, the CRH1 domain, therefore 

the amino acid sequence of the CRH1 domain was submitted to the I-TASSER server (266 

amino acids in length). The native sequence was initially submitted followed by the version 

with the amino acid change from Glu to Arg, which corresponded toposition 162 in 

the CRH1 sequence.

3.2.4 CRH1 I-TASSER Results

The results of modelling the native CRH1 domain were viewed as before and also 

compared with the version with the 223Arg peptide. The native protein was given the name 

CRH1Q and 223Arg peptide, CRH 1R.

Compared to the previously described, more complex structure predictions, CRH1Q and 

CRH1R had relatively high ‘model one’ C-score values, -0.47 and -0.55 and TM-score 

values 0.65±0.13 and 0.64±0.13 indicating a higher confidence in the predicted structures. 

The predicted protein structures of both domains also showed the expected high degree of 

similarity as viewed by the images o f  model 1 ’ for CRH1Q and CRH1R (Figure 3.2.9).
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Top 5 Models predicted by l-TA S S ER

Top 5 Models predicted by I-TASSER

Estimated accuracy of M odell: 0.64±0.13 (TM-scorc) 7.1±4.2À (R M S D )

P.owplQflbMQdsLi
C-scorc"M).55

Download,Model .3.
C-scorc=-3.70

Download Model .4 
C-scorc~-3.78

Estimated accuracy of M odell: 0.65±0.13 (TM-scorc) 7 .0±4.lA (R M S D )

Download Model S 
C-scorc=-2.80

Download Model 1 
C-score=-0.47

Figure 3.2.9: The five best models predicted by I-TASSER of the CRH1 domain wit ( ) 
the glutamine residue at position 223 (CRH1Q) and (B) the arginine resi ue at11 e same 
position (CRH1R). ‘Model one’ for the two predicted domains are considered the best 
model of the five predicted.
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The threading templates used by LOMETS were viewed for the two models. Proteins of 

similar structure to the CRH1 domain were used as templates to determining the structure 

of both the query peptides, CRH1Q and CRH1R. The templates included the extracellular 

domain of the interleukin 6 receptor alpha chain, the human G-CSF receptor-signalling 

complex, Leukaemia inhibitory factor (LIF) in complex with LIF receptor domain and 

gpl30 cytokine receptor complex. These are all cytokines with extracellular receptors, 

belonging to the cytokine 1 superfamily (Zabeau et al., 2003). These peptides were also 

found to be structurally close to both CRFI1Q and CRH1R.

3.2.4.1 Structural Alignment between CRH1Q and CRH1R Domains

The two best models for the peptides CRH1Q and CRH1R from I-TASSER results were 

downloaded as PDB files then viewed using the DeepView/SWISS-PDB Viewer software 

(v4.0.4). This was done to determine any similarities or differences with respect to the 

amino acid change between the two protein structures.

The CRH1Q native protein shows three regions of beta pleated sheet formation of differing 

sizes (Figure 3.2.10). The smallestis at the start of the domain and contains 56 amino acids, 

this is connected to the second beta sheet structure, amino acids 61 to 174, by four amino 

acids, and this is then connected to a third beta sheet structure, amino acids 175 to 266. 

CRH1R shows the same structure, with three beta sheet structures (Figure 3.2.10).
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Figure 3.2.10: CHR1Q (Blue) CHR1R (Green) predicted protein structure as a ribbon 
model showing three beta sheet formations.
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The DeepView software was used to align CRH1R to the native structure, CRH1Q. They 

showed very similar structures however there are some slight differences between them, as 

the alignment did not show a perfect fit (Figure 3.2.11 A). This was noticed when the 

improved fit option was used, as it aligned the two protein structures together based on the 

second and third beta sheet formation (Figure 3.2.1 IB). This showed that these two beta 

pleated sheet structures were highly similar between the two predicted structures of the 

CHR1 domain, with the pivot point between the first and second beta sheet being poorly 

defined.

The smallest of the three beta pleated sheet structures in the models of CRH1Q and CRH1R 

was also aligned and showed a high degree of similarity (Figure 3.2.12). However, again 

there were slight unexpected differences although these can probably be attributed to the 

prediction algorithm. When the two predicted secondary structures were compared between 

the CRH1Q and CRH1R peptides there were seven differences between them, where either 

a beta sheet was predicted or a random coil (Figure 3.2.13).
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Figure 3.2.11: Alignment of CRH1Q (blue) and CRH1R (red) as 
(A), improved alignment of the two larger beta sheet structures 
CRH1Q was used as the reference strand.

a ball and stick model 
within the domain (B).
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Figure 3.2.12: A close up view of the alignment between the smaller beta sheet structure 
(amino acids 1-60) in CRH1Q (blue) and CRH1R (red), shown as a ball and stick model. 
The amino acid Glycine is shown at position one.
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Figure 3.2.13: A section of the predicted secondary structure of the CRH1 domain with 
the glutamine residue at 223 (A) (CRH1Q) and the arginine residue (B) (CRH1R), from 
amino acid positions 133 to 220 (corresponding to 112 to 159 in the complete long isoform 
of the leptin receptor). The top row displays the amino acid sequence, the middle row 
indicates the secondary structure that has been predicted, either a random coil (C) or a 
beta-pleated sheet (S). The bottom row indicates the confidence score of the prediction. 
Differences between the two proteins can be seen at position 160 as two amino acids have 
been predicted to form a beta pleated sheet in CRH1Q (highlighted in purple) while the 
same amino acids are predicted to form a random coil in CRH1R (highlighted in orange). 
The length of the beta-pleated sheet also varies between the two predicted proteins 
between amino acids 180 and 200, with five in CRH1Q peptide (highlighted in red) and six 
in CRH1R peptide (highlighted in green).
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3.2.4.2 Hydrogen Bonding in CRH1Q and CRH1R

The Gln223Arg polymorphism, in both the CRH1Q and CRH1R peptide structures, was 

investigatedby aligning the two models of the peptides and viewing the amino acid R 

groups to highlight possible steric differences that might occur between the two peptides. 

The change from glutamine to arginine results in side chain length. Arginine is much longer 

than glutamine, which means it may interact with other atoms in the peptide by hydrogen 

bonding. To determine whether there were alterations in hydrogen bonding patterns 

associated with the change in amino acid, the hydrogen bonding option was selected. This 

was carried outindividuallyfor each peptide: CRH1Q and CRH1R.

The results showed that the peptide containing the glutamine residue showed no hydrogen 

bonding with any other atom within the peptide. However, the peptide with the arginine 

residue forms a hydrogen bond with the R group of the cysteine residue at position 151, 

which equates to position 213 in the CRH1 domain within the complete LEPR sequence 

(Figure 3.2.14). The distance between the side chains of the amino acids at positions 162 

and 151 in CRH1Q was measured using the Deepview software and found to be 6.63A. The 

same distance was measured in CRH1R and found to be much shorter, 3.11 A, which 

indicates that hydrogen bonds are more likely between the two amino acid residues in 

CRH1R than in the native CRH1 domain, as the gap is so much shorter. Hydrogen bonds 

are typically between 2.6 and 3.5A.
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Figure 3.2.14: A close up of the hydrogen bond between the arginine residue at position 
162 (highlighted in yellow) and the cysteine residue at position 151 (highlighted in blue), 
within CHR1R, as a ball and stick model.
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3.2.4.3 Electrostatic potential in CRH1Q and CRH1R

Both the CRH1Q and the CRH1R peptide were viewed using the Python Molecular 

Viewer, which is used to determineelectrostatic potential, which is mapped to the surface of 

the two domains. Thisis then used to establish any differences or similarities. Electrostatic 

potential is based on the electron density of particles within a molecule and how these 

interact withcharged particles. Areas of negative electrostatic potential interact with a 

positive charge as an attractive force, which increases the negative electrostatic potential 

whereas positive electrostatic potential interacts as a repulsive force, which increases the 

negative electrostatic potential.

The electrostatic potential of the query peptides was measured using a macromolecular 

electrostatistics calculation program called the Adaptive Poisson-Boltzmann Solver (APBS) 

that the Python Molecular Viewer displays as electrostatic potential molecular surface 

(Figure 3.2.14). This is colour coded: areas of negative electrostatic potential are shown in 

red and areas of positive electrostatic potential are shown in blue. The intensity of the 

colour indicates areas of either strong negative (dark red) or positive (dark blue) 

electrostatic potential. Peptide regions withdifferences in negative and positive electrostatic 

potential, i.e. differences in red and blue colouring indicates more polarity if the surface of 

the protein is mainly white or lighter shades of blue and less polarity if there is morered. 

The electrostatic potential was determined for both CRH1Q and CRH1R individually.

The CRH1Q peptide was found to have both electronegative and electropositive regions. 

Some areas have strong electronegative potential, which equates to -11.3kT/e, whereas 

other areas show strong electropositive potential, with a high potential value of up to 11.3
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kT/e (Figure 3.2.15). However, most of the CRH1Q peptide showed only low 

electronegative or electropositive potential, between 5.63 and -5.63 kT/e, or zero potential 

(white surface). The white and lighter colour shades between the two potentials indicates 

that the CRH1Q molecule is mainly non-polar. The CRH1R peptide produced similar 

results (Figure 3.2.16), mainly areas of low electronegativity, electropositvity orzero 

potential throughout the molecule. Interestingly, there does appear to be slight differences 

between the twopeptide allelesas evidenced by the electronegativity mapping indicated by 

intensity of the blue/red colouring. Figure 3.2.15 (A) shows that the centralregion of the 

CRH1Q peptide has strong negative electronegative potential whereas Figure 3.2.16 (A) 

shows the CRH1R protein to have a more positive electronegative potential in the same 

region. Mirror images in the figure give a better view of the appropriate residues.
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Figure 3.2.15: Electrostatic potential of the CRH1Q predicted domain, mapped to the 
surface of the protein. A) This view of the protein shows more areas of electronegativity 
than electropositive whereas B) shows the opposite side to the protein indicating more 
electropositive potential. The arrows indicate the position of the glutamine ammo aci , 
which is situated at position 162.
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With respect to the Gln223Arg amino acid substitution at position 162, there was a 

noticeable difference in the effect of the residue on the charge on the surface of the protein 

when the residues were substituted. The glutamine, in the CRH1Q peptide was found to be 

mostly electropositive (Figure 3.2.17B) with a small region of electronegativity (Figure 

3.2.17A). The glutamine residue is in close proximity to amino acids at positions 153 

(Lysine) and 151 (Cysteine), which are electropositive and the amino acids at positions 165 

(Leucine), 164 (Proline) and 160 (Isoleucine), which confer electronegativity on the 

surface. Arginine in the sequence CRH1R was shown to be electropositive and Valine at 

153, 164 and 159 Serine at 163 165 and Proline at 115 were also found to be confer more 

electropositivity on the surface rather than electronegative (Figure 3.2.18).

The change in amino acid caused a subtle change in the structure of the protein around the 

region of interest. The glutamine residue in CRH1Q protrudes from the surface of the 

protein (Figure 3.2.17A) whereas the surface of the protein is much flatter with the arginine 

amino acid in CRH1R (Figure 3.2.18 A and B).
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Figure 3.2.16: The overall surface electrostatic potential of the CRH1R peptide. Part A) 
displays one side of the protein with areas of low electronegative and low electropositive 
potential and white areas of zero potential. Part B) displays the opposite side of t e 
CRH1R peptide, which shows more areas of low electropositive potential. The arginine 
residue at position 162 is, indicated by the arrow.
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Figure 3.2.17: A close up of the surface electrostatic potential of amino acid residue 162 
and surrounding residues in CRH1Q peptide, as indicated by the arrows. A) The amino 
acids at positions 165, 164 and 64 show a high electropositive potential whereas amino 
acids at positions 103, 118 and 122 are higher electropositive. B) The amino acids at 
positions 153, 155, 160, 121, 124 are shown to be electropositive.
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Figure 3.2.18: A close up of the electrostatic potential of the arginine residue at position 
162 in the CHR1R peptide as indicated by the arrows. Both views A) and B) show arginine 
residue to have electropositive potential, along with the residues at positions 15j , 161, 
164,165 and 115.
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3.3.5 CRH2 Domain I-TASSER Results

The second CRH domain (CRH2) peptide sequence was also uploaded on to the I-TASSER 

server for protein structure prediction. This was carried out to determine whether there were 

similarities with the CRH1 domain as they both contain two FNIII folds. The C-score for 

the protein was high, 0.35 (TM score 0.76±0.10), which indicates that there was high 

confidence in the prediction of its structure.

Using DeepView software the CRH2 domain showed two beta pleated sheet formations 

(Figure 3.2.19), of similar size. Upon alignment with the CRH1Q peptide sequence, the two 

larger beta sheet structures of CRH1Q aligned with the CRH2 (Figure 3.2.20) indicating 

that the two domains containedhomologous structures and amino acid sequences although 

there were areas in which the two domains have not aligned well.
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Figure 3.2.19: CRH2 domain predicted protein structure depicted as a ribbon model 
showing two anti-parallel beta pleated sheet structures.
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Figure 3.2.20: The alignment of the two CRH peptide domains, CRH1 (Red) and CRH2 
(blue), shown as a ball and stick model. The two larger beta pleated sheet structures of 
CRH1 are similar to the two beta pleated sheet structures of CRH2.
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3.3.5.1 Electrostatic Potential in CRH2

As with the CRH1Q and CRH1R peptide sequences, the electrostatic potential was 

determined in CRH2 using the Python Molecular Viewer software. The majority of the 

protein displayed no overall positive or negative electrostatic potential, depictedby the 

white colour on the model, but areas of intense red and blue colour around the central area 

of the model which indicated strong negative and positive areas of electrostatic potential 

respectively (Figure 3.2.21). These areas of strong potential were found to be -32.1 kT/e 

and 32.1 k/Te. These resultsare similar to those found with the CRH1Q and CRH1R 

peptides (Figure 3.2.14; Figure 3.2.15) as these showed areas of positive and negative 

electrostatic potential over the whole surface of the domain. However there were 

differences in the intensity of the positive and negative electrostatic potential, along with 

the location of these over the surface of the peptides.
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Figure 3.2.21: Electrostatic potential mapped to the surface of the CRH2 domain. 
Differential areas of negative, positive and neutral electrostatic potential are displayed on 
the surface throughout the domain structure as can be seen in A), B) and C).
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Key residues within the CRH2 domain were viewed; lie501, Phe502, Leu503, Leu504, Ser505 

and Asp61̂  which are important for binding of leptin (Iserentant et al., 2005). The amino 

acid Phe was found to result in electrostatic negative potential on the surface while the 

other residues conferred a neutral effect. lie501 and Asp615 were hidden from the surface of 

the domain so did not affect the surface (Figure 3.2.22).
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Figure 3.2.22: The overall surface electrostatic potential of CRH2 domain. A) The arrow 
displays the location of the residues lie501 (77) and Leu503 (79), which did not changethe 
electrostatic potential on the surface. B) The arrow displays the location of the residues 
He (77) and Leu’’03 (79), where Leu503 has slight positive electrostatic potential.
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3.3.6 Electrostatic Potential in Leptin

The known leptin structure was downloaded from the PDB and the Python Molecular 

Viewer software (accession number P41159) and was used to determine its surface 

electrostatic potential. The overall surface electrostatic potential of the protein was found to 

be negative and the intensity of the potential varied across the whole of the molecule 

(Figure 3.2.23). One side of the molecule was found to have the highest intensity (-0.45 

kT/e), which seemed to decrease across the molecule to the opposite end (-0.150 kT/e). Key 

residues on the surface of leptin were viewed more closely as these are important in binding 

of its receptor. Leu13, Leu86, Leu89, Phe92 are important in binding site II, while Phe41, 

Phe43, Val36, Thr37 are important in binding site I. Leu13, Leu86, Leu89, Phe9-, Phe41 and 

Phe43conferred negative surface electrostatic potential while Val36 and T h r7 were hidden 

from view and so did not alter the surface charge. These residues are located in the region 

of the wild type molecule, which has the highest intensity of electrostatic potential.
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Figure 3.2.23: The positive surface electrostatic potential of leptin protein. A) The overall 
leptin molecule displaying the position of the four residues Leulj, Leu86, Leu89 and Phe92 
B) Indicated are the residues, Leu13, Leu86, Leu89 and Phe92conferring strong positive 
electrostatic potential. Part C) displays the overall leptin protein indicating the position of 
the residues Phe41 and Phe43 showing strong positive electrostatic potential.
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In summary, the 2D and 3D protein structure of the native CRH1 peptide sequence and the 

same domain with the Gin replaced by Arg (CRH1R) were successfully predicted 

using the I-TASSER server software suite. Upon comparison of these two structures, 

hydrogen bonding was seen in the CRH1R 3D peptide sequence structure between the 

Arg223 residue and Cys212 residue, which was not present in the native structure. 

Differences in the overall surface electrostatic potential were also noted between the two 

protein structures and at amino acid residue position 223. Although the complete 2D and 

3D protein structures of the leptin receptor were not successfully predicted due to their size 

and limitations of the software the CRH2 domain structure in the extracellular region of the 

leptin receptor also successfully predicted and was found to be similar in structure to the 

CRH1 domain.
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4.0 Investigating Association of Maternal T2D and Obesity Gene SNPs with Fetal 

Birth Weight

The aim of this study was to genotype variants within two genes (FTO and ADCY5) and 

one gene region (HHEX-IDE) in our maternal Gujarati Indian DNA samples, to investigate 

if they are associated with lower or higher fetal birth weight. ADCY5 and HHEX-IDE have 

previously been strongly associated with T2D (Grarup et al., 2007; Horikawa et al., 2008; 

Sladek et al., 2007; Cauchi et al., 2008; Rees et al., 2011; Vasam et al., 2011; Windholz et 

al., 2011; Dupuis et al., 2010), while FTO has previously been associated with obesity 

(Dina et al., 2007; Frayling et al., 2007; Scuteri et al., 2007; Heid et al., 2010; Hong and 

Oh, 2011) and more recently fetal genotype of variants within ADCY5 and HHEX-IDE 

have been associated with lower fetal birth weight (Freathy et al., 2009; Zhao et al., 2009; 

Andersson et al., 2010; Ryckman et al., 2010), while FTO expression in the placenta has 

been associated with fetal growth (Bassols et al., 2010; Sebert et al., 2010). Predominately 

these studies have been performed in European Caucasian populations and ethnic 

minorities in Western countries are understudied therefore these loci were genotyped in our 

maternal Gujarati Indian cohort, to ascertain whether the same loci were also associated 

along with fetal genotype from published research.

Two different PCR based methodologies were used to genotype variants in FTO, ADCY5 

and HHEX-IDE as the number of SNPs genotyped was different for each gene. The 

Sequenom iPLEX assay enables up to forty SNPs in one assay to be genotyped at one time, 

therefore this will be used to genotype a selected number of SNPs across the HHEX- 

IDha.n& FTOgene regions, while the TaqMan Real Time genotyping assay was used to 

easily genotype one SNP in the ADCY5 gene.
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4.1.0 Genotyping of HHEX-IDE in Guarajti Indian Women using the Sequenom 
iPLEX assay

Both the NCBI website and published data was used to identify potential SNPs in the 

HHEX-IDE gene locus. Twenty-seven were found in total, twenty-two of which were 

identified from NCBI and the remaining five were selected from published data associating 

these variants with T2D (rsl 111875, rs5015480, rs7923837, rsl544210, rsl0509646) 

(Cauchi et al., 2008, Grarup et al., 2007, Horikawa et al., 2008, Horikoshi et al., 2007, 

Omori et al., 2008, Pascoe et al., 2007, Saxena et al., 2007, Schulze et al., 2007, Sladek et 

al., 2007, Staiger et al., 2008, van Vilet-Ostaptchouk, 2008, Zeggini et al., 2007). 

Rsl418387 and rs 17851141 are mis-sense mutations that occur in exon one and exon two 

respectively. As the HHEX-IDE gene region is in high LD and covers over 200 kb a 

selected number of SNPs were chosen to capture all the genetic variation within this region 

using the Tagger module in Haploview. The Haploview software enables the user to 

download phased genotype data from the International HapMap project 

(http://www.hapmap.org) to visualise LD within a particular region of the genome (Barrett 

et al., 2005). Data was downloaded from HapMap using Haploview, by selecting positions 

94427 and 94520 on chromosome 10, where the HHEX-IDE gene region is situated. The 

previously associated SNPs with T2D and birth weight are located downstream of the 

HHEX gene therefore this region was selected to be investigated within our SA cohort. 

From this further variants were identified and the total number of SNPs was increased to 

fifty-six. In this study, for QC purposes, the HWE cut-off was set at p<0.05, the genotype 

success rate cut-off was set at 80%, Mendelian errors were left as the default and the minor 

allele frequency was set to 5%.
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Using CEU data for the HHEX-IDE region, fifty-six SNPs were found to be in high LD (r2 

= 71-94), with two main haplotype blocks (as shown in Figure 4.1.1). The Tagger option 

within the Haploview software was used to generate a set of thirty-one tag-SNPs, using a 

minimum minor allele frequency of 0.001 and an r2 value of 0.80. The maximum number 

of SNPs captured by a single tag-SNP (rsl 2765131) was eight (see Table 4.1.1). Flowever 

Haploview did not select SNPs within the EIHEX gene itself so these were added when 

designing primers using the MassARRAY software. The thirty-seven SNPs were split into 

two assays, a 20-plex assay and a 17-plex assay.
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Figure 4.1.1: A map of R2 across the HHEX region of interest using HapMap CEU data. 
The yellow arrows indicate two Haplotype blocks (high LD as represented by the black 
colouring), across the HHEX loci and the blue arrow indicates the location of the HHEX 
gene.
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Table 4.2.1: The thirty-one SNPs within the HHEX locus genotyped, using the Sequenom 
iPLEX assay. The chromosome position of each of these SNPs is shown along with the 
assay number and the SNPs captured by each of the SNPs.

SN P ID C hrom osom al
Position

A ssay

SN Ps C aptured
rsl2262390 94436103 1rsl 22623 90
rs 10882102 94456475 1rs5015480, rsl2778642, rsl 111875
r s l1187146 94468335 1r s l1187146
rs2497311 94471975 1rs2497313,rs2488079
rs7081351 94474989 1rs7081035, rs7081294
rs4933236 94488416 1rs4933236
rs 17107841 94488811 1rs 17107841
rsl 7374868 94491883 1rsl7374868
rs2488068 94496608 1rs2488068
rs2488067 94496718 1rs2488067
rs2096177 94501663 1rs2096177
rs9420592 94504955 1rs9420592
rsl2765131 94506793 1

rsl2763786, rsl 1187167, rsl2784232, rsl2763565, 
rs l2780621, rs l2764758, rsl 1187169, rsl2779990

rs882136 94507739 1rs882136
rsl 0509646 94510649 1rsl 0509646
rs2497350 94511239 1rs2497350
rs2497349 94511545 1rs2497349
rs2488087 94436021 2 rsl0882100
r s l1187144 94459960 2 rsl0748582, rs7087591, rs7923837, rs7923866
rsl2780253 94472115 2 rsl2780253
rs2497309 94473956 2 rs2497312, rs2497307
rsl 1597458 94476016 2 r s l1597458
rs2497304 94482696 2 rs2488075
rs947591 94485733 2 rs947591
rs2488073 94488955 2 rs2488073
rsl 1187152 94490091 2 r s l1187152
rsl 1187157 94492224 2 r s l1187157
rsl 1187158 94492409 2 rsl 1187158
rsl539330 94492718 2 rsl539330
rsl 1187161 94498323 2 rs2488066, rs2497351
rsl 0437472 94509969 2 rsl 043 7472
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Chromosome 10q 23.33

94,420k 94,430k 94,440k 94,450k 94,460k 94,470k 94,480k 94,490k 94,500k 94,510k 94,520k 9 4 ,530k

H+>
HHEX

A
rs1111875

A
rs5015480

0 rs2488087

A
rs7923837

0 rs2488073 0  rs10437472

0  rs 2497304 0 rs2096177
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Figure 4.1.2: A graphical representation of the location of the HHEX gene and the 
position of the thirty-seven SNPs genotyped in this thesis indicated by the circle 
alongside the SNP ID. SNPs represented by a triangle are those that have been 
significantly associated with fetal phenotype in previous research (Table 1.7.11)
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4.1.1 MassARRAY Software

The Sequeom MassARRAY assay design software was used to design a set of three primes 

for each of the thirty-seven SNPs for use in a multiplex assay (see section 2.5.4). An 

additional six SNPs were included into the assay, as they were not included when using 

Haploview; rs34266926, rs2229328, rsl418387, rsl7851141, rs2275729 which are located 

across the HHEX gene, and rsl544210 which have been previously associated with T2D 

(Sladek et al., 2007; Saxena et al., 2007; Scott et al., 2007; Zeggini et al., 2007). The 

position of the thirty-seven SNPs to be genotyped in relation to the HHEX gene is shown in 

Figure 4.1.2.

4.1.2 Typer Software for Genotyping Data Analysis

Once the genotyping had been carried out, the data was analysed using the Typer software 

provided with the Sequenom iPLEX Assay. Post MALDI-TOF reaction, the samples were 

given a genotype for every SNP. The software presents the results in five different views as 

a: spectrum, a histogram, a cluster plot, overall plate run and single well data (Figure 

4.1.4). As well as each genotype, the software indicates whether it is conservative, 

moderate, low probability, aggressive, bad spectrum, no alleles or user call, to distinguish 

between those that are good and bad quality genotypes. Those that are of good quality are 

given conservative and moderate status or those that have been changed by the user, which 

is then denoted as a user call. However those that are of poor quality are denoted 

aggressive or low probability depending on quality of the spectrum. If a genotype cannot 

be established they are described as no alleles. Using the histogram, and the yield versus 

skew and log height cluster plots the success rates of each SNP and the frequency of each

266



genotype was checked at a glance. Careful user calling was carried out to ensure that as 

many of the samples as possible had a successful genotype recorded. With the cluster plots 

the three genotypes were situated in distinct groups and labelled as blue, yellow or green. 

Those that had an overall yield below 50% or where the genotype clusters were indistinct 

were changed to no calls. In addition the cluster plots were checked so that three distinct 

clusters were shown representing the three genotypes.

For those SNPs where p<0.05 the cluster plots were rechecked to determine if there was an 

error in the calling of the genotypes made by the software, as indicated by more than three 

distinct genotype clusters or poorly-defined boundary regions between the clusters.
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Figure 4.1.4: Screen shot of assay one plate one of the Typer software used for the 
genotyping analysis. The histogram in the centre depicts all the SNPs within the assay 
along with the total number of the genotype calls (colour coded). The top left hand corner 
shows the distribution of genotypes as a cluster plot for a single SNP, the bottom left 
displays the 384 well plate with the overall success of the individual samples and 
underneath the histogram is listed all the genotypes and the quality of the call for each SNP 
for an individual sample that has been highlighted in the plate display. Key: Blue = low 
mass homozygote, Yellow = heterozygote, Green = high mass homozygote and Red = No 
calls where there was insufficient spectrum data to call a genotype.
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4.1.3 H H E X  Genotyping Success Rates

The thirty-seven SNPs were split into two assays: a 20-plex assay (assay one) and a 17- 

plex assay (assay two). The South Asian DNA samples were split over two 384-well plates 

therefore both assays were performed twice; assay one plate one, assay one plate two, 

assay two plate one and assay two plate two. For each assay the SNP genotyping success 

rate was calculated, with expected results of >90%.

Of the thirty-seven SNPs genotyped, three had a success rate below 90%, rs l0509646 

(42.73% and 66.67% from plates one and two, respectively) and rsl7107841 (13.95% and 

15.89% from plates one and two respectively) from assay one and rsl 1187152 (88.40% 

and 42.04% from plates one and two respectively) from assay two. Another five SNPs 

were between 80-90% (Tables 4.1.2 and 4.1.3). Of those that had a success rate <90% five 

were rerun on assay one plate one (rsl0509646, rsl7107841, rsl 1187146, rs l2765131 and 

rsl0882102) and four on assay two plate two (rs2488087, rsl539330, rsl 1187152 and 

rsl 1597458). Rsl539330 was rerun, as the extension primer was not added for the 

Sequenom reaction in the first reaction due to human error, as indicated by the low 

percentage success rate within Table 4.1.3.
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Table 4.1.2: Percentage genotyping success rates for each of the SNPs in Assay one.

SN P ID

A SSA Y  1
Plate 1 Plate 2

N° o f  
C alls

N° o f  
U ser 
C alls

Percentage
Success

N° o f  
Calls

N° o f  
U ser 
Calls

Percentage
Success

rs882136 319 6 96.44 348 8 92.71
rs 17851141 324 0 96.14 363 0 94.53
rs2497349 317 1 94.36 343 20 89.32
rs 12262390 315 0 93.18 242 13 89.06
rs 10509646 144 0 42.73 163 93 66.67
rs 1544210 306 8 93.47 342 15 92.97
rs34266926 317 0 94.07 363 0 94.53
rs2488068 313 5 94.36 346 9 90.10
rs2497311 312 2 92.58 359 8 95.57
rsl 7107841 47 0 13.95 61 6 15.89
rs2497350 321 4 95.25 350 12 91.15
rs9420592 311 1 92.28 352 8 93.75
rs2488067 323 0 95.85 355 1 92.45
r s l1187146 302 0 89.61 296 9 79.43
rs7081351 321 0 95.25 366 1 95.31
rs4933236 305 12 94.07 340 17 92.97
rs l7374868 319 0 94.66 358 6 93.23
rs 12765131 312 4 93.77 309 29 80.47
rs l0882102 305 5 92.00 335 15 87.20
rs2096177 320 0 94.96 361 7 94.01

After the five SNPs were rerun, the percentage success rates were checked again and there 

was an improvement in the number of samples genotyped. For assay one, three of the SNPs 

had >90% genotyped, one SNP with 81.43% and one with just 9.43%. For assay two all of 

the tour SNPs were successfully genotyped above 90% (Table 4.1.4).
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Table 4.1.3: Percentage success rates for each SNP in assay two.

SNP ID

A SSA Y  2
Plate 1 Plate 2

N° o f  
C alls

N° o f  
U ser 
C alls

Percentage
Success

N° o f  
C alls

N° o f  
User  
C alls

Percentage
Success

r s 2 2 2 9 3 2 8 3 5 8 0 9 8 . 9 0 3 0 4 1 9 7 . 1 3

r s 2 4 9 7 3 0 4 3 4 5 9 9 7 . 7 9 3 0 6 5 9 9 . 0 4

r s 2 4 8 8 0 8 7 3 3 5 1 5 9 6 . 6 9 2 3 9 1 4 8 0 . 5 7

r s 2 4 8 8 0 7 3 3 3 7 8 9 5 . 0 3 2 8 8 1 7 9 7 . 1 3

r s  1 4 1 8 3 8 7 3 5 5 0 9 8 . 0 7 3 0 7 0 9 7 . 7 7

r s 2 4 9 7 3 0 9 3 4 8 9 9 8 . 6 2 2 9 0 1 2 9 6 . 1 8

r s l  1 1 8 7 1 4 4 3 3 0 1 5 9 5 . 3 0 2 4 9 2 3 8 6 . 6 2

r s l  5 3 9 3 3 0 3 5 1 4 9 8 . 0 7 0 0 0

r s 2 2 7 5 7 2 9 3 1 7 2 8 8 . 1 2 3 0 1 4 9 7 . 1 3

r s l  1 1 8 7 1 6 1 3 5 1 4 9 6 . 9 6 3 0 9 2 9 9 . 0 4

r s l  0 4 3 7 4 7 2 3 5 6 0 9 8 . 3 4 2 8 7 0 9 1 . 4 0

r s l  1 1 8 7 1 5 8 3 4 0 1 9 3 . 9 2 2 7 5 2 3 9 4 . 9 0

r s l  1 1 8 7 1 5 2 3 2 0 2 8 8 . 4 0 1 3 2 0 4 2 . 0 4

r s l  1 5 9 7 4 5 8 3 5 1 2 9 7 . 5 1 1 7 5 6 4 7 6 . 1 1

r s 9 4 7 5 9 1 3 1 5 1 2 9 0 . 3 3 2 7 9 1 7 9 4 . 2 7

r s l  2 7 8 0 2 5 3 3 5 4 1 9 8 . 0 7 2 8 4 0 9 0 . 4 5

r s l  1 1 8 7 1 5 7 3 2 5 2 3 9 6 . 1 3 2 3 6 2 8 8 4 . 0 8

The final sets of results indicate that SNPs rsl0509646 and rs l7107841 failed within the 

assay design. The genotyping also revealed five SNPs were actually non polymorphic 

within this population (from assay one rsl7851141, rs7081351 and from assay two 

S10437472, rs2229328, rs l418387). Of the remaining thirty SNPs, twenty-two were found 

to be in HWE (p>0.05) leaving these to be analysed further (Table 4.1.5).

271



Table 4.1.4: Genotype success rates for the SNPs that were rerun from both assays

SNP ID

A SSA Y  1 A SSA Y  2
Plate 1 Plate 2

N° o f  
C alls

N° o f  
U ser  
C alls

Percentage
Success

N° o f  
C alls

N° o f  
User  
C alls

Percentage
Success

r s  1 0 5 0 9 6 4 6 2 7 3 1 2 8 1 . 4 3

r s  1 7 1 0 7 8 4 1 3 3 0 9 . 4 3

r s l  1 1 8 7 1 4 6 3 2 4 7 9 4 . 5 7

r s  1 2 7 6 5 1 3 1 3 1 2 3 9 0 . 0 0

r s  1 0 8 8 2 1 0 2 3 1 6 4 9 1 . 4 3

r s 2 4 8 8 0 8 7 3 1 6 1 0 9 3 . 4 1

r s l 5 3 9 3 3 0 3 2 9 7 9 6 . 2 8

r s l l  1 8 7 1 5 2 3 3 2 4 9 6 . 2 8

r s l  1 5 9 7 4 5 8 3 3 3 1 9 5 . 7 0

Table 4.1.5: Numbers of each genotype for each SNP and the corresponding Hardy- 
Weinberg values where p>0.05.

SN P ID
G E N O T Y PE

HW E11 12 22

r s 2 4 8 8 0 8 7 1 8 8 2 5 7 1 1 1 0 . 1 7 5

r s 2 2 7 5 7 2 9 4 2 2 4 2 1 0 . 4 2 3

r s l 0 8 8 2 1 0 2 2 1 3 2 8 7 1 3 6 0 . 2 9 9

r s l 1 1 8 7 1 4 4 1 6 5 2 8 0 1 3 4 0 . 4 7 0

r s l 2 7 8 0 2 5 3 6 1 2 0 6 0 . 9 0 3

r s l  5 4 4 2 1 0 3 3 2 2 6 1 6 0 0 . 1 7 0

r s 2 4 9 7 3 0 4 3 9 1 2 2 9 4 0 0 . 1 8 8

r s 9 4 7 5 9 1 3 3 6 2 0 5 5 1 0 . 4 0 9

r s 4 9 3 3 2 3 6 2 0 2 3 0 8 1 3 2 0 . 4 2 8

r s 2 4 8 8 0 7 3 3 2 4 2 5 1 6 2 0 . 1 1 6

r s l 1 1 8 7 1 5 2 3 9 3 3 2 3 0 . 1 3 0

r s l 7 3 7 4 8 6 8 6 0 7 5 5 3 0 . 9 2 3

r s l 1 1 8 7 1 5 7 3 0 7 2 0 6 5 4 0 . 3 7 2

r s l 5 3 9 3 3 0 5 7 1 8 5 6 0 . 1 6 1

r s 2 4 8 8 0 6 8 3 2 2 2 4 8 5 1 0 . 1 0 5

r s 2 4 8 8 0 6 7 5 4 8 2 1 0 0 . 1 7 5

r s 2 0 9 6 1 7 7 5 5 6 1 0 3 4 0 . 7 4 4

r s 9 4 2 0 5 9 2 4 4 4 1 7 6 1 9 0 . 7 5 9

r s  1 2 7 6 5 1 3 1 5 1 2 1 0 0 8 0 . 1 0 0

r s 8 8 2 1 3 6 5 1 4 1 1 8 1 2 0 . 2 3 4

r s 2 4 9 7 3 5 0 4 7 7 1 6 4 7 0 . 4 8 2

r s 2 4 9 7 3 4 9 3 4 5 2 5 0 4 9 0 . 6 0 0
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4.1.4. Normalisation of the H H E X -ID E  phenotype data

Prior to analysing, the genotype data was combined with the phenotype data and the 

variables of fetal birth weight, maternal booking weight and gestational age were 

individually checked for normal distribution using SPSS (vl6) analysis software. 

Histograms showed maternal booking weight and gestational age to be positively skewed 

whilst fetal birth weight was negatively skewed, therefore they needed to be transformed 

using the logarithm function and the square root function, respectively, whereas fetal birth 

weight was transformed using the reflect and log function. Subjects that had a gestational 

age <36 weeks were removed and only singleton births were used in the analysis.

The mean fetal birth weight was 3143.31 g ± 490.17 (SD), median gestation was thirty- 

nine weeks (38-40), mean number of previous children was 1.79 ± 0.88, median maternal 

age was thirty-one years (28-33) and the median maternal booking weight was 59.00 kg 

(53-66).

4.1.5 Analysis of Maternal Genotype and Fetal Birth Weight

To investigate if the maternal genotype, within the HHEX-IDE locus has an effect on fetal 

birth weight, ANCOVA analysis was used with each SNP separately. The genotype data 

was recoded into the additive model format, which is based on the number of risk alleles; 

homozygous for the major allele was changed to zero, heterozygous was changed to one 

and homozygous for the minor allele was changed to two. The covariates were gestational 

age, parity, maternal booking weight with fetal sex and the SNP as fixed factors. 

Associations were considered significant for p<0.05 and trend associated for 0.05<p<0.1.
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ANCOVA analysis revealed one SNP significantly associated with fetal birth weight 

rsl2765131 (p=0.002) and two SNPs were found to be trend associated rs2275729 

(p=0.063) and rsl539330 (p=0.076) (Table 4.1.6). As expected, from previous research, 

significant associations were also found between fetal birth weight and the covariates of 

gestational age (p=8.06xl0'19), parity (p=0.0011), maternal booking weight (3.18xl0'12) 

and fixed factor fetal sex (P=0.004).

Table 4.1.6: ANCOVA analysis of the association of fetal birth weight with maternal SNP 
genotype, with the covariates parity, gestational age, fetal sex and maternal booking 
weight. P values, where they are associated are significant at p<0.05.

S N P  I D P V A L U E

r s 2 4 8 8 0 8 7 0 . 4 0 8

r s 2 2 7 5 7 2 9 0 . 0 6 3

r s l 0 8 8 2 1 0 2 0 . 1 3 1

r s l 1 1 8 7 1 4 4 0 . 2 9 2

r s l 2 7 8 0 2 5 3 0 . 7 6 1

r s l  5 4 4 2 1 0 0 . 2 5 6

r s 2 4 9 7 3 0 4 0 . 2 0 2

r s 9 4 7 5 9 1 0 . 2 6 0

r s 4 9 3 3 2 3 6 0 . 3 0 4

r s 2 4 8 8 0 7 3 0 . 2 0 8

r s l 1 1 8 7 1 5 2 0 . 5 2 6

r s l 7 3 7 4 8 6 8 0 . 8 4 9

r s l 1 1 8 7 1 5 7 0 . 9 7 5

r s l  5 3 9 3 3 0 0 . 0 7 6

r s 2 4 8 8 0 6 8 0 . 4 4 0

r s 2 4 8 8 0 6 7 0 . 1 8 6

r s 2 6 9 6 1 7 7 0 . 7 0 3

r s 9 4 2 0 5 9 2 0 . 8 9 0

r s  1 2 7 6 5 1 3 1 0 . 0 0 2

r s 8 8 2 1 3 6 0 . 5 9 1

r s 2 4 9 7 3 5 0 0 . 7 9 1

r s 2 4 9 7 3 4 9 0 . 8 4 5

Rsl2765131 was investigated further, due to its high significance. The TT genotype was 

tound to confer a lower birth weight, 3017 g ± 36.13 compared with 3273 g ± 46.58 and 

3123 g ± 39.20 for the CT and CC genotypes respectively. The genotype frequencies for 

this SNP are 84.9% CC, 13.9% CT and 1.2% TT.
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4.1.6 Multiple Testing Correction

Correction for multiple testing was performed as separate ANCOVA tests were carried out 

for each of the twenty-two SNPs. Bonferroni correction is one of the widely used methods, 

where the result is taken as significant when the /■’-value is <aln (a  is the original 

significance threshold and n is the number of separate tests performed). However as many 

of these SNPs are in LD, the use of Bonferroni can be overly harsh, therefore results were 

corrected for multiple testing using the spectral decomposition (SpD) of matrices of 

pairwise linkage disequilibrium between SNPs (Nyholt, 2004), this gave a threshold of 

p=0.003 for significance. A web interface was used to calculate the corrected significance 

value where a pedigree and a map file were uploaded to the online server to perform the 

spectral decomposition ('http://gump.qimr.edu.au/general/daleN/SNPSpD/).

4.1.7 Haploview Analysis to Investigate LD across HHEX-IDE  region in SA cohort

Using Haploview, linkage disequilibrium across the HHEX-IDE region was estimated 

using R2 values from the experimental data (Figure 4.1.5). The results of which show two 

LD blocks, which lie across 75 kb. Ten SNPs are located within Haplotype block one 

which is 52 kb in length and eight SNPs are located within Haplotype block two, which is 

14 kb in length. This correlates with the LD plot generated from HapMap CEU data 

(Figure 4.1.1). The rsl2765131 SNP is in strong LD with six others (r2>0.8), which lie 

across 5 kb.
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Figure 4.1.5: Map of R2 using the twenty-two SNPs from this study. Two blocks of high 
LD can been seen as indicated by the yellow arrows. SNPs numbered one to ten are within 
Haplotype block one and SNPs numbered fifteen to twenty-two are within Haplotype block 
two. The location of the HHEX gene is indicated by the purple arrow, which the SNP 
rs2275729 is located within it.
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4.2.0 Genotyping FTO in South Asian Cohort using the Sequenom iPLEX Assay

Nine SNPs within the FTO locus were genotyped using the Sequenom iPLEX assay: 

rsl4421085, rsl781449, rs3751812, rs8050136, rs9939609, rs9939973 and rs9940128 

(Figure 4.2.1). These SNPs were selected as previous research (Dina et al., 2007; Frayling 

et al., 2007; Scuteri et al., 2007; Hinney et al., 2007), indicated associations with measures 

of obesity and were designed into one multiplex assay (see section 2.6). The assay was 

performed on the SA DNA samples on two 384-well plates, plate one and plate two. 

However, unlike with the HHEX-IDE genotyping, performed previously this assay was 

seen to be more problematic. This may have been due to other SNPs in the muliplex assay 

and reduced hybridisation efficiency at the local and secondary structures of DNA. Initial 

run (run one), results viewed using the Typer software produced a high number of no calls 

for five of the nine FTO SNPs, either through; a bad spectrum, low probability or poor- 

quality aggressive genotype calling. As a result, the assay for both plates was run a second 

time (run two). Despite a second run, the genotyping success rate was still below 80% for 

most of the SNPs. After four runs, success rates were still found to vary between each of 

the nine SNPs (Table 4.2.1).
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Chromosome 16q12.3

53,700k 53,750k 53,800k 53,850k 53,900k 53,9500k 54,000k 54,050k 54,100k 54,150k 54,200k

0  rs1421085

£  rs17817449

0  rs3751812

0  rs8050136

0  rs9940128

^  rs9939973

0  rs1121980

0  rs7193144

Figure 4.2.1: Graphie representation of the location of the FTO gene on 
chromosome 16ql 2.3 and the position of the SNPs which were genotyped.

278



Table 4.2.1: Genotyping combined success rates for both plates for the five runs of the 
FTO assay.

SNP R u n  O n e R u n  T w o R u n  T h r e e R u n  F o u r R u n  F iv e

Rsl421085 35.94% 77.13% 77.08% 60.11% 94.09%

Rs7817449 63.38% 84.99% 71.63% 78.19% 97.81%

Rs9939609 17.56% 25.71% 4.61% 21.23% 93.42%

Rs3751812 67.26% 92.21% 83.81% 82.07%

Rs8050136 76.02% 75.68% 99.86% 71.16%

Rs9939973 73.43% 90.52% 92.69% 81.64%

Rs9940128 67.62% 91.39% 87.39% 82.35%

The SNP rs9939609 had success rate continuingly below <30%, the SNP rsl421085 varied 

between 35 and 78%. One SNP, rs 17817449, had a success rate between 63-85% across 

the four runs of the assay. For one of the assays the SNPs rs3751812, rs8050136 and 

rs9940128 were >90% but between 67-88% for the other three assays and rs9939973 had a 

success rate between 73-81% for two assays and >90% for the other two assays. To 

improve the genotyping success rates for these SNPs, a fifth run of the assay was carried 

out. SNPs that had previously had a success rate of >90% (rs3751812, rs9939973, 

rs9940128 and rs8050136) in the previous four runs of the assay were removed. In addition 

the dilution of the DNA was changed to 1 in 25, from 1 in 100. When the results of both 

plates were viewed using the Typer software, it was seen that three of the SNPs, 

rsl421085, rs9939609 and rs7817449, improved, with more of the samples assigned 

conservative or moderate genotype calls, improving the overall success rate (Table 4.2.1). 

Combining the genotype data for all the samples from the five runs further improved the 

success rates for seven out of the nine SNPs. Two SNPs, rsl 121980 and rs7193144, failed
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across all five runs of the assay, with no genotypes assigned to the former, and a success 

rate below the 90% cut off value for the latter. The other seven SNPs were found to have 

an overall success rate >82% and were analysed further.

4.2.1 Combing FTO Genotyping Data

Before the data from each run was combined, plates one and two for each SNP, for each of 

the five runs were rechecked using the Typer Assay software, to ensure that the maximum 

number of conservative, moderate or user calls possible were achieved and that each SNP 

was in HWE. Each run of the assay was taken in turn, and data was sorted according to 

SNP and sample number. Aggressive genotypes were deleted for each sample and those 

samples that were given a genotype for less than 50% of the SNPs, were also deleted. A 

note of the sample number that was deleted was recorded. Before the genotype data for 

each SNP from each run was combined, it was assigned a different colour. The combined 

genotype data was sorted according to SNP and sample ID. The genotype for each sample 

was checked from all the five assay runs. Samples were deleted if they had no genotype or 

had two or more genotypes that were different. If all the genotypes were the same or if 

there was a majority genotype given the sample was kept. For example if there were three 

cases of one genotype and one case of another genotype it was kept and if there were two 

cases of one genotype and one case of another genotype but not all five runs produced a 

genotype for one sample. Samples that were deleted were recorded. Percentage success 

rate for each SNP was calculated from the samples that remained after the data was 

combined from the total number of samples originally genotyped (Table 4.2.2). Four out of 

the seven SNPs had a success rate above 90% and three SNPs were >80%. HWE was 

calculated (http://ihg.gsf.de/cgi-bin/hw/hwal.pl) using Pearson’s goodness-of-fit Chi- 

square and these were all above p=0.05, apart from one (Table 4.2.2). As seven tests were
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performed the HWE cut off was changed to p=0.0071 to correct for multiple testing, 

therefore rs9939973 is within HWE.

Table 4.2.2: Percentage success rates for the seven FTO SNPs after combining the data for 
the five runs.

SNP Percentage
Success

Genotype 
11 12 22

HWE

rs 1421085 91.94 341 266 66 0.1852
rs 17817449 91.94 327 278 69 0.3852
rs3751812 90.27 341 241 49 0.4843
rs8050136 88.97 293 275 53 0.3048
rs9939609 82.67 295 246 64 0.0755
rs9939973 89.88 299 293 105 0.0192
rs9940128 90.78 225 302 102 0.9687

4.2.2 Normalisation of the FTO  Data

Before any association with birth weight was investigated, the genotype data was added to 

the phenotype data and the variables fetal birth weight, maternal booking weight and 

gestational age were checked for normality. Phenotype data was checked for normality, 

transformed where appropriate and removed as previously described in section 4.1.3.

4.2.3 Maternal Phenotype and Fetal Birth Weight

Analysing the maternal characteristics in more detail, the mean maternal booking BMI was

23.8 kg/m2 (±3.84 SD), mean maternal age was 30.36 years (±4.53 SD), mean height was

158.8 cm (±10.51 SD) and the mean booking weight was 60.4 kg (±11.08 SD). The mean 

gestational age was 39.28 weeks (±1.44 SD), mean previous number of pregnancies was 

1.78 (±0.88 SD) and the mean fetal birth weight was 3160.46 g (±480.76 SD). Just over 

halt of the offspring were male (52.4%) with 47.6% female offspring. Male offspring had a 

slightly higher mean birth weight when compared to females, 3160.53 g (±488.65 SD) and
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3152.93 g (±470.95 SD) respectively but they were not significantly different (p>0.05). 

This data differs from previous maternal data in the HHEX-IDE genotyping study as not all 

the same DNA samples would produce a genotype for each SNP therefore there are 

differences in the total number of raw data analysed.

The parity of the women, 295, first pregnancy, 244, second pregnancy, ninety, third 

pregnancy, twenty-three, their fourth, two, fifth and sixth was three. Even though fewer 

women were found to be having more than one child, the mean birth weight tended to 

increase (Table 4.2.3), although there was a decrease in birth weight for a third and fifth 

pregnancy.

The majority of subjects (423) within this study had a booking BMI within the normal 

range of 18.00-24.99 kg/m . Twenty-three were classified as underweight (<18.00), 160 as 

overweight (25.00-29.99 kg/m2), thirty-six as obese class I (30.00-34.99 kg/m2) and seven 

being classified as obese class II (35.00-39.99 kg/m2). It was found that as maternal 

booking BMI increased from underweight to obese, the mean fetal birth weight also 

increased (Table 4.2.4). The mean fetal birth weight was highest in women who were 

classified as obese (Class II).
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Table 4.2.3: Mean fetal birth weight classified by pregnancy number.

Parity Mean Birth Weight (95% Cl)

1 3076.19(3022.71-3129.66)

2 3221.35 (3164.36-3278.34)

3
3182.57(3067.64-3298.09)

4 3474.35 (3276.84-3671.86)

5 3070.00(1926.44-4213.56)

6 3540.00 (2513.36-4566.64)

Table 4.2.4: Mean fetal birth weight classified by maternal BMI.

Maternal BMI Mean Birth Weight (95% Cl)

Underweight 2903.70 (2754.77-3052.62)

Normal 3105.87(3062.23-3149.52)

Overweight 3281.91 (3201.89-3361.93)

Obese Class 1 3299.44 (3122.89-3475.99)

Obese Class II 3612.86 (3182.47-4043.24)

4.2.4 Linear regression analysis of maternal genotype at the FTO locus with fetal 
birth weight

Genotype data was recoded into additive model format, which is based on the number of 

risk alleles; homozygous for the major allele was changed to zero, heterozygous changed 

to one and homozygous for the minor allele was changed to two.

Data was analysed to find the mean birth weight for each of the seven SNPs and the 

number of risk alleles (Table 4.2.5) and box plots were created, to view this graphically
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(Figures 4.2.1, 4.2.2, 4.2.3 and 4.2.4). Five SNPs showed that as the number of risk alleles 

increased the mean birth weight also increased; rsl7817449, rs8050136, rs9939609, 

rsl421085 and rs9940128, with the biggest increase occurring from one to two risk alleles. 

Three of these five SNPs were found to be significantly different using ANOVA analysis: 

rsl7817449 (p=0.025), rs8050136 (p=0.004) and rs9939609 (p=0.002). LSD post-hoc tests 

revealed that the significant associations were between one and two risk alleles (p=0.011, 

p=0.002 and p=0.006, respectively) and zero and two risk alleles (p=0.009, p=0.003 and 

p=0.001). There was no significant different between zero and one risk allele (p=0.928, 

p=0.219 and p=0.272). The SNPs rs l421085 and rs99401085 were not found to be 

significantly different (p=0.718 and p=0.636).

Linear regression analysis was performed, using the additive model, to determine whether 

there were any significant associations between number of risk alleles for each SNP and 

fetal birth weight, with parity, sex, gestational age, maternal booking BMI as covariates. 

All the covariates apart from sex showed significant associations with birth weight 

(p<0.05). Three of the seven SNPs were found to be significantly associated with high 

birth weight: rsl 7817449 (p=0.0273), rs8050136 (p=0.0231) and rs9939609 (p=0.001) 

(Table 4.2.5). Each addition of the risk allele for the significant SNPs increased fetal birth 

weight by 59.31 g (±26.81 g SD), 63.80 g (±28.01 g SD) and 90.16 g (±27.35 g SD) 

respectively (Table 4.2.6).

Correction for multiple testing was performed as separate linear regression analyses were 

carried out for each of the seven SNPs. This was performed as with HHEX-IDE 

genotyping, using the spectral decomposition (SpD) of matrices of pairwise linkage 

disequilibrium between SNPs (Nyholt, 2004). The significance threshold of p=0.01 was
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given to keep Type I errors at 5%. Only one SNP survived correction for multiple testing, 

rs9939609.

Table 4.2.5: Mean birth weights for the seven FTO SNPs and the number of risk alleles for 
each of them and p values are given for those that were found to be significant (p<0.05). 
Mean birth weight is given in grams with 95% CL The genotype for each of the SNPs is 
represented by the number of risk alleles of the minor allele.

SNP Genotype P value
1 2 | 3

Mean Birth Weight
rsl 7817449 3136.10

(3081.54-3190.66)
3151.93
(3088.40-3215.47)

3326.72
(3200.87-3452.58)

0.025

rs3751812 3151.10
(3105.07-3209.13)

3143.29
(3073.81-3212.78)

3233.72
(3109.06-3358.38)

0.248

rs8050136 3132.99
(3076.90-3189.08)

3171.17
(3110.23-3232.10)

3299.56
(3150.21-3448.90)

0.004

rs9939609 3114.90
(3058.77-3171.15)

3178.13
(3111.68-3244.58)

3372.04
(3247.17-3496.90)

0.002

rs9939973 3147.06
(3084.49-3209.63)

3191.94
(3129.95-3253.94)

3162.55
(3068.53-3256.57)

0.767

rs9940128 3145.45
(3082.46-3208.45)

3182.48
(3120.90-3244.06)

3186.09
(3093.75-3278.42)

0.636

rs 1421085 3153.16
(3098.74-3207.58)

3163.34
(3097.64-3229.05)

3202.67
(3094.94-3310.39)

0.718
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Figure 4.2.2: Graphic representation of the mean birth weights for the SNPs rsl 7817449 
and rs3751812. The zero, one and two denotes the number of risk alleles. Mean birth 
weight is represented by the circle with the error bars representing 95% confidence interval 
and was found to be significantly associated with the number of risk alleles for rsl 7817449 
(p=0.025) but not rs3751812 (p=0.248).
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Figure 4.2.3: Graphical representation of the mean birth weights for the SNPs rs8050136 
and rs9939609. The zero, one and two denotes the number of risk alleles. Mean birth 
weight is represented by the circle with the error bars representing 95% confidence interval 
and was found to be significantly associated with number of risk alleles for both SNPs, 
p=0.004 and p=0.002 respectively.
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Figure 4.2.4: Graphical representation of the mean birth weights for each of the number of 
risk alleles for the SNPs rs9939973 and rs9940128. The zero, one and two denotes the 
number of risk alleles. Mean birth weight is represented by the circle with the error bars 
representing 95% confidence interval and was not found to be significantly associated with 
number of risk alleles for either SNP, p=0.767 and p=0.636 respectively.
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Figure 4.2.5: Graphical representation of the mean birth weights for the number of risk 
alleles for the SNP rsl421085. The zero, one and two denotes the number of risk alleles. 
Mean birth weight is represented by the circle with the error bars representing 95% 
confidence interval and was not found to be significantly associated with number of risk 
alleles p=0.718.
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Table 4.2.6: The effect size of the nine SNPs on fetal birth weight with the covariates 
parity, maternal weight, gestational age and fetal sex and their p values (p=0.05)

E ffect size on fetal birth  
w eight (g) || P value

rs9940128 29.52 ±25.56 0.249
Maternal BW 26.78 ±4.77 I I  3.18x10s
Parity 86.05 ±21.35 I  6.38 xlO'5
Gestational Age 135.39 ± 12.71 2.91 xlO'21
Sex 62.69 ±36.04 0.083

rs8050136 63.80 ±28.01 0.023
Maternal BW 22.34 ± 4.64 1.93 xlO'6
Parity 90.09 ±21.50 3.27x1 O'5
Gestational Age 139.07 ± 12.40 2.28x1 O'26
Sex 54.19 ± 35.79 0.131

rs 17817449 59.31 ±26.81 0.027
Maternal BW 23.78 ±4.65 4.21 xlO'7
Parity 83.17 ± 20.16 4.24x1 O'5
Gestational Age 138.16 ± 12.39 2.62x1 O'26
Sex 58.12 ± 35.54 0.103

rs9939609 90.46 ±27.35 0.001
Maternal BW 26.39 ±4.79 5.87 xlO'8
Parity 81.49 ±20.99 0.0001
Gestational Age 136.10 ± 12.81 6.01 xlO24
Sex 83.61 ±36.76 0.023

rs3751812 19.50 ±28.20 0.490
Maternal BW 23.86 ±4.80 8.92 xlO'7
Parity 91.88 ± 21.19 1.73 xlO'5

Gestational Age 133.06 ± 12.60 7.44 xlO'24
Sex 53.73 ±36.37 0.140

rs 1421085 8.19 ±26.26 0.755
Maternal BW 24.07 ±4.58 2.07x1 O'7
Parity 80.1018 ±20.5790 0.0001

Gestational Age 141.1099 ± 12.1607 4.0282 xlO'28
Sex 60.6093 ± 35.3963 0.0873

rs9939973 16.0979 ±25.2736 0.5244

Maternal BW 26.2571 ±4.7339 4.5651 xlO'8

Parity 85.0619 ± 21.0880 6.2832 xlO'5

Gestational Age 138.9484 ± 12.5669 9.3172x1 O'26
Sex 58.0444 ±35.8514 0.106

290



No significant associations with fetal sex and birth weight was observed, but both female 

and male offspring were found to have on average larger birth weights with the 

homozygous genotype of the minor alleles, with four out of the seven SNPs, rsl 7817449, 

rs3751812, rs8050136 and rs99399609. The increase in the number of risk alleles was only 

found to be significantly different for the SNPs rs99399609 and rsl 7817449, with females 

(p=0.010 and p=0.0310, respectively) but not males (p=0.085 and p=0.419), from zero to 

two (p=0.004 and p=0.010) and one to two (p=0.012 and p=0.016) but not from zero to one 

risk allele (p=0.900 and p=0.716). However, only female babies were found to have on 

average larger birth weights with the homozygous genotype of the minor alleles for the 

SNPs rsl421085, rs9939973 and rs9940128 not with male babies, who had larger birth 

weight with the heterozygous genotype. In addition with the latter three SNPs the 

heterozygous genotype was found to confer a lower birth weight at term with female 

babies whereas it was found to confer a lower birth weight in male offspring (Table 4.2.7).

Of the significant associations on birth weight with the covariates gestational age was 

found to have the greatest effect on the increase in birth weight, ranging from 133.06-

141.11 g and was also found to be the most significantly associated with birth fetal weight 

(p=2.281 O'2'-4.03x1 O'28). The second largest effect size on fetal birth weight was parity, for 

each of the SNPs, ranging from 80.10-91.87 g, (p=0.0001 -6.38x1 O'3). Maternal BMI was 

found to have a lesser effect on fetal birth weight, compared with the other covariates, 

22.34-26.78 g, the associations were still strongly significant, p= l.93x10' -4.57x10' .
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Table 4.2.7: Mean fetal birth weight grouped by genotype for each of the seven FTO SNPs 
and fetal sex

SNP

G enotype

11 12 22

M ean Birth W eight (±SD)

rs 1421085

Female 3150.62 (472.98) 3123.55 (546.67) 3306.78 (444.35)

Male 3155.36(497.268) 3165.82 (521.69) 3111.56 (375.02)

r s l 7817449

Female 3148.85 (456.06) 3107.36 (571.10) 3384.64 (452.63)

Male 3141.44(489.79) 3159.26 (504.42) 3272.67 (503.28)

rs3751812

Female 3168.76 (455.07) 3109.35 (557.63) 3284.35 (386.07)

Male 3146.52 (471.79) 3149.91 (542.39) 3175.50(428.27)

rs8050136

Female 3138.98 (544.24) 3133.15 (457.59) 3290.00 (545.25)

Male 3174.01 (489.63) 3127.31 (464.23) 3311.50 (557.98)

rs9939609

Female 3108.50 (545.32) 3116.75 (443.18) 3413.21 (444.41)

Male 3202.64 (516.07) 3113.35 (474.89) 3327.69 (475.85)

rs9939973

Female 3147.91 (552.70) 3142.50(447.76) 3199.30(427.90)

Male 3146.20(520.23) 3210.93 (454.22) 3131.57 (485.80)

rs9940128

Female 3227.21 (387.74) 3132.39 (561.92) 3142.47 (453.96)

Male 3150.00 (492.43) 3200.19(515.04) 3148.32(447.38)
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4.3.0 Genotyping the ADCY5 SNP, r s l l708067, in the Maternal SA Cohort with 
Respect to Fetal Birth Weight

The Life Technologies TaqMan genotyping assay was used to genotype one SNP within 

the ADCY5 locus, rsl 1708067.

4.3.0 Post-read Step

Once the PCR was conducted on the SA samples, on both 348 well plates, the post-read 

step was performed to enable genotyping of the samples, which uses the fluorescent signals 

measured during the RT-PCR for each allele for each sample. After the post-read step was 

conducted, both plates were initially checked as a quality control step using the SDS 

software. Results can be viewed either using the allelic discrimination plot, results grid, 

raw data plot or via a results table, which are all synchronised (Figure 4.3.1). The results 

grid, which showed the whole plate, was green, which meant that the all of the samples 

could be read by the machine and were called and given a genotype. The results table 

showed all the samples being called as either LT-1 (A allele), LT-2 (G allele), both, or 

undetermined, with additional data on call type (either by the user or automatic), quality 

value (the estimate of the probability that the assigned genotype for a particular sample is 

correct, with respect to the other samples in the dataset) and normalised fluorescence 

values for allele A and allele G, when the dye is cleaved from the probe, which are 

represented as allele X Rn and allele Y Rn respectively. The raw data plot displays the raw 

reporter fluorescent signal for the selected samples. Each genotype has a distinct 

fluorescent signal. The x-axis of the plot represents the spectral bin number where each bin 

corresponds to a 5 nm window. The allelic discrimination plot graphically shows the 

reporter dye fluorescence of allele A (x-axis) against allele G (y-axis), which are shown as 

three clusters representing the three genotypes, AA, AG and GG, (colour coded, see key).
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This plot demonstrates graphically see how all the samples had been called. All the 

samples are expected to fall within one of three genotypes and any of those that do not are 

selected and viewed using the raw data plot. Samples that fall directly in between two 

genotypes are changed to undetermined, as they cannot be reliably confirmed as one 

genotype or the other. Samples that are close to one genotype are viewed using the raw 

data plot with another confirmed sample to look at the fluorescence of the two, to see if 

they are similar and decide whether to call the uncertain sample as a particular genotype or 

undetermined. Wells that contained water and acted as negative controls were inspected to 

ensure they were described as undetermined. Duplicate samples were also checked to make 

sure they had been called the same as each other and given the same genotype.

4.3.2 Quality Control of Genotyping Data

Both plates were viewed using the SDS software and showed similar results, i.e. three 

clusters on the allelic discrimination plot however the cluster for GG had shifted slightly 

towards the AG cluster than would be expected but the genotyping was still considered 

successful (Figures 4.3.2 and 4.3.3). The plate grids were both green, which meant all 

samples were successfully read by the plate reader and given a genotype. Success rates for 

plates one and two were 92.41% and 99.46% respectively and overall 95.93%, with 708 

out of the total 738 samples successfully genotyped. Pipetting error for plate one prevented 

the success rate to be similar to that of plate two so many samples within that plate failed.
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Figure 4.3.1: Results of the TaqMan SNP genotyping assay for plate two, represented in 
plots, tables or grids using the SDS software.Key: Genotypes AA = light blue, AG = green 
and GG = dark blue.
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Figure 4.3.2: Allelic discrimination plot of Plate one. Fluorescence of the reporter dye for 
allele A on the x-axis against the fluorescence of the reporter dye for allele G on the y axis. 
The three genotypes of the SNP are represented by three different colours, AA equals red, 
AG equals pale blue/green and GG is given dark blue. Samples in which genotype is 
undetermined are represented by X.
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Figure 4.3.3: Allelic discrimination plot of plate two. Fluorescence of the reporter dye for 
allele A on the x-axis against the fluorescence of the reporter dye for allele G on the y axis. 
The three genotypes of the SNP are represented by three different colours, AA equals red, 
AG equals pale blue/green and GG is given dark blue. Samples in which genotype is 
undetermined are represented by X.
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4.3.3 Analysis of Maternal Genotype at rsl 1708067 with Fetal Birth Weight

Once the genotyping was deemed to be successful the genotype data was combined with 

the phenotype data to be used in the analysis of fetal birth weight. Phenotype data was 

checked for normality as previously described.

Genotypes were also changed to the additive model, which changes the genotypes to the 

number of risk alleles so A, AG and G were changed to zero, one and two respectively as 

G is the risk/minor allele. Analysis of the mean birth weights for each of the genotypes 

showed that two copies of the minor allele (homozygous for the minor allele) was found to 

confer a higher birth weight, although the lower birth weight was found with one copy of 

the risk allele (the heterozygous genotype) (Table 4.3.1). These were not found to be 

significantly different from one another (p=0.707).

Analysing fetal sex separately, fetal birth weight was found to be higher with no copies of 

the minor allele, (homozygous for the major allele, AA) in both male and female offspring 

(3165.29 g and 3148.53 g respectively) whereas birth weight was lowest with two copies 

of the minor allele (3137.00 g for both). Descriptive statistics on the other phenotype data 

are as previously described as rsl 1708067 was analysed along with the FTO SNPs.
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Table 4.3.1: Mean birth weight for the different genotypes of SNP rsl 1708067. Birth 
weight is given in grams with 95% CL The genotype, zero, one and two represents the 
number of risk alleles of the minor allele. Mean birth weight for each genotype was not 
found to be significantly different (p=0.05).

SNP Genotype P Value
0 ' U

Mean Birth Weight
rsl 1708067 3164.43 3144.61 3248.24 0.707

(3117.68-3211.18) (3076.30-3212.92) (2960.74-3535.73)

Linear regression was performed to investigate any significant association with fetal birth 

weight with the covariates parity, gestational age, booking weight and sex.

No significant associations were found with the higher birth weight and the SNP 

(p=0.510), however significant associations were found with the covariates maternal 

booking BMI (6.93xl0'8), parity (p=0.0058) and gestational age (4.31xl0'28). Fetal sex was 

found to be trend associated with birth weight (p=0.0732).

Gestational age was found to have the highest effect on the increase in birth weight, 138.34 

g (± 20.07 SD), and the most strongly significantly associated (p=4.31xl0~28). Parity and 

maternal BMI had a lesser effect on birth weight compared with gestational age, but they 

still increased fetal birth weight by 69.45 g and 24.92 g respectively and are strongly 

associated (0.00058 and 6.93xl0"8 respectively) (Table 4.3.2). The effect of fetal sex on 

birth weight was found to be high, 61.90 g, despite being only trend associated with birth 

weight (p=0.073).
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Table 4.3.2: Linear regression results for the ADCY5 SNP rsl 1708067 with the covariates, 
booking BMI, parity, gestational age and sex

Effect size (g ± SD) P value
rsl 1708067 21.14 ± 32.04 0.510
Booking BMI 24.92 ±4.56 6.93 xlO'8
Parity 69.45 ±20.07 0.0058
Gestational age 138.34 ± 11.95 4.31 xlO'28
Sex 61.90 ±34.49 0.073

In summary, SNPs within three maternal T2D susceptibility and obesity genes were 

investigated for association with fetal birth weight in a Gujarati Indian population: thirty- 

seven SNPs in HHEX-IDE, nine SNPs in FTO and one SNP in ADCY5. Significant 

associations were found with rs l2765131 in HHEX-IDE with lower birth weight and 

rs9939609 in FTO with higher birth weight but no significant associations with 

rsl 1768067 in ADCY5 and higher birth weight. These suggest that both the maternal 

HHEX-IDE and FTO loci are involved in birth weight in Gujarati South Asian population, 

but have opposing effects, whereas the maternal ADCY5 is not involved in birth weight 

within this population.
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5.0 Discussion

Birth weight and obesity are complex traits. Their aetiologies are seemingly intertwined, as 

birth weight is a significant risk factor in the development of adult onset obesity, T2D and 

the metabolic syndrome. Understanding the role of genetic involvement in both may 

elucidate their interactions within the current obesogenic environment. Two different 

methodological approaches were undertaken in order to investigate three variants of the 

leptin receptor, (located in the extracellular region) using molecular cloning and computer 

modelling and to investigatespecific candidate genes for fetal birth weight inthe South 

Asian population.

5.1.0 Functional analysis of the Leptin Receptor

The aim of this analysis was to investigate the binding affinity between leptin and the eight 

haplotypes at three polymorphic sites Lysl09Arg, Gln223Arg and Lys656Asp in the leptin 

receptor. These were chosen since they were identified in published studies as being 

associated with obesity and measures of adiposity (Yiannalcouris et al., 2001; Quinton et 

al., 2001; Mattevi et al., 2002; Fairbrother et al., 2007; Ben Ali et al., 2009). The cloning 

process required many consecutive stages (Figure 3.1.1) and stage one to four were 

completed. However, the long-term aim of this research, the analysis of the effect of 

published mutations on the binding affinity of the receptor for leptin, could not be 

determined due to the unsuccessful sub-cloning of the LEPR insert into the mammalian 

expression vector (stage five).

5.1.1 Methodological Improvements

I here are a number of common problems that are encountered when sub-cloning these 

were borne in mind when trying to trouble shoot. The competent E.coli cells used, JM109,
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(Stage two) were chosen to be recombination deficient (recA'), however there are also 

different commercially available strains of E.coli e.g. Machl, DH5a, and INVaF' cells, 

which are competent and recA'. These could be used in future experiments to successfully 

sub-clone the LEPR insert into the pGEMT vector.

One of the most important aims of sub-cloning the LEPR was to insert it into the vector in 

the correct orientation. Multiple mini-preparations were performed to detect colonies that 

contained the insert in the correct orientation. The correct orientation was important so that 

subsequent sub-cloning into the pCMV2B Tag expression vector could be carried out with 

the use of two restriction enzymes, BamEII and Sail. This step was not reached but it could 

have been replaced since many other vectors and restriction enzymes are also 

commercially available, e.g. the pCR 2.1 TOPO cloning vector (Invitrogen), the pEF6/V5- 

His TOPO cloning vector (Invitrogen) instead of the pGEM-T vector. Additionally, the 

restriction enzymes Hindlll, and Xhol or Apal could be used to cleave the LEPR insert 

from the pCR 2.1 TOPO cloning vector before inserting into the pCMV Tag 2B expression 

vector, as it contains the same restriction sites (Figure 3.1.20). Alternatively the 

Membrane-Pro Functional protein expression (FPE) system (Invitrogen) could have been 

used or a pGEX vector (GE Healthcare Life Sciences), which uses glutathione S- 

transferase as the fusion protein, as opposed to the pCMV-Tag 2B expression vector. An 

alternative vector may expedite the future cloning of the LEPR insert and enable the 

completion of the functional analysis of the three LEPR variants of interest. These might be 

more compatibile with the large size of the LEPR fragment of interest. In addition, it 

should be noted that approximately 5% of sequences cannot be cloned into bacteria, which 

could have been an issue with the LEPR insert (Godiska et al., 2010).
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5.2.0 Computer Modelling of the Leptin Receptor

As the functional study was unsuccessful, computer modelling methods were used to 

investigate the three polymorphisms in the LEPR and if they alter the binding affinity with 

leptin either in isolation or as haplotypes. The 3D structure of the native CRH1 domain 

located in the extracellular region of the leptin receptor was successfully predicted using 

the I-TASSER server suite of computer programmes, with a high confidence score (of - 

0.63). In addition, the 2D and 3D protein structure of the CRH1 domain containing the 

amino acid change from glutamine to arginine at position 223 was also successfully 

predicted, (C-score -0.91). Both of these 3D structures were predicted to have three beta 

pleated sheet structures and aligned well together indicating regions where the structures 

were likely to homologous. Further analysis of these two 3D protein structures showed that 

as a result of the change in the amino acid, hydrogen bonding occurred between the 

arginine residue at position 162 and the cysteine residue at 151. This does not occur in the 

native 3D structure with the glutamine residue, which suggests this may have structural 

implications. Indeed, the majority of the associations between LEPR and obesity are with 

the Gln223Arg mutation (Chagnon et ah, 2000; Mattevi et al., 2002; Fairbrother et ah, 

2007; Ben Ali et al., 2009). Arginine residues are known to interact with negatively 

charged amino acids to produce hydrogen bonds, which are important to the stability of the 

overall secondary and tertiary structure of the protein and this may have altered the shape 

oi the binding domain so that leptin may bind with altered affinity.

However, the function of the CRH1 domain remains elusive: it is less well conserved than 

the other extracellular domains, Ig-like and FNIII, while the Gln223Arg polymorphism lies 

in a region that is unique to the CRH1 domain. Upon deletion in mouse models shows no 

obvious detrimental effect (Peelman et al., 2006), thus it is currently only possible to
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speculate on the role of this domain. Evidence suggests that it could enhance leptin 

signalling levels (Zabeau et al., 2004) and could play a role in the formation of the 

leptin/leptin receptor complex (Carpenter et al., 2012). Our novel data suggest the change 

to arginine could subtlety alter the folding of the CRH 1 domain by introducing additional 

H bonding between amino acid, R groups not found in the native conformation. This could 

impact on the overall 3D protein structure in a subtle way, suggesting a small effect of this 

polymorphism.and may at least in part explain the alteration in binding avidity in the 12?I 

study (Meehan and Blakemore, Pers Com), and the contradictory evidence for an 

association with obesity (Gotoda et al., 1997; Silver et al., 1997; Pyrzak et al., 2009; Dias 

et al., 2012; Kumsu-Ornek et al., 2012) and why large GWAS (Dina et al., 2007; Frayling 

et al., 2007; Scuteri et al., 2007; Loos et al., 2008; Chambers et al., 2008; Lindgren et al., 

2009; Thorleifsson et al., 2009; Hong and Oh, 2011; Zhao et al., 2011; Heid et al., 2012; 

Fox et al., 2012; Wang et al., 2012) have been unable to corroborate the findings 

demonstrated from functional (Chua et al., 1996, Kimber et al., 2008, Peelman et al., 2004, 

White et al., 1997, Zabeau et al., 2004) and candidate association studies (Ben Ali et al., 

2009; Chagnon et al., 2000; Mattevi et al., 2002; Quinton et al., 2001; Wauters et al., 

2001b; Yiannakouris et al., 2001).

Furthermore, it is possible that the Gln223Arg polymorphism could be in LD with a 

causative SNP as the LEPR gene region is in high LD (Figure 5.1.1) (Wauters et al., 2001; 

Fairbrother et al., 2007; Stratigopoulos et al., 2009). Rodent models of obesity have 

identified a different mutation in the CRH1 domain, Glu269Pro that causes the obese 

phenotype in the Zucker (fatty) rat (Iida et al., 1996). Functional investigation of this 

polymorphism demonstrated that there was reduced binding of leptin at the cell surface 

(Chua et al., 1996) and a reduced cell surface expression of the receptor (White et al.,
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1997). The reduced cell surface expression was correlated with a reduced level of signal 

transducing activity of STAT1 and STAT3 transcription factors involved in the JAK/STAT 

signalling pathway (Figure 1.9.10), by 2-3 fold compared to the wild type receptor (White 

et al, 1997). Furthermore, the change in amino acid constitutively activated STAT1 and 

STAT3 but could still be activated by the binding of leptin, yet interestingly this was not 

the case with STAT5. What is more, as there are distinct domain elements that are involved 

in the activation of STAT1, STAT3 and STAT5 it has also been suggested that the 

conformational change in the protein results in the phosphorylation of the tyrosine residue 

1138 that recruits STAT3 and STAT1 but not STAT5. The phosphorylation of the tyrosine 

residue may prevent recruitment and activation of STAT5. This altered signalling could 

lead to dysrégulation of weight homeostasis and leptin resistance leading to the obese 

phenotype (Chua et al, 1996; White et al, 1997). The alteration in conformational 

structure was proposed to affect the Trp-Ser-Xaa-Trp-Ser (WSXWS) consensus motif 

located within the CRH1 domain that could change ligand binding or protein/protein 

interactions of the receptor (White et al, 1997). Molecular modelling of the mouse CRH1 

domain confirmed that steric clashes occurred in the Trp-Ser-Xaa-Trp-Ser motif, when the 

proline residue was introduced, affecting the stability and correct folding of the domain 

(Peelman et al, 2006), therefore it could play a role in the formation of the extracellular 

region of the receptor (Carpenter et al, 2012). Upon binding of leptin, the leptin receptor 

undergoes dimérisation leading to activation of the JAK/STAT pathway (see section 

1.9.10.1). The structure of the extracellular region, notably the sub-domains located within 

this region are important for leptin binding thus differences in these domains, could affect 

the dimérisation of the leptin receptor. Even subtle changes to the conformational structure 

cd the domains could impact on dimérisation. As Gln223Arg is located within the CRF11 

domain it could also affect the Trp-Ser-Xaa-Trp-Ser motif in the same way as the
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Gln269Pro polymorphism. However, the Gin223 is not in close proximity to the motif, 

unlike Gin269 (Figure 5.2.1), therefore it is unlikely that the change in amino acid at Gin223 

affects the motif in the same way. Therefore it is possible the Gln223Arg polymorphism is 

in LD with Gln269Pro so an indirect association with obesity has been found with 

Gln223Arg and the Gln269Pro polymorphism could be the causative SNP. As there is a 

lack of information regarding the Gln269Pro polymorphism in humans, possibly due to 

low MAF, further investigation is needed to determine if this is the case. If Gln223Arg is 

not in LD with Gln269Pro then the close proximity between them could indicate that 

Gln223Arg may cause subtle changes to the CRH1 that is different from that of the 

Gln269Pro polymorphism, affecting leptin signalling leading to the leptin resistant state.
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Figure 5.2.1: A ball and stick model of the CRH1 domain with the Gln22j amino acid 
shown at position 162 (Blue arrow). The close proximity between the Gin amino acid 
(position 201) and the Trp-Ser-Xaa-Trp-Ser motif (positions 258 to 262) is also shown 
(green and orange arrows respectively).
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Figure 5.2.2: Map of R2 across the LEPR gene (covering 210 kb) using HapMap CEU 
data. The location of the gene is shown at the top of the map. The dark areas of grey and 
black indicate high regions of LD, while the lighter shades of grey indicate low regions of 
LD. There are two regions of high LD covering 156 kb and 38 kb.
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Further modelling analysis of the CRH1 domain showed that the change in amino acid 

residue at position 223, from glutamine to arginine, caused a slight change in the overall 

electrostatic surface potential of the domain and at the position of the residue change. The 

overall electrostatic surface potential of the native CRH1 domain (CRH1Q) showed that 

one side was electronegative and the opposite side was electropositive/neutral, whereas the 

CRFI1R domain showed that both sides of the domain were neutral to electropositive. 

Furthermore, the change in amino acid residue at position 162 showed an increase/stronger 

electropositive potential, within the CRH1R domain. Despite the function of this 

extracellular domain remaining elusive it lies beside four other domains; the CRH2, Ig-like 

and two FNIII domains. It is therefore possible that the local changes in electrostatic 

potential could change the interaction of these areas with other domains of the receptor and 

possibly with leptin binding even if the overall 3D structure does not substantively change, 

as leptin is proposed to form a hexameric complex with its receptor (Zabeau et al., 2004; 

Peelman et al., 2006). Plus, even though this residue appears at the surface of the domain, 

where it can interact with other amino acid side chains and atoms, the arginine amino acid 

residue is polar and hydrophobic and therefore is more likely to be buried inside the CRH1 

domain itself. Therefore, the change to arginine amino acid could change the interactivity 

of this region of the domain. There is a strong binding affinity (Kj 200 pM) between leptin 

and its receptor, using mouse and human 123I-leptin (Lui et al., 1997), with the wild type 

sequence for each of the three polymorphisms, (AAG for Lys109, CGG for Gln22j and AAG 

for Lys656, with the position of the SNP in bold) (Fong et al., 1998, Liu et al., 1997). Key 

residues in the other domains in the extracellular region; lie301, Phe502, Leu503, Leu304, 

Ser505, Asp615 in CRH2 (Figure 1.9.2) are located at the centre of binding site II while 

Leu370, Ala407, Tyr409, His417 and His418 form a cluster and are important in binding site III 

within the Ig-like domain. Mutations within these are known to reduce leptin binding and
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cellular signalling (Iserentant et al., 2005, Peelman et al., 2006b). Thus, the conformational 

structure of the membrane-bound receptor is important and subtle differences in any of the 

domains of the extracellular region could impact on the overall structure of the receptor 

(Quinton et al., 2001).

One of the main objectives of this study was to create a computer-based structural 

prediction of the complete native leptin receptor and then extend this model to include the 

individual changes in amino acids due to the three polymorphisms Lysl09Arg, Glu223Arg 

and Lys656Asp, creating different haplotypes and determining if there were any structural 

differences between them. However, the entire leptin receptor protein structure could not 

be successfully predicted with good confidence and reliability, despite the I-TASSER 

programme suite being ranked one of the best computer-modelling program by recent 

critical assessment of protein structure prediction experiments (Kryshtafovych et al.,

2011). This is perhaps why the structure has not yet been published. It is likely from the 

investigations carried out in this study that this program is not good at predicting proteins 

that are membrane bound or contain more than one domain (Zhang, 2009); the leptin 

receptor is a large protein and has three domains: intracellular, transmembrane, and 

extracellular domains. The results reflected this in the low confidence scores (-1.30) and 

the unexpected differences in structure prediction when the polymorphisms were 

separately introduced. However, the structural prediction of just the extracellular domain 

of the leptin receptor also produced the same low-confidence score results, (which is where 

the three polymorphisms, Gln223Arg, Lysl09Arg and Lys656Asp, are located), compared 

with the native structure and when the individual polymorphisms were introduced. 

Therefore, the CRH1 domain alone was used as a basis for structural predictions, as the 

Gln223Arg polymorphism is located in this domain whereas the other two polymorphisms

310



are not located in any of the structural domains in the extracellular region of the leptin 

receptor. This resulted in the successful prediction of the CRH1 domain, in both allelic 

forms. The C-score was not as high as 2 (a high-confidence protein structure prediction) 

but after the first beta sheet structure there was a group of four amino acids with low- 

confidence scores for structure prediction and this indicated that this region of the structure 

was difficult to predict and may have strongly affected the overall confidence score. 

Furthermore, research suggests that the CRH1 domain actually contains two beta sheet 

structures, which represent the two FNIII domains (residues 62-178 and 235-328), rather 

than three and that the Gln223Arg polymorphism occurs in the loop between them 

(Stratigopoulos et al., 2008). However, the loop region, where Gln223Arg is located, 

within the CRH1 is unique to this domain (Stratigopoulos et al., 2008). Therefore, the 

native CRH1 domain (CRH1Q) and the CRH1R domain predicted by the I-TASSER suite 

of programmes have evident errors, so it is unlikely to be the actual 3D structure of the 

domain. Despite this, the change in amino acid at Gln223Arg could still be important in the 

overall 3D structure of the protein since it occurs in the loop region of the domain and 

because arginine has a longer side chain than glutamine it can form additional hydrogen 

bonds consequently affecting the structure of this important domain.

The second CRH domain (CRH2) that occurs in the extracellular region of the leptin 

receptor was also successfully predicted using the I-TASSER suite of programmes and was 

shown to have two anti-parallel beta pleated sheet structures, creating a V type structure 

(Figures 3.3.16 and 3.3.18). This corroborates previous research, which also predicted this 

structure in humans and mice (Iserentant et al., 2005; Peelman et al., 2006), Our work 

improves their work as receptors which contain the CRH2 domain did not have to be 

preselected and aligned with the human and mouse LEPR CHR2 domain to create the
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homology models, using a different program, t-coffee. I-TASSER does this as part of the 

protein prediction. This domain is required for high affinity binding of leptin (Fong et al., 

1998, Sandowski et al., 2002, Zabeau et al., 2004) and is involved with the binding sites I 

and II, in the hexameric receptor/ligand complex. Much functional research has been 

carried out to determine the residues of both leptin and the leptin receptor that are involved 

with these binding sites including using leptin from chickens and the bovine leptin receptor 

(Fong et al., 1998, Niv-Spector et al., 2005). The residues, Val36, Thr37, Phe41 and Phe43 

within leptin and lie501, Phe''’02, Leu'’03, Leu'’04, Ser5(b and Asp615 in CRH2 are thought to be 

important in binding site I while Leu13, Leu86, Leu89 and Phe92 residues in leptin and 

Leu469, Leu528, Leu617 in CRH2 are thought to be involved with binding site II (Iserentant et 

al., 2005; Niv-Spector et al., 2005; Peelman et al., 2006). Those residues in CRH2 thought 

to be important in binding of leptin were viewed, in our model of CRH2, to determine 

whether they demonstrated the presence of any strong negative or positive areas of surface 

electrostatic potential, as a possible mechanism to affect the functional interactions with 

leptin.

lie'01, Phe502, Leu503, Leu504, Ser505 and Asp61''’Iie within the V shape region of the domain, 

where leptin binds but have different effects. Results showed PheM)2 to confer a negative 

surface charge (Figure 3.3.2), with the majority of the residues conferring a neutral state on 

the surface while lie301 and Asp613 were buried beneath the surface of the domain. The four 

relevant residues in leptin, Leu13, Leu86, Leu89, Phe92, were viewed using the known leptin 

structure, (downloaded from the PDB, accession number P41157). The overall surface 

electrostatic potential of leptin was negative and the intensity varied on the surface in 

ditferent regions of the molecule (Figure 3.3.2). This supports findings by Carpenter et al., 

(2012) which found a mouse anti-leptin monoclonal antibody, which acts as an antagonist
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• 8 6  O Qis also negatively charged. Residues Leu and Leu showed the strongest negative 

electrostatic potential while Leu13 and Phe92 were less so (Figure 3.3.2). In our CRH2 

model, there was a neutral electrostatic potential on the surface at this residue while Phe302 

conferred a positive electrostatic potential. This suggests that the electrostatic interactions 

are unlikely to occur between these residues, which is actually what is expected.

The four residues in leptin, Val36, Thr37, Phe41 and Phe43, important in binding site I of the 

CRH2 domain, were also investigated and compared to the potential with the CRH2 

domain with which they interact. Phe41 and Phe43 showed negative electrostatic potential 

while Val36 and Thr37 were hidden below the interacting surface (Figure 3.3.2). Leu469, 

Leu" , Leu residues in CRH2 had neutral electrostatic potential, which suggests there is 

no electrostatic interaction between these residues to aid in binding.

The minimal electrostatic potential in key residues indicates that there may be other 

interactions occurring between CRH2 and leptin. Investigation by Iserentant et al., (2005) 

proposed that hydrophobic bonding occurs between the six residues (lie501, Phe302, Leu503, 

Leu504, Ser303, Asp613) in CRH2 and four residues, Leu13, Leu86, Leu89, Phe92, within helix 

C of leptin forming a hydrophobic cleft, after mutating all of them to alanine, separately, 

which reduced the binding affinity of leptin and leptin signalling. Alanine is also a non­

polar amino acid, which does not change the charge for the first four residues in CRFI2 but 

does change the charge for the latter two. This suggests that the side chains of these six 

amino acids of CRH2 are also important in the binding between CRH2 and leptin. After 

mutating the six residues in CRH2 to hydrophilic serine residues individually, only lie501 

and Leu 04 showed a more dramatic change in signalling capacity compared to the other 

lour residues, further supporting the hydrophobic interaction as important, suggesting that
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these two residues are more central to binding than the other four residues. It has been 

proposed that the Leu504 residue is key in binding site II and forms the centre of this 

binding site with Leu13 in leptin (Peelman et al., 2006) while Iserentant et al., (2005) found 

Leu in leptin to also be important in binding site II. With respect to binding site II 

hydrophobic interactions are also thought to occur between the key residues in leptin and 

the CRH2 domain (Peelman et al., 2004; Peelman et al., 2006), which supports our 

findings that residues Val36 and Thr37 wereneutralandhydrophobic. Furthermore, the 

positive and negative electrostatic potentials at other residues surrounding the key residues 

in the CRH1 and CRH2 domains could indicate that additional interactions are involved 

not only in the binding of leptin, but also in the overall hexameric complex. The 

stociochiometry of binding is that for two leptin molecules there are four leptin receptors, 

(two as dimers), and each leptin molecule interacts with three leptin receptor molecules 

therefore additional residues may be important for stability of the overall structure through 

electrostatic interactions. Research by Carpenter et al., (2012) involving the CRH2 domain 

found that different residues in CRH2 interacted with the mouse monoclonal antibody, 

Arg465, His467, Arg468, Ser469, Ser470 and Glu484, supporting the view that these additional 

residues may be involved in leptin binding. These were viewed in our CRH2 molecule but 

were found to have no positive or negative electrostatic potential, which could indicate a 

different, hydrophobic, interaction of these residues.

The lack of strong reliability in the prediction of the structures of the leptin receptor and 

the separate domains from I-TASSER is supported by the lack of available structural data 

lor the leptin receptor and the structure of the exact binding complex with leptin remains 

undetermined (Carpenter et al., 2012). The X-ray crystallography and nuclear magnetic 

resonance spectroscopy methods in determining protein structure have failed so far because
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of the large size of the leptin receptor and the different domains that it contains (Carpenter 

et al., 2012, Mancour et al., 2012). I-TASSER uses a combination of different techniques 

to determine the structure of the query protein including ab initio modelling threading and 

sequence homology comparison. The leptin receptor shows low sequence homology to 

other cytokines, of 25-40% (Siddiqui et al., 2010) but critical areas are conserved between 

them (Stratigopoulos et al., 2009; Iserentant et al., 2005), and structurally leptin receptor is 

similar to G-CSF, IL-6 and gpl30 (Zabeau et al., 2003). However, the leptin receptor only 

has two FNIII domains compared to G-CSF and gpl30, which have three (Zabeau et al., 

2003). Therefore, the majority of research into the structure of the leptin receptor has 

focused on the CRH2 and Ig-like domains as a single protein structure to determine the 

interaction with leptin (Peelman et al., 2004; Iserentant et al., 2005; Peelman et al., 2006), 

This is pertinent since the CRH2 domain, is key for the high affinity binding of leptin 

(Fong et al., 1998; Sandowski et al., 2002; Zabeau et al., 2004) and the Ig-like domain 

along with FNIII domain are important for FEPR activation (Fong et al., 1998; Zabeau et 

al., 2004).

To determine the leptin and leptin receptor complex structure, the IL6/IL6a- 

receptor/gpl30 complex has been used, with modifications, to take into account the slight 

differences between the EEPR and leptin structures (Peelman et al., 2006; Carpenter et al.,

2012). CRH1 domain is not thought to contribute to these functions (Fong et al., 1998) but 

one residue within the CRH1 has been shown to be important, as a mutation in this locus 

affects protein stability (Peelman et al., 2006). These domains are found in the 

extracellular region of IF-6, gpl30 and G-CSF and have three binding sites in their 

extracellular region, (I, II and III) which form a complex with their respective ligands. This 

has also caused problems when identifying the structure of the receptor and its complex
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with leptin, as several regions from both proteins are required. Binding site II occurs 

between the CRH2 domain of the receptor and the A and C helices of leptin whereas 

binding site III occurs between the Ig-like domain of the receptor and N-terminus of helix 

D of leptin. The structural complex with leptin has been inferred from IL6 and G-CSF 

receptor complexes and is thought to form a hexameric complex like IL-6 (Peelman et al., 

2006). Leptin receptor is usually a monomer, which forms a dimer upon binding to leptin 

(Couturier and Jockers, 2003, Devos et al., 1997, Nakashima et al., 1997), while two leptin 

molecules are required to form the complex with four molecules of the leptin receptor. 

However, determination of the crystal structure of leptin and in complex with its receptor is 

important to clarify this formation of the complex (Carpenter et al., 2012).

For our study it was considered the stronger approach to model shorter specific regions of 

interest with greatest accuracy using the best that was available, I-TASSER. A limitation of 

I-TASSER server, suite of programmes was that it was not able to predict the complete 

LEPR protein structure. Although it may have been possible to have used the individual 

extracellular domains and predicted them separately finally combining to form an overall 

3D structure of the receptor. This would not have been desirable since there are regions 

within the LEPR structure that are not within a domain, but linking regions which would 

have been missed; the predicted structure of these are also important in the overall 3D 

structure of the protein and if these are not determined correctly it could adversely affect 

the 3D structure prediction. Two of the polymorphisms of interest within the LEPR 

(Lysl09Arg and Ly656Asp) are contained within these regions. Militating against this, the 

IL6/lL6a-receptor/gpl30 complex could have been used as a template and the nine 

haplotypes concerning the three polymorphisms created separately. However, since there 

are significant differences between the IL6/IL6a-receptor/gpl30 complex and the leptin
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and LEPR complex these would need to be taken into consideration (Iserentant et al., 

2005; Peelman et al., 2006). The four helices in leptin are much shorter than those within 

IL6, therefore, the Ig-like domain has to be rotated so that residues that interact in binding 

site II are closer to each other (Peelman et al., 2005).

As there is a lack of research into the electrostatic potential of this domain, and the effect 

of the change in residue, our results are novel and interesting but further analysis is needed. 

Furthermore, research is needed to fully understand the role of the CRH1 domain in the 

structure of the receptor, its involvement in the binding of leptin and how the Gln223Arg 

polymorphism affects these two functions. It has been suggested that altered binding of 

leptin with leptin receptor could result from this polymorphism, reducing leptin signalling 

which is thought to lead to the loss of function of leptin and leptin resistance leading to the 

obese phenotype (Anubhuti and Arora, 2008; Myers et al., 2012). It is important to note, 

however that significant associations within the LEPR locus have also been found with two 

other SNPs, Lysl09Arg and Lys656Asn. Therefore even though they are not located 

within one of the domains in the extracellular region it would still important to determine 

the effect of these SNPs on the structure of the receptor as it is thought to form a hexameric 

complex with leptin, and the interactive effect of these three polymorphisms i.e. the eight 

dilterent possible haplotypes. Previous published research investigating different LEPR 

haplotypes have found significant associations with obesity (Liu et al., 2004; Qu et al., 

2008) but have not included Gln223Arg even though the majority of the associations with 

obesity have been found with this SNP. Therefore this aspect would be of interest to 

complete using computer-modeling techniques to identify possible differences in the 

overall structure of the LEPR and in the hexameric complex with leptin. Furthermore in 

addition functional studies would also be as important to either confirm or dispute the
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findings. The methodology of using a mouse model to ‘knock in’ human LEPR exon 4 as 

conducted by Stratigopoulos et al., (2009) could be useful to generate the eight haplotypes 

of the LEPR to investigate their effect on weight gain, lean mass and fat mass in mice and 

the expression level, despite no associations being found with the Gln223Arg 

polymorphism. Their finding does support the view that Gln223Arg polymorphism does 

produce a small effect and additional SNPs may be involved. Therefore, elucidation of the 

functional effect of this amino acid change would be important to treat or ameliorate leptin 

resistance in individuals with obesity, as leptin resistance is seen as a key contributing 

factors in the development of the obese state. A vast number of the population are either 

overweight or obese, which is expected to rise over the coming years, thus identifying the 

mechanism involved in leptin resistance would lead to possible drug treatments, targeting 

those at increased risk.

Prediction of 2D and 3D structures of proteins is important in elucidation of functionality 

and possible interactions with other proteins and molecules. Advances have been made in 

computer modelling over the last twenty years and the programs designed have increased 

reliability in their 3D structures preditions. However, further development is needed to 

enable accurate determination of the structure of membrane bound proteins and those that 

contain more than one domain such as the leptin receptor. Further investigation of this 

receptor will help in the understanding of the complex it forms with its ligand leptin, and in 

particular the role CRH1 domain has within this, which is the site of the Gln223Arg 

polymorphism a locus, which has been repeatedly associated with obesity and measures of 

adiposity. This could ultimately contribute to determining its role in the development of 

leptin resistance, along with additional polymorphisms in leptin and the leptin receptor, 

which are known to be important in the development of obesity and sequelae. Our study
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has found that one polymorphism is predicted to be involved in additional hydrogen 

bonding, which may have functional implications in leptin binding and leptin resistance. 

The combination of both computer modelling and functional studies of the leptin receptor 

would be expected to be synergistic in the elucidation of the structure-function 

relationships of the leptin receptor.
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5.3.0 Investigation into T2D Risk Alleles with Respect to Fetal Birth Weight

Three maternal T2D susceptibility loci were investigated for an association with fetal birth 

weight and one SNP in HHEX-IDE was significantly associated with lower birth weight, 

one SNP in FTO was associated with higher birth weight while there was no association 

with the SNP genotyped in ADCY5. These results are relevant as it suggests that maternal 

loci previously associated with T2D and obesity are additionally involved with fetal 

growth, in South Asians, which further supports the link between size at birth and future 

risk of developing obesity and T2D in later life. However, it is clear that further 

investigation is needed to fully understand the role of these SNPs and genes in fetal growth 

as well as T2D and obesity. With the development of next generation sequencing (NGS), 

(Davey et al., 2011), it can be used for target region sequencing to study genes of interest 

rather than the whole genome, to reduce the cost further and reduce the amount of data 

processing needed (Liu et al., 2012). This would allow the simultaneous investigation of 

all the genomic regions, where positive associations have been reported, many of which are 

in high LD. This would be very likely to lead to the identification of a number of new 

SNPs that could then be investigated further as possible candidate accounting for a 

functional connection between the maternal genes investigated and fetal birth weight.

5.3.1 Candidate Genes: HHEX-IDE, ADCY5 and FTO

5.3.1.1 HHEX-IDE  Locus

In this study thirty-seven SNPs within the maternal HHEX-IDE gene region were 

investigated and rs l2765131 was significantly associated with lower fetal birth weight 

(p=0.002), in 663 South Asian subjects. This SNP was investigated further and it was 

lound that subjects, who were homozygous for the rare allele, were at greater risk of a 

lower fetal birth weight but still within the normal range. This suggests that there is a 

recessive effect, with a proposal that the effect is involved in energy regulation due to
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previous associations of this locus with T2D. HHEX-IDE covers a genomic region of 

200kb, which is in high LD. As a result, when the Sequenom iPLEX assay was designed, 

rs l2765131 was a suitable single tag SNP, capturing eight others (r2> 0.7), which lie across 

a region of 5 kb. Therefore, this SNP implicates a 5 kb region of the maternal HHEX-IDE 

gene locus, in lowering fetal birth weight. Further investigation is needed, as rs 12765131 

may not be the causative SNP. The association found could be indirect due to the high LD 

within this region and the causative SNP/haplotype lies somewhere within this candidate 

region. Therefore in depth sequencing of the HHEX-IDE region in SA subjects would be of 

use to identify additional polymorphisms that might be the causative SNP.

Copy number polymorphisms overlap HHEX and have been found in Asian populations, a 

loss around the 5' end of the gene (Conrad et al., 2010) and a gain across a larger region, 

which covers the whole of the gene (Park et al., 2010). Indian Asian populations were not 

included in these studies, therefore further analysis of this CNV in that cohort is needed to 

confirm or refute a contribution to both birth weight and T2D. Researchers have 

investigated copy number variation in relation to the risk of developing T2D but HHEX has 

not been among those significantly associated (Bae et al., 201 lb).

Our association with fetal birth weight is specific to the South Asian population and differs 

from previous studies in European Caucasians, which found associations with the SNP 

rsl 111875 (Freathy et al., 2009, Andersson et al., 2010) (see section 1.10.1). In our study 

this SNP was not genotyped directly but it was in LD with rs l0882102, which was not 

found to be significantly associated with birth weight (p=0.131). In addition, in a study by 

Zhao et al., (2009) two SNPs, rsl 111875 and rs7923837, were genotyped in a European 

American cohort, where no significant association was found with fetal birth weight
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(p=0.8315 and p=0.778 respectively). Therefore specific polymorphisms within this locus 

could influence the regulation of fetal birth weight differently in different populations, 

which could explain the different SNPs that have been found to be significant. 

Interestingly, the HHEX-IDE locus has not previouslybeen investigated with respect to 

birth weight in the SA population therefore replication is needed to confirm our results.

The studies performed in European Caucasians analysed one (Freathy et al., 2009; 

Andersson et al., 2010) or two (Zhao et al., 2009) SNPs within the HHEX-IDE 

region,notably those that had previously been associated with T2D: rsl 111875 and 

rs7923837 (Grarup et al., 2007; Saxena et al., 2007; Sladek et al., 2007; Scott et al., 2007; 

Zeggini et al., 2007). In contrast, in our study twenty-two SNPs were analysed across 75kb 

of the HHEX-IDE region. The two SNPs, rsl 111875 and rs7923837, cover a region of 22 

kb therefore compared to the published literature our study investigated more variants 

across alarger region of HHEX-IDE with respect to fetal birth weight. No previous research 

has been carried out analysing this locus in the SA population therefore our novel study 

cannot be corroborated by published findings in other cohorts (Freathy et al., 2009; 

Andersson et al., 2010). However, a limitation to our study was that only twenty-two of the 

thirty-seven SNPs genotyped were analysed for an association with birth weight. Two 

SNPs failed and five were uninformative in our population and the typing of the other eight 

SNPs was not in HWE i.e. data was not correctly called. The copy number variant 

overlapping the HHEX gene may have affected the miscalling of samples. One study found 

a gain in CNV number in Korean, Japanese and Chinese populations across the whole of 

the HHEX gene region (Park et al., 2010).
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Research has shown that the HHEX-IDE locus is associated with fetal birth weight but only 

one study has investigated the maternal genotype specifically, as our study did (Freathy et 

al., 2009). Interestingly, the Freathy study found no significant association between 

rsl 111875 and fetal birth weight (p=0.5), even when fetal genotype was adjusted for. 

Similarly, we found no significant association with fetal birth weight with one SNP, 

rsl0882102: which is in LD with the SNP they tested rsl 111875. In contrast, we did 

identify an effect of the maternal genotype on fetal birth weight, with a different SNP 

(rsl2765131), which was significantly associated (p=0.002). We may then be able to 

narrow the region down if this data was repeated in both SA and European Caucasian 

cohorts.

The mechanism by which sequence variants within the HHEX-IDE gene region might be 

directly responsible for lower birth weight is yet to be determined. One possibility is 

through influencing insulin secretion, since insulin is an important intrauterine growth 

factor. Genetic studies have shown that this locus has been previously associated with T2D 

in many different populations; European (Sladek et al., 2007; Scott et al., 2007; Saxena et 

al., 2007; Zeggini et al., 2007; Chauchi et al., 2008; Ruchat et al., 2009; Dupuis et al.,

2010), Japanese (Omori et al., 2008; Furukawa et al., 2008), Chinese (Wu et al., 2008; 

Zhou et al., 2010), South Asian (Chauhan et al., 2008; Ng et al., 2008; Rees et al., 2011) 

and Korean (Lee et al., 2008). Functional studies looking at HHEX-IDE variants have 

previously been associated with decreased beta cell function (Grarup et al., 2007; Pascoe et 

al., 2007). Mouse studies have shown that Hhex is expressed in the embryo during 

development of the pancreas and strikingly mice carrying a Hhex null mutation lack the 

ventral pancreas completely (Bort et al., 2004). Therefore variants in HHEX-IDE may

323



influence fetal insulin secretion in utero resulting in a decrease in secretion, leading to 

lower birth weight, as proposed by the ‘fetal insulin hypothesis’ (see section 1.7.12).

Analysing further data, HHEX is in high LD with the genes IDE and KIF11 and a small 

part of this LD region (namely the HHEX gene itself and the SNPs that have been 

associated with T2D and birth weight) overlaps with a genomic regulatory block that 

covers 390 kb (Ragvin et al., 2010). These genomic regulatory blocks are chromosomal 

domains that control expression of developmental regulator genes (termed target genes) 

and can include unrelated genes (termed bystander genes) that are located on the same 

chromosome. This is recognised by shared conserved regions in these two types of genes 

and expression is maintained by an enhancer, which is located in the introns of the 

bystander gene that regulates the target gene. SNPs either intronic in the bystander gene or 

intergenic can affect the target gene. HHEX is in conserved synteny with its neighbouring 

gene EXOC6, (the genes IDE and KIF11 are outside this conserved synteny block), it 

suggests the cA-regulatory elements regulate HHEX i.e. is the target gene, rather than IDE 

and KIF11. The SNPs associated with T2D are located within intergenic DNA, between 

HHEX and EXOC6. Since HHEX is expressed in the pancreas in early development, it is 

possible that the variants within the LD block can affect regulation of HHEX (Ragvin et 

al., 2009). Further analysis is needed to determine if the SNPs significantly associated with 

T2D do actually affect regulation.

5.3.1.2 FTO Locus

In this study nine SNPs within the maternal FTO locus (Figure 5.3.1) were genotyped and 

three were found to be significantly associated with higher fetal birth weight, with one 

(rs9939609) surviving correction for multiple testing (p=0.001). Each copy of the A risk
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allele increased birth weight by 90.46 g. This indicates that the maternal FTO locus has a 

role in fetal birth weight, which is a novel finding in the SA population. One similar study 

agrees with our findings and has found a significant association between the fetal genotype 

of rs 1421085 and higher Z-score of BMI (p=0.02) and ponderal index (p=0.005) in a 

European Caucasian population (Cauchi et al., 2009). The rs 1421085 SNP was genotyped 

in our study but it was not significantly associated with higher birth weight (p=0.75). 

However, other investigations of offspring rs9939609 genotype in relation to fetal birth 

weight, birth length and ponderal index did not replicate our findings in European (Elks et 

ah, 2012, Elks et al., 2010, Frayling et ah, 2007b, Hakanen et ah, 2009, Jess et al., 2008, 

Kilpelainen et al., 2011b, Labayen et al., 2012, Lawlor et al., 2011, Lopez-Bermejo et al., 

2008, Andersson et al., 2010b), or in American (Choh et al., 2011), Chinese (Xi et al.,

2010), African (Hennig et al., 2009), and American Indian (Seal et al., 2011) populations. 

Additional SNPs within the FTO locus were similarly found not to be significantly 

associated with birth weight rs6499640, rs8050136, rsl 1642776, rs8047473 and rs l558902 

(Figure 4.2.1 and Figure 4.2.2) in American and Chinese populations (p>0.05) (Hong et 

al., 2012, Mei et al., 2012, Mei et al., 2010).

Of these additional SNPs, rs8050136 was genotyped in our study and initially found to be 

associated with higher birth weight but this result did not survive correction for multiple 

testing. The lack of replication of the significant association with SNPs in the FTO locus 

and birth weight from our study and published work could be due to the maternal locus 

being investigated in the first instance as compared to the fetal locus in published research. 

However, the study by Cauchi et al., (2009) in which an association with rs l421085 at the 

fetal FTO locus was analysed, with respect to fetal BMI suggests that different variants at 

both the fetal and maternal FTO locus maybe involved in influencing birth weight. The
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size of the cohort is important to ensure a high statistical power to detect an effect. There 

were differences in cohort size between these studies, ranging below 1000 (Seal et al., 

2011; Lopez-Bermejo et al., 2008; Hakanen et al. 2009; Mei et al., 2010; Mei et al., 2012; 

Choh et al., 2011), between 1,000 and 10,000 (Labayen et al., 2012; Elks et al., 2010; Elks 

et al 2012; Andersson et al., 2010; Hennig et al., 2009; Hong et al., 2012) and more than

10,000 (Kilpelainen et al., 2011; Frayling et al., 2007; Lawlor et al., 2011) which meant 

that it is possible the effect was not detectable in studies with a smaller cohort size. 

Ethnicity is additionally important indicating that our results and those by Cauchi et al., 

(2009) could depopulation specific with different SNPs within the FTO region having a 

role in fetal birth weight in different populations but further investigation of this locus is 

needed to determine their effect.
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Figure 5.3.1: A map of R2 across part of the FTO region, 52300 kb-52385 kb using 
HapMap CEU data, which shows one haplotype block. The SNPs highlighted in red are 
those that have been found to be associated with birth weight in our study and published 
research; rs6499640 (position 6), rs9939973 (position 24), rs9940128 (investigated 
position 25), rs 1421085 (position 26), rsl 121980 (position 32), rs7193144 (position 34), 
rsl7817449 (position 37), rs8050136 (position 39) and rs3751812 (position 40). The SNPs 
highlighted in blue show the positions of the SNPs rs l558902 and rs99399609, with the 
former close to the SNP rs l0852521 and the latter close to the SNPs rs7202116 and 
rs7201850.
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Haplotype 
Block 1

Figure 5.3.2: A map of R2 across the FTO region, 52560kb-52600 kb using HapMap CEU 
data, which shows one haplotype block. The SNPs highlighted in red are rsl 1642776 
(position 11) and rs8047473 (position 30), which have been studied by Mei et al., (2010) 
for an association with fetal birth weight.
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In our study, an additional SNP rs l7817449 was also initially found to be significantly 

associated with fetal birth weight, however this result did not survive correction for 

multiple testing. In two separate studies, three different SNPs were also found to be 

initially associated but did not survive correction for multiple testing, rs9939609, 

rsl 1642776 and rs8047473 (Kilpelainen et al., 2011; Mei et al., 2010). The SNPs 

rsl 1642776 and rs8047473 have not been previously associated with fetal birth weight or 

obesity. The study by Kilpelainen et al., (2011) was large, genotyping the SNP rs9939609 

in 28,219 European Caucasian subjects, therefore the result is statistically robust, 

suggesting that the FTO loci either has a small effect in the regulation of birth weight or is 

tagging a locus of borderline LD. However, the fetal genotype was investigated by 

Kilpelainen et al., (2011) and in our study we found an association with the maternal 

genotype. As fetal growth is predominately determined maternally it might mean that the 

fetal FTO genotype has little influence in the regulation of fetal growth (Lawlor et al.,

2011). Two studies have genotyped both the maternal and offspring rs9939609 locus, but 

no significant associations were found with either (Lawlor et al., 2011; Seal et al., 2011).

The studies conducted by Lawlor et al., (2011) and Seal et al., (2011) used two different 

ethnic populations, European Caucasian and American Indian respectively and the 

population studied in this instance was Gujarati SA. Therefore the difference in the results 

indicates that the effect of rs9939609 on fetal growth and birth weight could be population 

specific. The different roles of the FTO locus in fetal growth between different populations 

could be important in the risk of developing obesity, T2D and the metabolic syndrome in 

later life as ethnic minorities are at increased risk of developing these disease in an 

obesogenic environment (Jenum et al., 2012, Kurian and Cardarelli, 2007). Fetal growth 

and birth weight have been found to be an important risk factor in the development of these
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complex diseases therefore the identification of different genetic loci influencing birth 

weight between different ethnic groups could be important vary. The contribution of FTO 

variants could be more influential in the SA population than in European populations, thus 

explaining the lack of association found.

Within the design of the assay nine SNPs previously associated with BMI were chosen to 

ascertain whether they were significantly associated with fetal birth weight. These SNPs 

are within intron one of the FTO gene in which there is high LD. Therefore, as this gene 

covers such a large region further investigation is needed to determine if rs9939609, 

significantly associated with higher birth weight is the common causal variant that directly 

has a role in birth weight or if the causal variant is in LD with this SNP. The study by Mei 

et al., (2010), found an association with two SNPs (rsl 1642776 and rs8047473) and birth 

weight and although they did not survive correction for multiple testing, it does suggest 

that additional variants may also be involved in fetal birth weight. These two SNPs were 

among thirty designed as tag SNPs across the FTO region and are located towards the 3’ 

end of the gene. However, these thirty tag SNPs only capture 57.6% of the common 

genetic variation with a mean maximum r value of 0.61, which is quite low. Tag SNPs are 

useful to reduce the number of SNPs to be genotyped particularly if the region is large, 

however 100% coverage of the region of interest is desirable to ensure that the causal 

variant is in LD with at least one of the SNPs that is genotyped.

Despite the lack of robust association between variants and fetal birth weight, mRNA 

expression analysis has indicated that FTO has a role in fetal growth and birth weight. FTO 

is expressed in placental tissue, which is related to fetal weight, length and placental 

weight (Bassols et al., 2010). The placenta expresses high levels of FTO and expression
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levels are significantly associated with birth weight (p=0.005) and birth length (p=0.0001). 

This suggests that FTO induces fetal growth. However, the expression levels of FTO were 

also related to the number of previous pregnancies; in women with no previous children 

smaller placentas expressed higher levels of FTO and also higher levels were found in 

larger placentas in women who have previously had children. In addition, the mRNA 

expression was highest in women who have previously had more than one child (p<0.05). 

As offspring tend to be smaller in women who have not previously had children while 

offspring are much larger in women that have, it is suggested that FTO influences fetal 

growth in both an indirect and direct mechanism; indirectly through an increase in 

placental growth and directly through an independent regulation of placental size, possibly 

through regulating portioning of placenta and fetal growth (Bassols et al., 2009). Therefore 

the effects of FTO could be dependent on the tissue in which FTO is expressed (Mei et al., 

2010) however it could not be determined whether maternal or fetal expression of FTO 

contributed to fetal growth (Bassols et al., 2009). This should be explored further, as 

research into this area is limited. The function of FTO is yet to be elucidated and this needs 

to be investigated further; possible roles include regulation of gene expression (Wu et al., 

2010), DNA repair and nucleic acid modification (Gerken et al., 2007; Sanchez-Pulido and 

Andrade-Navarro, 2007), which maybe important in the regulation of birth weight. The 

SNPs within intron 1 of FTO are within a genomic regulatory block that regulates the gene 

IRX3, which is a transcriptional regulator and expressed during early development in the 

kidney, hypothalamus, notochord and forebrain (Houweling et al., 2001). Therefore, risk 

alleles in intron 1 may affect regulation of this gene and affect early development (Ragvin 

et al, 2009).
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It has been suggested that as FTO has been associated with BMI and weight and is 

expressed in adipocytes (Frayling et al., 2007) it could also be influential in gestational 

weight gain (Lawlor et al., 2011). Both high and low levels of weight gain during 

pregnancy can influence the growth of the fetus; too little reduces fetal growth and too 

much increases fetal growth. A part of the gain in weight is adipose tissue, occurring both 

maternally (between 2 and 6 kg) (Nelson et al., 2010) and within the fetus (Rasmussen et 

al., 2009). Gain in maternal adipose tissue occurs at the start of the pregnancy until the 

middle of the second trimester (Nelson et al., 2010), in which the fetus starts to accumulate 

adipose tissue, around 2.5 g to 4 g per day (Rasmussen et al., 2009). Therefore the 

expression levels and/or variants within FTO could play a role in increasing weight gain, 

through increase in maternal and/or fetal adipose tissue in pregnancy however when the 

FTO SNP rs9939609, along with three others in MC4R (17782313), TMEM18 (rs6548238) 

and GNPDA2 (rsl0938397), was investigated there was an inverse association between the 

combined maternal risk allele score of the four loci with gestational weight gain (Lawlor et 

ah, 2011). The increase in the risk allele score (between zero and eight) was associated 

with a decrease in weight gain within the first eighteen weeks of pregnancy (p=0.002). 

Offspring risk allele score was not significantly associated with gestational weight gain. 

Maternal weight gain is highly correlated to maternal gain in adipose tissue (Pearson’s 

correlation = 0.8) therefore this result was surprising and suggests that these loci 

previously associated with BMI are not involved with gestational weight gain. Gestational 

weight gain is a complex phenotype, thus environmental factors and different genetic 

pathways may have more of an influence, than adiposity-related genetic variants (Lawlor et 

uh, 2011). However, many loci have been associated with BMI and weight through GWA 

studies therefore it is possible that many loci are involved with gestational weight gain and 

diese need to be investigated. Two T2D susceptibility loci have been associated with



greater gestational weight gain (Stuebe et al., 2010) indicating these loci also need to be 

considered for a role in gaining adipose tissue during pregnancy which affects fetal growth.

5.3.1.3 ADCY5

The SNP rsl 708067 within the maternal ADCY5 locus was genotyped within the SA cohort 

butthe minor allele was not found to be significantly associated with either higher or lower 

fetal birth weight. However, analysis showed that women with two copies of the G risk 

allele were found to confer a higher fetal birth weight and those with one copy were found 

to have lower birth weight. This result differs from previous research, as having the minor 

allele of this SNP was found to significantly lower fetal birth weight (p=0.004) in 

European Caucasian populations (Andersson et al., 2010). Interestingly, previous research 

performed in Filipino and African-descended Moroccan and Turkish populations (Freathy 

et al., 2010) and SA population (Vasan et al., 2011), which found no association of this 

allele with fetal birth weight. However, in these two studies the rsl 108067 SNP was not 

genotyped directly, the SNP rs9883204 was used as a proxy due to the high FD between 

them (r2=0.75). This could explain the different result but the rs9883204 was found to be 

the most significantly associated with lower fetal birth weight p=7xl0'15 in European 

population (Freathy et al., 2010). Although failure to detect association in ADCY5 in non- 

European populations for the SNP mitigates against this locusbeing involved with birth 

weight in these populations; in our study homozygotes carrying the G allele did seem to 

show an effect. With respect to the SA population environmental factors may be more 

influential in regulation of birth weight or more likely alternative genetic loci are involved 

(Vasan et al., 2011). This could explain the different phenotypes observed between SA and 

European babies; SA babies are much lighter and smaller and have a higher amount of 

adipose tissue than lean tissue. However these two SNPs are in a region of high FD,

333



therefore the true causative SNP still needs further investigation not only in European 

populations but also other ethnic populations to determine the role of ADCY5 in fetal 

growth.

A limitation to the study by Vasan et al., (2011) was that only birth weight was used as a 

reflection of fetal growth, but the study by Freathy et al., (2010) measured birth weight as 

well as birth length, birth head circumference and ponderal index to investigate any 

association with rs9883204, which were also significantly associated, p=4xl0‘5, p=0.030 

and p=0.006 respectively. Different measurements of size at birth can reflect fetal growth 

therefore investigation of these with respect to genetic variants is needed as additional 

research indicates ADCY5 may have a role in fetal growth itself (Mook-Kanamori et al.,

2011). The SNP rs9883204 has been significantly associated with the fetal growth 

characteristics abdominal circumference, femur length, and estimated fetal weight, with an 

estimated combined effect of -16.9 g (p=4.2xl0':>) for each risk allele, in the 3rd trimester of 

pregnancy. During this period of time the fetus grows in size and gains weight therefore 

the ADCY5 could reduce fetal growth but in an asymmetric manner as the SNP was not 

associated with head circumference (Mook-Kanamori et al., 2011). Further investigation of 

the mechanism involved is needed as well as replication in additional studies and ethnic 

populations.

Surprisingly there is a lack of published research investigating the maternal ADCY5 locus 

with regards to fetal birth weight therefore our finding in the SA population is novel in this 

respect. One study by Freathy et al., (2010) who investigated the fetal ADCY5 locus and 

lound a significant association with birth weight (SxlO’1̂ ), additionally adjusted for the 

maternal genotype, along with fetal sex, gestational age, where data was available
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(n=7,910). Significant associations were still found (p=5xl0‘6), indicating that there is a 

direct effect between fetal genotype and fetal growth. Despite our results of the maternal 

genotypenot being significant it suggests that there is a recessive effect of the minor allele 

to increase fetal birth weight. Therefore there is an opposite effect between fetal and 

maternal genotype where a regulatory mechanism is involved in controlling fetal growth 

within normal maternal constraints.

Nonetheless the exact mechanism remains unknown. It has been suggested, that along with 

variants in the HHEX-IDE locus, that variants in ADCY5 affect insulin secretion in utero 

since ADCY5 is expressed in pancreatic islets and beta cells (Dupuis et al., 2010; Leech et 

al., 1999). It has been associated with increased fasting glucose level and increased risk of 

T2D in adults and children (Rees et al., 2011; Vasan et al., 2011; Windholz et al., 2011; 

Barker et al., 2011; Dupuis et al., 2010). The fetal genotype could decrease insulin 

secretion since fetal insulin is a key fetal growth factor and a reduced level could reduce 

fetal growth, as indicated by lower birth weight (Freathy et al., 2010). This supports the 

‘fetal insulin hypothesis’ (Hattersley and Tooke, 1999). Alternatively additional research 

suggests that it could be involved with regulation of placental glucose transporter 

expression (Ogura et al., 2000), the structure and permeability of the matemo-fetal 

placental barrier (Leach, 2002) and the uptake of vitamin B2 by the placenta (D'Souza et 

al.. 2006). Certainly this seems likely as ADCY5 encodes adenylate cyclase 5, that 

catalyses the generation of cAMP, from ATP (Hanoune et al., 1997). cAMP is involved in 

signal transduction as it activates protein kinase A which regulates ion channels and can 

alfect gene expression by binding to DNA (de Rooij et al., 1998) (see section 1.12.3).
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5.3.2 Limitations of Candidate Gene Analysis

Overall, our study is limited in the respect that fetal DNA was not available for each 

investigation of the genetic loci, HHEX-IDE, FTO and ADCY5, and so the direct effect of 

fetal genotype on fetal birth weight could not be determined. Previous investigations of 

these loci on birth weight have used fetal genotype and found significant associations with 

lower fetal birth weight in European Caucasians (Freathy et al., 2009; Zhao et al., 2009; 

Andersson et al., 2010; Freathy et al., 2010). Thus investigation of these loci in the SA 

population would be important to determine if the fetal genotypes are also influential in 

birth weight as well as the maternal. Identifying the influence of fetal genotype is 

important as previous research in two additional T2D susceptibility loci have shown 

differing results. Fetal genotype in GCK was not significantly associated (Weedon et al., 

2006) while fetal genotype in TCF7L2 was associated with increased fetal birth weight 

(Freathy et al., 2007). Furthermore our phenotype data of the offspring lacks additional 

birth characteristics that reflect fetal growth: birth length, head circumference and ponderal 

index. Birth length and ponderal index have previously been associated with variants in 

ADCY5 and CDKAL1 (Freathy et al., 2010; Andersson et al.,2010) but not HHEX-IDE 

(Andersson et al., 2010) or FTO (Labayen et al., 2012; Choh et al., 2011).

Adjusting tor covariates is also important when analysing birth weight as environmental 

and maternal tactors can increase or decrease birth weight. Babies bom <36 weeks of age 

were removed from the analysis, while those >37 weeks of age were included as covariates 

along with parity and fetal sex. In addition mothers with gestational diabetes were not 

included as this can increase fetal birth weight. However, smoking is another 

en\ ironmental factor that can decrease birth weight but this information was not available
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to us. Including this in future studies would be useful to control for this factor so the effect 

of genetic loci on birth weight can be determined more rigorously.

A limitation of the HHEX-IDE genotyping assay was that the thirty-seven tag SNPs/SNPs 

in the assay covered half of the HHEX-IDE locus, therefore 100 kb upstream of the HHEX 

gene including SNPs in the adjacent genes, namely Kinesin family member 11 (KIF11) 

and insulin degrading enzyme (IDE) were not covered in this study (Figure 1.10.1; Figure 

3.2.1). There was an error in the design of the iPLEX assay as at the time of assay design 

the HapMap data indicated that KIF1I and IDE were downstream of HHEX and our 

original design would have captured the genetic information in the whole region. IDE is 

involved in the degradation of insulin (Affholter et al., 1990, Seta and Roth, 1997) and 

variants in IDE have previously been associated with T2D and impaired glucose and 

insulin homeostasis (Karamohamed et al.,2003; Gu et al.,2004; Kwak et al.,2008) 

therefore additional variants within this region may also be implicated in birth weight. 

Alternatively an unidentified causal variant could lie within this region but upstream of 

HHEX. However, published associations with SNPs rsl 111875, rs7923837, rsl544210, 

rsl0509646 and rs5015480 with birth weight and T2D (Garaup et al.,2007; Saxena et 

al.,2007; Zeggini et al.,2007; Cauchi et al.,2008; van Vilet-Ostaptchouk et al.,2008; 

Horikoshi et a/„2007; Horikawa et al.,2008; Freathy et al.,2009; Zhao et al.,2009; 

Andersson et al.,2010), are all located downstream of the HHEX gene (Table 3.2.1; Figure 

3.2.3), a region that this project did cover. Future work should explore the region upstream 

of HHEX, which covers KIF11 and IDE, to ascertain whether this region is associated with 

fetal birth weight and/or T2D.
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5.3.3 Environmental and Genetic Factors in Birth Weight Variation and Risk of 

Obesity, T2D and the Metabolic Disease in Adulthood

Our data demonstrates the complex interaction between birth weight and obesity and T2D, 

as variants in susceptibility loci for both complex diseases were significantly associated 

with normal birth weight variation. However, the risk of obesity, T2D and the metabolic 

syndrome develops over the course of an individual’s lifetime. Research has implicated 

over 100 genes with the obese phenotype (see section 1.5.4) and investigations into adult 

onset and childhood obesity have found notable differences (see section 1.5.4.1). Certain 

candidate loci seem to have a more pronounced effect on weight gain during childhood 

compared to adulthood (Zhao et al., 2009; Elks et al., 2010; den Hoed et al., 2010; Hardy 

et al., 2010). The combined effects of eleven variants, previously associated with adult 

BMI and some of which lacked association with fetal birth weight, showed strong 

significant associations with weight gain in childhood (den Hoed et al., 2010; Elks et al.,

2012). This suggests that weight gain in early childhood is influenced more strongly by the 

effects of certain genes (Beardsall et al., 2009). Weight gain during early postnatal life and 

during early infancy, namely catch-up growth, has a detrimental effect, increasing the risk 

of obesity and its sequelae in later life (see section 1.7.8 and 1.7.9). Therefore a 

longitudinal study design would be very useful to assess weight gain during the early 

postnatal period, through childhood and, ideally, on into adulthood, to investigate whether 

risk alleles increase risks further in the SA population specifically.

In addition, within a longitudinal study design, it would be very useful to conduct an 

assessment of infant feeding regimes as research has shown that infants bottle-fed with 

formula have a higher BMI (Bergmann et al., 2003, Li et al, 2012, Ong et al., 2002) and a
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higher fat free mass at three months, eight months and twelve months (Gale et a l.,  2012) 

and are at increased risk of being overweight and obese in childhood (Gillman et al., 2001, 

Gooze e t a l.,  2011). Furthermore, infants who are given breast milk directly, as compared 

to breast milk given via a bottle, and in a baby led manner, (where they regulate their own 

feeding), have a better satiety responsiveness from six months of age (Brown and Lee,

2012) and in early childhood, at three and six years of age (Disantis et a l.,  2011). Current 

advice from midwives and antenatal clinics is that breast milk is given to the infant rather 

than formula based products, due to it being nutritionally better and in terms of increasing 

immunity. Differences in protein and fat content have been noted, where breast milk has a 

lower protein content and infant formula has a higher content. This is thought to be 

responsible for the increased growth that occurs in formula fed infants. A protective effect 

of breast milk has also been observed in relation to obesity and type 2 diabetes, namely 

that it induces a lower plasma insulin level leading to decreased fat storage and preventing 

early adipocyte development (Oddy, 2012). However, catch up growth has long-term 

consequences on the adult health of the offspring, therefore a change in the content of 

infant formula, to one with a lower protein and fat content and in the current advice of 

midwives and antenatal clinics to encourage rapid weight gain in newborns up to normal 

weight needs to occur to reduce this effect.

It is becoming increasingly evident that epigenetics may be just as important as genetics 

and the environment in the risk of obesity, T2D and the metabolic syndrome. Interestingly, 

the letal epigenome is established during critical periods of development (see section 

1-7.11.1). The adaptations the fetus undergoes, in terms of changes in metabolism and 

organ structure, as a result of a poor nutritional environment have been attributed to 

modifications in the epigenome (Herrera et al., 2011) and this evidence has formed the
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basis of the ‘fetal origins of adult disease’ hypothesis and PAR theory. These changes 

could permanently change the epigenome and alter fetal growth in the first instance to aid 

in survival in the postnatal environment, but then be detrimental by increasing the risk of 

obesity, T2D and the metabolic syndrome in later life (Waterland and Jirtle, 2004; Sullivan 

and Grove, 2010). As the current environment is obesogenic, maternal ovemutrition has 

additionally been found to be important in these critical periods of fetal growth (Dyer and 

Rosenfeld, 2011, Wu et al., 2004, Sullivan and Grove, 2010). A high fat diet can change 

the expression of leptin (Milagro et al., 2009), POMC (Plagemann et al., 2009) and MC4R 

(Widiker et al., 2010). These are important in energy regulation and involved in the leptin- 

melanocortin pathway (see section 1.9.6). Therefore, as expression of these genes can 

change they may have a role in establishment of the fetal epigenome, which can have long­

term consequences.

It has been suggested that hypothalamic imprinting is important in the later development of 

obesity where changes in the hormone levels including leptin and insulin are likely to have 

a role (Bouret, 2009). Mouse and rat models have supported this theory, where an increase 

in postnatal leptin levels affects the development of the hypothalamic neuronal connections 

(Djiane and Attig, 2008). In humans, there is likely to be a different mechanism involved, 

as circulating leptin levels do not increase until the third trimester when hypothalamic 

development occurs (Davidowa and Plagemann, 2000). This signifies that the nutritional 

environment as a whole interacts with the epigenome of the fetus and has long-term 

effects, which is of interest considering that many imprinted genes are important in fetal 

growth (IGF2, IGF2R, PHLDA2 and PLAGL1 (McMinn et al., 2006; Adkins et al., 2009; 

Frost and Moore et al., 2010)), fetoplacental development (ZNF331 and SLC22A18 

(Lambertini et al., 2012)) and metabolic function or regulation of these factors (Herrera et
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al., 2011). Changes in expression of these genes have been associated with birth weight 

(Johnston et al., 2003; Salas et al., 2004; Katu et al., 2007; Adkins et al., 2009; Koutsaki et 

al., 2011; Petry et al., 2011) and loss of imprinting of some genes and from some parental 

origins results in the obese phenotype, as found in PWS (see section 1.5.3). Imprinted 

genes are expressed in fetal tissues and placenta, which is vital to provide the fetus with 

nutrients and are essential for normal placental development. Interestingly, some loci, 

IGF2, LEP, GNASAS, ABCA1, can change their epigenetic status in response to 

environmental cues to adapt the placental phenotype, indicating they have a major role in 

fetal programming and its consequences of which (Fowden et al., 2011, Tobi et al., 2009). 

As a result it is of great interest to investigate the changes in the human fetal epigenome 

that may result directly from environmental cues such as maternal ovemutrition and 

undemutrition and to then assess the resultant risk of developing obesity and its sequelae. 

However, establishment of this type of study is difficult for many reasons, not least due to 

ethical considerations, therefore animal models might need to be used instead.

Genetic factors influencing the phenotype of birth weight were investigated, specifically 

12D sequence variants to determine any association with size at birth, as it is a commonly 

used measurement to reflect fetal growth. However, it would be of interest to determine 

whether additional loci, previously associated with birth weight, are also associated with 

letal growth characteristics throughout gestation, as with ADCY5 and CCNL/LERKl 

(Mook-Kanamori et al., 2011) (see section 1.7.11). Previous associations have been found 

between the ADCY5, HHEX-IDE and CDKAL1 loci and birth length, birth head 

circumterence and ponderal index (Freathy et al., 2010; Andersson et al., 2010), 

suggesting these loci may have a role in fetal growth. It would further our understanding of 

these loci in birth weight if the study by Mook-Kanamori et al., (2011) was replicated in

341



additional European Caucasians cohorts as well as ethnic minorities including the SA 

population as they are understudied with respect to obesity and T2D but they have a higher 

propensity to develop these diseases in the obesogenic environment. SAs are known to 

have a different body composition, compared to European Caucasians, termed ‘thin-fat’ 

phenotype (see section 1.2.8). This phenotype is thought to develop in utero as SA babies 

are 0.8 kg lighter at birth compared to European Caucasians (Yajnik et al 2002; Modi et 

al., 2009) and they also have a significantly higher visceral and subcutaneous adipose 

tissue level but relatively less muscle and viscera (Modi et al., 2009). Therefore identifying 

genetic loci that are involved in birth weight would further our understanding of their 

interactions with the environment, in all ethnicities.

5.4 Conclusion

Sequence variations at specific candidate genes were investigated with respect to the 

related phenotypes: birth weight, obesity and T2D using genetic and functional 

approaches. Our results demonstrate an underlying genetic connection between birth 

weight and obesity and its sequelae. Molecular cloning and computer modelling of three 

variants within the leptin receptor revealed possible structural and functional effects. 

Further work is needed to complete the long-term aims of this project: to fully determine 

the effect of the three variants on the binding avidity between leptin and the LEPR both 

using molecular modelling and cloning and expression of the protein variants. Multiple 

obesity and 12D susceptibility loci have been identified but we are only just beginning to 

unravel their involvement in energy regulation and metabolism. Our data, in addition to 

previous research, shows that they can exert their effect during different and multiple 

periods of an individual’s lifetime, during fetal life, childhood or adulthood. In addition, 

even subtle structural changes may produce a functional effect and influence the obese
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phenotype during these points in time. Therefore, functional, genetic and expression 

approaches are of interest to examine their effects to ultimately more fully understand the 

genetic aetiology of birth weight and obesity and its complex interactions with the current 

obesogenic environment. Recent advances in sequencing the human genome, through 

NGS, is an important aspect in this regard, not least as it has the potential to be developed 

for personalised genomics, where risk factors can be identified at an individual level 

leading to tailored treatments and/or preventative measures.
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Appendix I: DNA Markers

GeneRuler (Fermentas),

GeneRuler™ 1 kb DNA Ladder
O’GeneRuler™ 1 kb DNA Ladder, 
reatly-to-use

bpng/ftSm

1001X1 30.0 
,3000 30.0m m
4000 30.0 
3500 30.0mm 70,o
2500 25.0 
2000 25.0
1500 25.0

1000 60,0 
750 25.0
500 25.0

250 25.0

0.5 i ’̂lane, 8 cm length gel, 
1XTAE, 7Vfcm, 45 min

%

6.0
6.0m
6.0
6.0

14.0
5.0
5.0
5.0

12.0
5.0
5.0

5.0
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H y p e r la d d e r l  (B io lin e )

SIZE (bp} ng/BAND

1 0 0 3 7 1 0 0
8 0 0 0 8 0

-  6 0 0 0 6 0
5 0 0 0 5 0
4 0 0 0 4 0

-  3 0 0 0 3 0
-  2 5 0 0 2 5

-  2 0 0 0 2 0

1 5 0 0 /1 5 1 7 1 5 /1 5

-  1 0 00 1 0 0

-  8 0 0 8 0

-  6 0 0 6 0

-  4 0 0 4 0

-  2 0 0 2 0

i % a g a r o s e  g e t  
S g i p e r  fane
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E a s y L a d d e r l l  (B io lin e )

2% agarose gel 
5pl per lane

ng/BAND

5 0

5 0

5 0

5 0

5 0
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Appendix II: Forward, reverse and extension primer sequences for HHEX 

Sequenom iPLEX assays one and two

H H E X  Assay 1 Forward Primer Sequences

Prim er N am e Prim er Sequence
rs882136F 5’ - ACGTTGGATGGAACACTTTGGAGACACCAG - 3'
rs 1785114 IF 5' - ACGTTGGATGAGCTCACCTGTCTCTCGCTG - 3'
rs2497349F 5' - ACGTTGGATGATGAGTAGCCGCATGGTTTC - 3'
rsl2262390F 5' - ACGTTGGATGGTTCATTTTCTCAAACCCTG - 3'
rsl0509646F 5' - ACGTTGGATGTGGACCTTCATGTCCATAGC - 3'
rs 154421 OF 5' - ACGTTGGATGGACATGTCCTTCCTTTCAAG - 3'
rs34266926F 5' - ACGTTGGATGTCCCCCAACTCCTCCTTCAC - 3’
rs2488068F 5’ - ACGTTGGATGTTCCCAGTTCTGCTGTCTCC - 3'
rs2497311F 5’ - ACGTTGGATGCTGAACTGACAACGTGCAAG - 3'
rs 17107841F 5' - ACGTTGGATGGTTGAGTCCTCCAAAGTTCC - 3'
rs2497350F 5' - ACGTTGGATGAATAGAGAATCCTGGACGGC - 3’
rs9420592F 5' - ACGTTGGATGCTCAGGACTTGCGAATAGAC - 3'
rs2488067F 5’ - ACGTTGGATGGGACATGAATGACACAGGAG - 3'
rsl 1187146F 5’ - ACGTTGGATGGAAAGCCAGGATCCGTAAAG - 3'
rs7081351F 5’ - ACGTTGGATGACTAGGTGTAAAGCTGCTCC - 3’
rs4933236F 5’ - ACGTTGGATGTATGTGGGAAAAAGGGCTGG - 3’
rsl7374868F 5' - ACGTTGGATGTATTTGAAGGTAGATGTGGC - 3’
rs 12765131F 5' - ACGTTGGATGCTCATAGCTTCATGGTATGG - 3’
rsl 0882102F 5’ - ACGTTGG ATGCA AC ATT AACCC AACAAG AG - 3'
rs2096177F 5’ - ACGTTGGATGAGGTATACTCCACTGAGCTG - 3'
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H H E X  A s sa y  O n e  R e v e r se  P r im e r  S e q u e n c e s

P rim er N am e Prim er Sequence

rs882136R 5' - ACGTTGGATGATCCAATGGATGGGAACCTG - 3’
rs 17851141R 5’ - ACGTTGGATGGCAGAAATATCTCTCTCCGC - 3'
rs2497349R 5' - ACGTTGGATGTGCACAAGGATTTCACTGTC - 3'
rsl2262390R 5' - ACGTTGGATGAGCGAGACTCCATTCTCTAC - 3’
rsl0509646R 5' - ACGTTGGATGCTCTGCTTTCAGAGTCTTGC - 3'
rs 154421 OR 5’ - ACGTTGGATGTACTGGGCCTGGGATTTTAC - 3'
rs34266926R 5' - ACGTTGGATGTGCGAGAAGGCTGGATGGAT - 3’
rs2488068R 5’ - ACGTTGGATGTAAAGCCAGGAGAGCAAGAG - 3'
rs2497311R 5' - ACGTTGGATGGCTCTTGGCCTTCTTAAATC - 3’
rsl7107841R 5’ - ACGTTGGATGCTGGTACTGTCCTCTCTCTG - 3’
rs2497350R 5' - ACGTTGGATGGTCCATATACAATAACACCC - 3’
rs9420592R 5' - ACGTTGGATGCAGGCCTGAATCATCCAAAC - 3'
rs2488067R 5' - ACGTTGGATGGATCTTAAAGACTTGCCCAC - 3'
rsl 1187146R 5' - ACGTTGGATGTCCACCCAATCTCCAGGATG - 3’
rs7081351R 5’ - ACGTTGGATGGGCACCATTCTGAATTGCTC - 3'
rs4933236R 5’- ACGTTGGATGAAAATGCCTCCCATGAAGCC - 3'
rsl7374868R 5’ - ACGTTGGATGGCAGCCAAATGTAGCTGGTC - 3'
rsl2765131R 5’ - ACGTTGGATGCCCCTCAGACTTTAAAATCC - 3’
rsl0882102R 5' - ACGTTGGATGAAGCATGAGCTACCCTTTGG - 3'
rs2096177R 5' - ACGTTGGATGTGCTTTCCAAACCTCTCTGC - 3’
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H H E X  A s sa y  T w o  F o r w a r d  P r im e r  S e q u e n c e s

P rim er N am e Prim er Sequence
rs2229328F 5’ - ACGTTGGATGAACTCCTCCTTCACCAGCCT - 3'
rs2497304F 5’ - ACGTTGGATGTTTCCTTGCCCTCTGTTTCC - 3'
rs2488087F 5' - ACGTTGGATGAGACATGCCTGGGCAATGAA - 3’
rs2488073F 5' - ACGTTGGATGTCTCGAACTCCTGGACTCAA - 3’
rsl418387F 5' - ACGTTGGATGTGTAGTCGTTCACCGTCCG - 3'
rs2497309F 5' - ACGTTGGATGCTAGCAGCCCAAACTAAGAC - 3’
rsl 1187144F 5' - ACGTTGGATGTGCCTAGGAGTGAAATTGC - 3'
rsl539330F 5' - ACGTTGGATGTCGTGCTCGGTGTGTTCAGT - 3’
rs2275729F 5' - ACGTTGGATGCCTACAGGAAAGAGAGAAAG - 3'
r s l1187161F 5’ - ACGTTGGATGGATCAAGTGTTCCCAAGAGG - 3’
rsl0437472F 5' - ACGTTGGATGTGTAATCCCAGCTACTCAGG - 3'
rsl 1187158F 5' - ACGTTGGATGGTGACTTGGCCAGATTTGAG - 3'
rsl 1 187152F 5' - ACGTTGGATGATTTCAAGGAGGAAGGATGC - 3'
rsl 1597458F 5' - ACGTTGGATGACCGGCCCCCCTTTATTTTT - 3'
rs947591F 5' - ACGTTGGATGGGGCTTGTCACCACTATTTC - 3’
rsl2780253F 5' - ACGTTGGATGGGAGTCGACAGTTCAATCAG - 3'
r s l1187157F 5' - ACGTTGGATGAAAGTAGTGCCCTGTGACTG - 3’
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H H E X  A s sa y  T w o  R e v e r se  P r im e r  S e q u e n c e s

Prim er N am e Prim er Sequence
rs2229328R 5' - ACGTTGGATGTGCGAGAAGGCTGGATGGAT - 3'
rs2497304R 5' - ACGTTGGATGTCTTGTCCCTTCCTTTGTCC - 3'
rs2488087R 5’ - ACGTTGGATGTGCTGCTCTATCAAGTATGG - 3’
rs2488073R 5' - ACGTTGGATGGGTGGTGCAAACCTGTAATC - 3’
rsl418387R 5' - ACGTTGGATGATCCATCCAGCCTTCTCGCA - 3'
rs2497309R 5' - ACGTTGGATGATGAAGCACTTGGCCATTCC - 3'
rsl 1187144R 5' - ACGTTGGATGAAATGGCACAGTGATGATGG - 3’
rsl539330R 5' - ACGTTGGATGCCAAGAAAGGAAACCTGGAG - 3'
rs2275729R 5' - ACGTTGGATGAGAGAGAGGCGAGGAGCCA - 3'
rsl 1187161R 5’ - ACGTTGGATGTTCACTGTAACTGCCCTTCC - 3'
rsl0437472R 5' - ACGTTGGATGAGTGGCACAATCTTGGCTTC - 3'
rsl 1187158R 5' - ACGTTGGATGATCAAAATAGGCTCCCCACG - 3'
rsl 1187152R 5' - ACGTTGGATGAGCCATGCAAGTGAAAAGTG - 3’
rsl 1597458R 5' - ACGTTGGATGCTAGCTGGATTCCCTAATAAG - 3'
rs947591R 5' - ACGTTGGATGAACCTCTATATGCAGCATGG - 3'
rsl2780253R 5' - ACGTTGGATGAGCCATATGCATATTGCCCC - 3’
rsl 1187157R 5’ - ACGTTGGATGATCTGGCCCCTGTTTATGTC - 3’

425



H H E X  A s sa y  O n e  E x te n s io n  P r im e r  S e q u e n c e s

Prim er N am e Prim er Sequence

rs882136E 5' - GACACCAGTCACCTC - 3'
rs 17851 141E 5' - GCTGCAGCATCTTGG - 3'
rs2497349E 5' - ATATGCTCACCCCCTT - 3’
rsl2262390E 5’ - gAAACCCTGTGCTGCT - 3'
rsl0509646E 5' - CCAAAATTGAGTGCCTT - 3'
rsl544210E 5' - TGCAGGAAAACAGTAGC - 3’
rs34266926E 5' - gtgCTCCTTCACCAGCCT - 3’
rs2488068E 5' - cCTCCTCCTTTATCTTCCA - 3'
rs2497311E 5’ - tcccACGTGCAAGAACCAT - 3'
rsl7107841E 5' - TCCTCCAAAGTTCCATCTAG - 3'
rs2497350E 5’ - gggtGACGGCTGTTTTTCAG - 3'
rs9420592E 5’ - ccGCGAATAGACTGTTTCTC - 3'
rs2488067E 5' - CCATGTGGTCATAGTATCCAT - 3'
rsl 1187146E 5' - GAATTGTTGTGGGTATTTCTA - 3’
rs7081351E 5' - tgacAGGTCAACTCCATTTCAA - 3'
rs4933236E 5' - cGCAGAGTGAAGTAATGAATAT - 3'
rs!7374868E 5' - TATTTTGTTTCAGCACATAGATA - 3'
rs 12765131E | 5' - aagcGCGCTTATAAAAAGTGCTC - 3'
rsl 0882102E 5' - tcGAATTAAGAAATTTTGCCATCT - 3'
rs2096177E 5' - aAACAAAAGCCTGATATATTTGTAT - 3'
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H H E X  A s sa y  T w o  E x te n s io n  P r im e r  S e q u e n c e s

P rim er N am e Prim er Sequence

rs2229328E 5' - CACCAGCCTCGTGTC - 3'
rs2497304E 5' - CTACCCTGGAGCAGTA - 3'
rs2488087E 5' - GGGCAATGAATGGAGC - 3'
rs2488073E 5' - CCTGGACTCAAGCAACT - 3’
rsl418387E 5' - gGCCGCCGGGTCCGTAG - 3’
rs2497309E 5’ - CCACCCTACAATAAGGAA - 3'
rsl 1187144E 5’ - tGTGAAATTGCTGGGCCA - 3'
rsl539330E 5' - gGTTCAGTGGGAACTCACC - 3’
rs2275729E 5’ - AGAGAGAAAGAAAACTTGC - 3'
r s l 1187161E 5’ - TGAGGAGGACAGAAAAGTC - 3’
rsl0437472E 5’ - ccccgT A A ACCCGGC AG AT G - 3’
rsl 1 187158E 5' - gtgTGAACTAGGACTGGAGA - 3'
rsl 1187152E 5' - TGCTTTC AT AT ATTGGGTTT AA - 3'
rsl 1597458E 5' - TTTATTAACAAAGAGAAAGCAG - 3'
rs947591E 5’ - accCTAAATTCTTGTGGGGAAAT - 3'
rsl2780253E 5' - gaAGTTCTAGTTTTGAATATGGG - 3'
rsl 1187157E 5' - gtcAAAAAGAAAGTAGCACAAAAT - 3'
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Appendix III: Sequenom iPLEX assay calibrant containing three standard 
oligonucleotides of known mass: 5100, 8500 and 10,000 mass units.
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Appendix IV: Forward, reverse and extension primer sequences for FTO 

Sequenom iPLEX assay

F T O  Forward and reverse primer sequences

Prim er N am e Prim er Sequence
rs3751812F 5' - ACGTTGGATGCTTTTTCGCTGGTAGGATGC - 3’
rs3751812R 5' - ACGTTGGATGAGACCTGAAAATAGGTGAGC - 3'
rs9939973F 5' - ACGTTGGATGTTTCTATCTCTGGCCCTGAC - 3'
rs9939973R 5’ - ACGTTGGATGATGACTGGTGTCTGTTCAGC - 3’
rs9940128F 5' - ACGTTGGATGAGTTTTAGGCCTCAGCTTCC - 3’
rs9940128R 5' - ACGTTGGATGTTAGAGACAGTCTGGCGATG - 3’
rs8050136F 5' - ACGTTGGATGAAGGCAAAAACCACAGGCTC - 3’
rs8050136R 5’ - ACGTTGGATGTGACAGTGCCAGCTTCATAG - 3'
rs 1421085F 5’ - ACGTTGGATGGTAGCAGTTCAGGTCCTAAG - 3'
rs!421085R 5' - ACGTTGGATGGGAGACTACCCTACAAATTC - 3’
rs9939609F 5' - ACGTTGGATGTCCCACTCCATTTCTGACTG - 3'
rs9939609R 5' - ACGTTGGATGTTCTAGGTTCCTTGCGACTG - 3’
rsl7817449F 5' - ACGTTGGATGCCCTTTGTGTTTCAGCTTGG - 3'
rsl7817449R 5' - ACGTTGGATGCTATTAAAGGAGCTGGACTG - 3'
rs7193144F 5' - ACGTTGGATGACTGTCTAGCTTGATGCTTG - 3’
rs7193144R 5' - ACGTTGGATGTCTGAGGCCAGATTTTGTTC - 3'
rsl121980F 5’ - ACGTTGGATGCAAGAGTTACAGGTAGGCAG - 3'
rsl 121980R 5' - ACGTTGGATGTTATATGGCCCCACCTTTCC - 3'
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F T O  E x te n s io n  P r im e r  S e q u e n c e s

P rim er N am e Prim er Sequence
rs3751812E 5 - CTCTCCCTGCCAACA - 3'
rs9939973E 5' - cctcCCCTCTCCACAACAG - 3'
rs9940128E 5' - TTTTTCCTTCACCTTTTCC - 3'
rs8050136E 5’ - AACCACAGGCTCAGATATT - 3'
rsl421085E 5' - gggCAGGTCCTAAGGCATGA - 3’
rs9939609E 5' - cGAGACTATCCAAGTGCATCAC - 3’
rsl7817449E 5' - ggtgCAGCTTGGCACACAGAAAC - 3’
rs7193144E 5' - T G ATTCTT AT ACTTTTTT GTTT AGT - 3’
rsl 121980E 5’ - ctcttCAGGTGGATCTGAAATCTCA - 3’
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A p p e n d ix  V : W ild  typ e L E P R  Protein F A S T A  S eq u en ce

1 0 2 0  3 0 4 0 5 0 6 0

MICQKFCVVLLHWEFIYVITAFNLSYPITPWRFKLSCMPPNSTYDYFLLPAGLSKNTSNS 

7 0  8 0 9 0 1 0 0  1 1 0 1 2 0

NGHYETAVEP KFNSSGTHFS NLSKTTFHCC FRSEQDRNCS LCADNIEGKT FVSTVNSLVF 

1 3 0 1 4 0 1 5 0  1 6 0 1 7 0 1 8 0

QQ1DANWNIQ CWLKGDLKLF ICYVESLFKN LFRNYNYKVH LLYVLPEVLE DSPLVPQKGS 

1 9 0  2 0 0 2 1 0 2 2 0  2 3 0 2 4 0

FQMVHCNCSV HECCECLVPV PTAKLNDTLL MCLKITSGGV IFQSPLMSVQ PINMVKPDPP 

2 5 0 2 6 0  2 7 0 2 8 0 2 9 0 3 0 0

LGLHME1TDD GNLK1SWSSP PLVPFPLQYQ VKYSENSTTV 1READKIVSA TSLLVDSILP 

3 1 0 3 2 0 3 3 0 3 4 0 3 5 0 3 6 0

GSSYEVQVRG KRLDGPGIWS DWSTPRVFTT QDVIYFPPK1 LTSVGSNVSF HCIYKKENKI 

3 7 0 3 8 0 3 9 0 4 0 0 4 1 0  4 2 0

VPSKEIVWWM NLAEKIPQSQ YDVVSDHVSK VTFFNLNETK PRGKFTYDAV YCCNEHECHH 

4 3 0 4 4 0 4 5 0 4 6 0 4 7 0  4 8 0

RYAELYV1DV NINISCETDG YLTKMTCRWS TSTIQSLAES TLQLRYHRSS LYCSD1PSIH 

4 9 0 5 0 0 5 1 0 5 2 0 5 3 0 5 4 0

PISEPKDCYL QSDGFYECIF QP1FLLSGYT MW1RINHSLG SLDSPPTCVL PDSVVKPLPP 

5 5 0 5 6 0 5 7 0 5 8 0 5 9 0 6 0 0

SSVKAEIT1N IGLLK1SWEK PVFPENNLQF QIRYGLSGKE VQWKMYEVYD AKSKSVSLPV 

6 1 0 6 2 0  6 3 0  6 4 0 6 5 0  6 6 0

PDLCAVYAVQ VRCKRLDGLG YWSNWSNPAY TVVMDIKVPM RGPEFWRUN GDTMKKEKNV 

6 7 0  6 8 0  6 9 0  7 0 0 7 1 0 7 2 0

TLLWKPLMKN DSLCSVQRYV 1NHHTSCNGT WSEDVGNHTK FTFLWTEQAH TVTVLAINSI 

7 3 0 7 4 0  7 5 0 7 6 0 7 7 0 7 8 0

GASVANFNLT FSWPMSKVN1 VQSLSAYPLN SSCV1VSWIL SPSDYKLMYF IIEWKNLNED 

7 9 0  8 0 0 8 1 0 8 2 0  8 3 0 8 4 0

GEIKWLR1SS SVKKYYIHDH F1P1EKYQFS LYP1FMEGVG KPKIINSFTQ DD1EKHQSDA 

8 5 0 8 6 0 8 7 0 8 8 0 8 9 0  9 0 0

GLYVIVPVII SSS1LLLGTL LISHQRMKKL FWEDVPNPKN CSWAQGLNFQ KPETFEHLF1 

9 1 0  9 2 0  9 3 0 9 4 0 9 5 0 9 6 0

KHTASVTCGP LLLEPETISE D1SVDTSWKN KDEMMPTTVV SLLSTTDLEK GSVCISDQFN 

9 7 0 9 8 0  9 9 0 1 0 0 0 1 0 1 0  1 0 2 0

SVNFSEAEGT EVTYEDESQR QPFVKYATLI SNSKPSETGE EQGL1NSSVT KCFSSKNSPL 

1 0 3 0 1 0 4 0 1 0 5 0 1 0 6 0 1 0 7 0 1 0 8 0

KDSFSNSSWE IEAQAFFILS DQHPNIISPH LTFSEGLDEL LKLEGNFPEE NNDKKS1YYL
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1 0 9 0 1 1 0 0 1 1 1 0  1 1 2 0  1 1 3 0  1 1 4 0

GVTS1KKRES GVLLTDKSRV SCPFPAPCLF TDIRVLQDSC SHFVENNINL GTSSKKTFAS 

1 1 5 0 1 1 6 0

YMPQFQTCST QTHKIMENKM CD LTV

Highlighted in red are the positions of the three polymorphisms Lys (K), Gin (Q) 
and Lys656 (K).
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1 ccggtctggc ttgggcaggc tgcccgggcc gtggcaggaa gccggaagca gccgcggccc 
61 cagttcggga gacatggcgg gcgttaaagc tctcgtggca ttatccttca gtggggctat 
121 tggactgact tttcttatgc tgggatgtgc cttagaggat tatgggtgta cttctctgaa 
181 gtaagatgat ttgtcaaaaa ttctgtgtgg ttttgttaca ttgggaattt atttatgtga 
2 4 1  taactgcgtt taacttgtca tatccaatta ctccttggag atttaagttg tcttgcatgc 
3 0 1  caccaaattc aacctatgac tacttccttt tgcctgctgg actctcaaag aatacttcaa 
3 6 1  attcgaatgg acattatgag acagctgttg aacctaagtt taattcaagt ggtactcact 
4 2 1  tttctaactt atccaaaaca actttccact gttgctttcg gagtgagcaa gatagaaact 
4 8 1  gctccttatg tgcagacaac attgaaggaa agacatttgt ttcaacagta aattctttag 
5 4 1  tttttcaaca aatagatgca aactggaaca tacagtgctg gctaaaagga gacttaaaat 
6 0 1  tattcatctg ttatgtggag tcattattta agaatctatt caggaattat aactataagg 
6 6 1  tccatctttt atatgttctg cctgaagtgt tagaagattc acctctggtt ccccaaaaag 
7 2 1  gcagttttca gatggttcac tgcaattgca gtgttcatga atgttgtgaa tgtcttgtgc 
7 8 1  ctgtgccaac agccaaactc aacgacactc tccttatgtg tttgaaaatc acatctggtg 
8 4 1  gagtaatttt ccagtcacct ctaatgtcag ttcagcccat aaatatggtg aagcctgatc 
9 0 1  caccattagg tttgcatatg gaaatcacag atgatggtaa tttaaagatt tcttggtcca 
9 6 1  gcccaccatt ggtaccattt ccacttcaat atcaagtgaa atattcagag aattctacaa 
10 2 1 cagttatcag agaagctgac aagattgtct cagctacatc cctgctagta gacagtatac 
1081 ttcctgggtc ttcgtatgag gttcaggtga ggggcaagag actggatggc ccaggaatct 
1 1 4 1  ggagtgactg gagtactcct cgtgtcttta ccacacaaga tgtcatatac tttccaccta 
1201 aaattctgac aagtgttggg tctaatgttt cttttcactg catctataag aaggaaaaca 
1261 agattgttcc ctcaaaagag attgtttggt ggatgaattt agctgagaaa attcctcaaa 
1321 gccagtatga tgttgtgagt gatcatgtta gcaaagttac ttttttcaat ctgaatgaaa 
1 3 8 1  ccaaacctcg aggaaagttt acctatgatg cagtgtactg ctgcaatgaa catgaatgcc 
1441 atcatcgcta tgctgaatta tatgtgattg atgtcaatat caatatctca tgtgaaactg 
1 5 0 1  atgggtactt aactaaaatg acttgcagat ggtcaaccag tacaatccag tcacttgcgg 
1 5 6 1  aaagcacttt gcaattgagg tatcatagga gcagccttta ctgttctgat attccatcta 
1621 ttcatcccat atctgagccc aaagattgct atttgcagag tgatggtttt tatgaatgca 
1681 ttttccagcc aatcttccta ttatctggct acacaatgtg gattaggatc aatcactctc 
1741 taggttcact tgactctcca ccaacatgtg tccttcctga ttctgtggtg aagccactgc 
1801 ctccatccag tgtgaaagca gaaattacta taaacattgg attattgaaa atatcttggg 
1 8 6 1  aaaagccagt ctttccagag aataaccttc aattccagat tcgctatggt ttaagtggaa 
1921 aagaagtaca atggaagatg tatgaggttt atgatgcaaa atcaaaatct gtcagtctcc 
1981 cagttccaga cttgtgtgca gtctatgctg ttcaggtgcg ctgtaagagg ctagatggac 
2 0 4 1  tgggatattg gagtaattgg agcaatccag cctacacagt tgtcatggat ataaaagttc 
2101 ctatgagagg acctgaattt tggagaataa ttaatggaga tactatgaaa aaggagaaaa 
2 1 6 1  atgtcacttt actttggaag cccctgatga aaaatgactc attgtgcagt gttcagagat 
2221 atgtgataaa ccatcatact tcctgcaatg gaacatggtc agaagatgtg ggaaatcaca 
2 2 8 1  cgaaattcac tttcctgtgg acagagcaag cacatactgt tacggttctg gccatcaatt 
2 3 4 1  caattggtgc ttctgttgca aattttaatt taaccttttc atggcctatg agcaaagtaa 
2 4 0 1  atatcgtgca gtcactcagt gcttatcctt taaacagcag ttgtgtgatt gtttcctgga 
2 4 6 1  tactatcacc cagtgattac aagctaatgt attttattat tgagtggaaa aatcttaatg 
2 5 2 1  aagatggtga aataaaatgg cttagaatct cttcatctgt taagaagtat tatatccatg 
2 5 8 1  atcattttat ccccattgag aagtaccagt tcagtcitta cccaatattt atggaaggag 
2 6 4 1  tgggaaaacc aaagataatt aatagtttca ctcaagatga tattgaaaaa caccagagtg 
2 7 0 1  atgcaggttt atatgtaatt gtgccagtaa ttatttcctc ttccatctta ttgcttggaa 
2 7 6 1  cattattaat atcacaccaa agaatgaaaa agctattttg ggaagatgtt ccgaacccca 
2 8 2 1  agaattgttc ctgggeacaa ggacttaatt ttcagaagcc agaaacgttt gagcatcttt

A p p e n d ix  V I: L E P R  m R N A  S eq u en ce
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2881 ttatcaagca tacagcatca gtgacatgtg gtcctcttct tttggagcct gaaacaattt 
2941 cagaagatat cagtgttgat acatcatgga aaaataaaga tgagatgatg ccaacaactg 
3001 tggtctctct actttcaaca acagatcttg aaaagggttc tgtttgtatt agtgaccagt 
3061 tcaacagtgt taacttctct gaggctgagg gtactgaggt aacctatgag gacgaaagcc 
3121 agagacaacc ctttgttaaa tacgccacgc tgatcagcaa ctctaaacca agtgaaactg 
3181 gtgaagaaca agggcttata aatagttcag tcaccaagtg cttctctagc aaaaattctc 
3241 cgttgaagga ttctttctct aatagctcat gggagataga ggcccaggca ttttttatat 
3301 tatcagatca gcatcccaac ataatttcac cacacctcac attctcagaa ggattggatg 
3361 aacttttgaa attggaggga aatttccctg aagaaaataa tgataaaaag tctatctatt 
3421 atttaggggt cacctcaatc aaaaagagag agagtggtgt gcttttgact gacaagtcaa 
3481 gggtatcgtg cccattccca gccccctgtt tattcacgga catcagagtt ctccaggaca 
3541 gttgctcaca ctttgtagaa aataatatca acttaggaac ttctagtaag aagacttttg 
3601 catcttacat gcctcaattc caaacttgtt ctactcagac tcataagatc atggaaaaca 
3661 agatgtgtga cctaactgtg taatttcact gaagaaacct tcagatttgt gttataatgg 
3721 gtaatataaa gtgtaataga ttatagttgt gggtgggaga gagaaaagaa accagagtca 
3781 aatttgaaaa taattgttcc aaatgaatgt tgtctgtttg ttctctctta gtaacataga 
3841 caaaaaattt gagaaagcct tcataagcct accaatgtag acacgctctt ctattttatt 
3901 cccaagctct agtgggaagg tcccttgttt ccagctagaa ataagcccaa cagacaccat 
3961 cttttgtgag atgtaattgt tttttcagag ggcgtgttgt tttacctcaa gtttttgttt 
4021 tgtaccaaca cacacacaca cacacattct taacacatgt ccttgtgtgt tttgagagta 
4081 tattatgtat ttatattttg tgctatcaga ctgtaggatt tgaagtagga ctttcctaaa 
4141 tgtttaagat aaacagaatt c

LEPR and nested LEPR primers are located within the mRNA sequence. LEPR forward 
primer is highlighted in red and LEPR reverse primer is highlighted in blue. LEPR nested 
forward primer is highlighted in green and LEPR nested reverse primer is highlighted in 
orange.
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A p p e n d ix  V II: L E P R  P rotein  H ap lo typ e  S eq u en ces

Haplotype 2 Protein sequence (109Arg Polymorphism)

1 0  2 0  3 0  4 0  5 0  6 0

MICQKFCVVL LHWEF1YVIT AFNLSYPITP WRFKLSCMPP NSTYDYFLLP AGLSKNTSNS

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0

NGHYETAVEP KFNSSGTHFS NLSKTTFHCC FRSEQDRNCS LCADNIEGRT FVSTVNSLVF

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0

QQIDANWNIQ CWLKGDLKLF ICYVESLFKN LFRNYNYKVH LLYVLPEVLE DSPLVPQKGS

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0

FQMVHCNCSV HECCECLVPV PTAKLNDTLL MCLKITSGGV IFQSPLMSVQ PINMVKPDPP

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0

LGLHMEITDD GNLKISWSSP PLVPFPLQYQ VKYSENSTTV IREADKIVSA TSLLVDSILP

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0

GSSYEVQVRG KRLDGPGIWS DWSTPRVFTT QDVIYFPPKI LTSVGSNVSF HCIYKKENKI

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0

VPSKEIVWWM NLAEKIPQSQ YDVVSDHVSK VTFFNLNETK PRGKFTYDAV YCCNEHECHH

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0

RYAELYVIDV NINISCETDG YLTKMTCRWS TSTIQSLAES TLQLRYHRSS LYCSDIPSIH

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0

PISEPKDCYL QSDGFYECIF QPIFLLSGYT MWIRINHSLG SLDSPPTCVL PDSVVKPLPP

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0

SSVKAEITIN IGLLK1SWEK PVFPENNLQF QIRYGLSGKE VQWKMYEVYD AKSKSVSLPV

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0

PDLCAVYAVQ VRCKRLDGLG YWSNWSNPAY TVVMDIKVPM RGPEFWRI1N GDTMKKEKNV

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0

TLLWKPLMKN DSLCSVQRYV INHHTSCNGT WSEDVGNHTK FTFLWTEQAH TVTVLA1NSI

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0

GASVANFNLT FSWPMSKVNI VQSLSAYPLN SSCVIVSWIL SPSDYKLMYF IIEWKNLNED

7 9 0  8 0 0  8 1 0  8 2 0  8 3 0  8 4 0

GEIKWLRISS SVKKYYIHDH FIPIEKYQFS LYP1FMEGVG KPKIINSFTQ DD1EKHQSDA

8 5 0  8 6 0  8 7 0  8 8 0  8 9 0  9 0 0

GLYVIVPVII SSSILLLGTL LISHQRMKKL FWEDVPNPKN CSWAQGLNFQ KPETFEHLF1

9 1 0  9 2 0  9 3 0  9 4 0  9 5 0  9 6 0

KHTASVTCGP LLLEPETISE DISVDTSWKN KDEMMPTTVV SLLSTTDLEK GSVCISDQFN

9 7 0  9 8 0  9 9 0  1 0 0 0  1 0 1 0  1 0 2 0

SVNFSEAEGT EVTYEDESQR QPFVKYATLI SNSKPSETGE EQGLINSSVT KCFSSKNSPL

1 0 3 0  1 0 4 0  1 0 5 0  1 0 6 0  1 0 7 0  1 0 8 0

KDSFSNSSWE IEAQAFFILS DQHPNIISPH LTFSEGLDEL LKLEGNFPEE NNDKKSIYYL
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H a p lo ty p e  3 P r o te in  S e q u e n c e  (2 2 3 A r g  P o ly m o r p h ism )

1 0  2 0  3 0  4 0  5 0  6 0

MICQKFCVVL LHWEFIYVIT AFNLSYPITP WRFKLSCMPP NSTYDYFLLP AGLSKNTSNS

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0

NGHYETAVEP KFNSSGTHFS NLSKTTFHCC FRSEQDRNCS LCADNIEGKT FVSTVNSLVF

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0

QQ1DANWNIQ CWLKGDLKLF ICYVESLFKN LFRNYNYKVH LLYVLPEVLE DSPLVPQKGS

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0

FQMVHCNCSV HECCECLVPV PTAKLNDTLL MCLKITSGGV IFRSPLMSVQ PINMVKPDPP

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0

LGLHMEITDD GNLKISWSSP PLVPFPLQYQ VKYSENSTTV IREADKIVSA TSLLVDSILP

3 1 0  3 2 0  3 3 0  3 4 0  3 5 0  3 6 0

GSSYEVQVRG KRLDGPGIWS DWSTPRVFTT QDVIYFPPKI LTSVGSNVSF HCIYKKENKI

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0

VPSKEIVWWM NLAEKIPQSQ YDVVSDHVSK VTFFNLNETK PRGKFTYDAV YCCNEHECHH

4 3 0  4 4 0  4 5 0  4 6 0  4 7 0  4 8 0

RYAELYVIDV NINISCETDG YLTKMTCRWS TSTIQSLAES TLQLRYHRSS LYCSDIPSIH

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0

PISEPKDCYL QSDGFYECIF QPIFLLSGYT MWIRINHSLG SLDSPPTCVL PDSVVKPLPP

5 5 0  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0

SSVKAEITIN IGLLKISWEK PVFPENNLQF QIRYGLSGKE VQWKMYEVYD AKSKSVSLPV

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0

PDLCAVYAVQ VRCKRLDGLG YWSNWSNPAY TVVMDIKVPM RGPEFWRÏIN GDTMKKEKNV

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0

TLLWKPLMKN DSLCSVQRYV 1NHHTSCNGT WSEDVGNHTK FTFLWTEQAH TVTVLAINSI

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0

GASVANFNLT FSWPMSKVNI VQSLSAYPLN SSCV1VSWIL SPSDYKLMYF IIEWKNLNED

7 9 0  8 0 0  8 1 0  8 2 0  8 3 0  8 4 0

GEIKWLR1SS SVKKYYIHDH FIPIEKYQFS LYPIFMEGVG KPKIINSFTQ DDIEKHQSDA

8 5 0  8 6 0  8 7 0  8 8 0  8 9 0  9 0 0

GLYVIVPVI1 SSSILLLGTL LISHQRMKKL FWEDVPNPKN CSWAQGLNFQ KPETFEHLFI

9 1 0  9 2 0  9 3 0  9 4 0  9 5 0  9 6 0

k h t a s v t c g p  l l l e p e t is e  d is v d t s w k n  k d e m m p t t v v  s l l s t t d l e k  g s v c is d q f n

9 7 0  9 8 0  9 9 0  1 0 0 0  1 0 1 0  1 0 2 0

SVNFSEAEGT EVTYEDESQR QPFVKYATLI SNSKPSETGE EQGL1NSSVT KCFSSKNSPL

1 0 3 0  1 0 4 0  1 0 5 0  1 0 6 0  1 0 7 0  1 0 8 0

k d s f s n s s w e  ie a q a f f il s  d q h p n iis p h  l t f s e g l d e l  l k l e g n f p e e  n n d k k s iy y l
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H a p lo ty p e  4  P r o te in  S e q u e n c e  (6 5 6 A sn  P o ly m o r p h ism )

1 0  2 0  3 0  4 0  5 0  6 0

MICQKFCVVL LHWEFIYVIT AFNLSYPITP WRFKLSCMPP NSTYDYFLLP AGLSKNTSNS

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0

NGHYETAVEP KFNSSGTHFS NLSKTTFHCC FRSEQDRNCS LCADNIEGKT FVSTVNSLVF

1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0

QQIDANWNIQ CWLKGDLKLF ICYVESLFKN LFRNYNYKVH LLYVLPEVLE DSPLVPQKGS

1 9 0  2 0 0  2 1 0  2 2 0  2 3 0  2 4 0

FQMVHCNCSV HECCECLVPV PTAKLNDTLL MCLKITSGGV IFQSPLMSVQ PINMVKPDPP

2 5 0  2 6 0  2 7 0  2 8 0  2 9 0  3 0 0

LGLHMEITDD GNLKISWSSP PLVPFPLQYQ VKYSENSTTV IREADKIVSA TSLLVDSILP

3 1 0  3 2 0  3 3 0  3 4 Q  3 5 0  3 6 0

GSSYEVQVRG KRLDGPGIWS DWSTPRVFTT QDVIYFPPKI LTSVGSNVSF HC1YKKENKI

3 7 0  3 8 0  3 9 0  4 0 0  4 1 0  4 2 0

VPSKEIVWWM NLAEKIPQSQ YDVVSDHVSK VTFFNLNETK PRGKFTYDAV YCCNEHECHH

4 3 0  4 4 0  4 5 0  4 6 Q  4 7 0  4 8 0

RYAELYVIDV NINISCETDG YLTKMTCRWS TSTIQSLAES TLQLRYHRSS LYCSD1PSIH

4 9 0  5 0 0  5 1 0  5 2 0  5 3 0  5 4 0

PISEPKDCYL QSDGFYECIF QPIFLLSGYT MWIRINHSLG SLDSPPTCVL PDSVVKPLPP

5 5 Q  5 6 0  5 7 0  5 8 0  5 9 0  6 0 0

SSVKAEITIN IGLLKISWEK PVFPENNLQF Q1RYGLSGKE VQWKMYEVYD AKSKSVSLPV

6 1 0  6 2 0  6 3 0  6 4 0  6 5 0  6 6 0

PDLCAVYAVQ VRCKRLDGLG YWSNWSNPAY TVVMDIKVPM RGPEFWRIIN GDTMKNEKNV

6 7 0  6 8 0  6 9 0  7 0 0  7 1 0  7 2 0

TLLWKPLMKN DSLCSVQRYV INHHTSCNGT WSEDVGNHTK FTFLWTEQAH TVTVLA1NSI

7 3 0  7 4 0  7 5 0  7 6 0  7 7 0  7 8 0

GASVANFNLT FSWPMSKVNI VQSLSAYPLN SSCVIVSWIL SPSDYKLMYF IIEWKNLNED

7 9 0  8 0 0  8 1 0  8 2 0  8 3 0  8 4 0

GEIKWLRISS SVKKYYIHDH FIP1EKYQFS LYPIFMEGVG KPKIINSFTQ DDIEKHQSDA

8 5 0  8 6 0  8 7 0  8 8 0  8 9 0  9 0 0

GLYVIVPVII SSSILLLGTL L1SHQRMKKL FWEDVPNPKN CSWAQGLNFQ KPETFEHLFI

9 1 0  9 2 0  9 3 0  9 4 0  9 5 0  9 6 0

KHTASVTCGP LLLEPETISE DISVDTSWKN KDEMMPTTVV SLLSTTDLEK GSVCISDQFN

9 7 0  9 8 0  9 9 0  1 0 0 0  1 0 1 0  1 0 2 0

SVNFSEAEGT EVTYEDESQR QPFVKYATLI SNSKPSETGE EQGL1NSSVT KCFSSKNSPL

1 0 3 0  1 0 4 0  1 0 5 0  1 0 6 0  1 0 7 0  1 0 8 0

KDSFSNSSWE IEAQAFFILS DQHPN1ISPH LTFSEGLDEL LKLEGNFPEE NNDKKSIYYL
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