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ABSTRACT

Identification and characterisation of the familial partial lipodystrophy gene

David J. Lloyd

The lipodystrophies are a heterogeneous group of disorders characterised by a 
reduction or absence of subcutaneous fat. Familial partial lipodystrophy (FPLD) is an 
inherited condition in which regional fat loss occurs at onset of puberty. Additionally, 
endocrine dysfunctions manifest as insulin resistance and hyperlipidaemia. FPLD is an 
autosomal dominant disorder and a disease locus has been identified on chromosome 
lq21. Through a positional-candidate cloning approach we identified the causative 
gene. Haplotype analyses were used to refine the disease critical interval to 3.8 cM, 
between the microsatellite markers D1S2346 and D1S2624. A physical map of the 
region was constructed and used to position candidate genes. Missense mutations were 
detected in the LMNA gene in independent FPLD families; all localised to codons 482 
and 486, within exon 8. Interestingly, heterozygous mutations have been reported in 
LMNA in kindreds exhibiting myocyte and cardiomyocyte abnormalities.

The LMNA gene encodes the lamin A/C proteins, components of the nuclear 
lamina -  a meshwork-like structure within the inner nuclear membrane. We speculated 
that an adipocyte specific interaction exists with lamin A and is perturbed in FPLD 
subjects. We therefore performed a yeast two-hybrid screen with lamin A as bait to 
identify adipocyte protein interactions. The most interesting interacting proteins were a 
group of sterol-regulatory element binding proteins (SREBPs) and a group of novel 
transcripts, hereafter referenced as LIPA. In vitro and in vivo analyses have confirmed 
these interactions. SREBP is known to be associated with cholesterol and triglyceride 
biosynthesis and is recognised as an adipogenic transcription factor. Furthermore, 
transgenic studies leading to overexpression of the nuclear form of SREBPlc resulted in 
the production of a murine model of lipodystrophy. We therefore propose that 
interacting proteins, including those identified in this study, contribute to the molecular 
mechanism leading to the FPLD phenotype.
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1 INTRODUCTION

1.1 The adipocyte

1.1.1 The adipocyte and adipose tissue

The human body consists of a multitude of diverse cell types, resulting in many 

different tissues. Each of these specific cells contributes a set of unique functions to the 

organism and allows the survival and healthy maintenance of the body. The single most 

important ability of any organism is to assimilate, store and use energy; it is also 

necessary for that organism to be capable of releasing energy from body stores upon 

demand, or prevent energy usage in times of energy excess. In the human body, energy 

is obtained from the breakdown (metabolism) of catabolites. These catabolites are 

obtained by the release of high-energy compounds from food and liquids in the 

digestive tract. The principal catabolite in humans is in the form of lipids or fat. Fat can 

be absorbed through the large intestine and can be utilised by virtually all cell types in 

the body. Fat and lipids are primarily stored in specialised cells known as adipocytes. 

Tissues predominantly composed of adipocytes are known as adipose tissues.

1.1.1.1 Adipocyte structure

Histologically, adipocytes are recognised from other cells by their intracellular 

storage of fat. Adipocytes constitute two distinct types of tissue, white adipose tissue 

(WAT) and brown adipose tissue (BAT). WAT and BAT are termed based upon their 

colour in vivo\ they are also described as unilocular and multlilocular respectively, due 

to the presence of a single lipid droplet or multiple lipid droplets within the cell. BAT is 

present in humans during fetal development and diminishes during childhood. Its main 

function is to provide heat from the breakdown of lipids. There is little BAT in the 

human adult. On the other hand WAT is widely distributed in the human body and is the 

main site for the storage of lipids.

Adipocytes from WAT are large and can range from 20-200 pm in diameter, the 

vast majority averaging 100 pm across [Ross et al., 1995; Fruhbeck et al., 2001]. Upon 

isolation an adipocyte appears spherical, however when packed together in adipose 

tissue they are oval or polyhedral (Figure 1). The size of the cell is attributed to its 

internal content, a single lipid droplet averaging roughly 90% of the cell volume. This 

huge accumulation of lipid creates the appearance of a swollen cell. The presence of the
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Figure 1. Histological appearance of white adipose tissue. L -  lipid mass, N -  
nucleus, CT -  connective tissue, and CP -  capillaries. Note the squashed nucleus 
forced to the plasm a m em brane by the large lipid mass and the high degree of 
vascularisation. Stained with haematoxylin and eosin.

I
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large lipid volume pushes all other organelles, including the nucleus, to the periphery of 

the adipocyte. The result of which makes adipose tissue easily identifiable, with the 

large lipid centre surrounded by the cytoplasm, a thin dark layer containing the flattened 

nucleus. The lipid organelle within the adipocyte has been examined with the 

transmission electron microscope (TEM) [Ross et al., 1995]. The interface between the 

lipid and the cytoplasm has two components, a 5 nm thick layer of lipid reinforced by a 

5 nm layer of microfilaments. This division is necessary to divide the lipid droplet and 

the hydrophilic cytoplasm. Organelles present in other mammalian cells are also located 

within the peripheral adipocyte cytoplasm, mainly adjacent to the nucleus. 

Mitochondria are widespread throughout the cytoplasm alongside clusters of glycogen 

particles. Mature adipocytes are surrounded by an external lamina, which is composed 

of collagen and glycoproteins. It has been suggested that this extracellular membrane 

acts either as an elastic supportive structure, or to selectively filter the import and export 

of macromolecules to and from the adipocyte [Cryer and Van, 1985].

1.1.1.2 Adipose tissue

Adipose tissue is a special form of connective tissue composed of fat-laden 

adipocytes, surrounded by a collagenous matrix of nerves, blood vessels and connective 

cell types. It is the body’s largest energy reservoir and contributes 10-30% of the total 

body mass [Pickup and Williams, 1997]. Adipose tissue refers to a tissue when the 

predominant cell type is the adipocyte, however there may also be many other cell types 

present [Cinti, 2001]. Adipose tissue is highly vascularised (Figure 1) and virtually 

every cell is in contact with a blood vessel [Cryer and Van, 1985]. Capillaries can be 

located at the junction of three adjacent adipocytes, the physiological importance of 

which suggests the necessity of access for every adipocyte to the circulation enabling 

rapid absorption and release of lipids.

Other cells present in adipose tissue include macrophages, fibroblasts, mast cells 

and in concert constitute the connective tissue producing the extracellular matrix. The 

latter of which aids in the interconnection of these cell types with each other. The white 

adipose tissue is organised into lobules, which are supported by loose connective septa. 

The junction between adjacent adipocytes is not a simple cell-cell interface, but 

interspersed with collagen filaments and occasionally disrupted by fibroblast extensions 

between adipocytes [Cryer and Van, 1985].
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1.1.1.3 Adipose tissue distribution

Adipose tissue under the skin is known as the panniculus adiposus. Typically, 

adipose tissue is located in the subcutaneous compartment around the lower part of the 

abdomen. It is also found under the skin in the buttocks, axilla and thigh. Internally, 

adipose tissue is deposited in a number of sites including the omentum, peritoneal, 

retroperitoneal and surrounding abdominal organs. Fat deposition is also recognised in 

the retro-orbital space, face and neck and within muscle. Subcutaneous adipose tissue 

surrounding the muscle and under the skin contains the majority of the body’s adipose 

tissue. Although it is now accepted that the adipocyte is a metabolic tissue, initially fat 

was thought to be necessary for protection of the body from shock. Adipose tissue is 

likely to perform this role as well, as it is also found in regions requiring shock 

absorption, including those already mentioned such as the back of the eye, the buttocks 

and around the kidneys, heart and soles of the feet [Stevens and Lowe, 1997]. In support 

of this, these adipose tissues do not lose their structure and cushioning role during 

periods of lipid mobilisation in comparison to other adipose tissues [Ross et al., 1995].

The relative amount of adipose tissue in each of these sites is variable. This is 

especially evident with gender differences, resulting in significantly different body 

contours [Amer, 1997]. Both sexes are able to accumulate adipose tissue in the breast, 

hips and gluteal regions, however females preferentially develop significantly more 

adipose tissue at these sites resulting in a ‘gynoid’ appearance. Males, in contrast, 

accumulate adipose tissue around the abdomen, intra-abdominally and subcutaneously, 

resulting in an ‘android’ appearance. Thus the accumulation of adipose tissue at specific 

sites is highly regulated and significant between human males and females. Vague 

[Vague, 1956] was the first to suggest that body fat distribution correlated with various 

health problems. The localisation of adipose tissue in the body can have drastic effects 

on metabolism [Bjomtorp, 1991], resulting in the development of diseases such as type 

2 diabetes mellitus, hyperlipidaemia and other associated disorders.

1.1.1.4 Development

White adipose tissue formation begins during embryonic development. The 

totipotency of stem cells within the foetus decreases as growth continues and each 

diverging group of stem cells becomes increasingly committed to specific lineages. The 

adipocyte is derived from a multipotent stem cell, a mesodermal progenitor, which also 

has the potential to develop into muscle and cartilage cells [Cornelius et al., 1994].
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Mesenchymal cells become unipotent upon development into adipoblasts. These cells 

are morphologically identical to fibroblasts but are only capable of developing into 

adipocytes. Once committed to adipocyte development the adipoblast differentiates into 

a preadipocyte, a cell that expresses markers of an adipocyte, but has not started to 

accumulate lipid. It is still unknown whether all adipoblasts have progressed to 

preadipocytes upon birth, or if adipoblasts remain in the body throughout life [Ailhaud, 

2001]. The preadipocyte cell matures into the distinctive adipocyte by progressive lipid 

accumulation, forming large spherical cells, dominated by a unilocular lipid mass.

Although the adipocyte development initiates in the human foetus, the majority 

of differentiation occurs soon after birth, in fact human neonates are relatively obese 

compared to other mammals. This excess of fat is thought to provide a constant source 

of energy during infancy [MacDougald and Lane, 1995]. This adipose tissue expansion 

results from increased adipocyte cell size (hypertrophy) and increased fat cell number 

(hyperplasia). Thus the potential to develop new adipocytes remains after birth and even 

in to the adult stage of life. To support this, adipocyte hyperplasia has been observed in 

human obesity. The relative contribution of adipocyte cell size and number to adipose 

tissue in obese individuals has not been determined [Gregoire et al., 1998].

1.1.1.5 In vitro models o f adipocyte development

The study of adipocytes in vivo is difficult. Adipose tissue is diffuse in the body, 

is a mixture of many cell types and the adipocyte precursor cell, the preadipocyte is 

indistinguishable from surrounding fibroblasts. In vitro models of adipocyte 

differentiation have been shown to be powerful alternatives to in vivo studies. The 

isolation and immortalisation of cells from adipose tissue has permitted the 

identification of the stages of adipocyte differentiation; thus it has been possible to 

determine the stage of commitment to the adipocyte and the transition through the 

preadipocyte to the mature adipocyte.

Two classes of cell lines have been recognised, multipotent mesenchymal 

precursors and unipotent adipoblasts [Gregoire et al., 1998]. Murine multipotent cell 

lines include 10T1/2 and Balb/c 3T31246 and are capable of differentiating into 

mesodermal lineages such as myocytes, chondrocytes, fibroblasts and adipocytes 

[Taylor and Jones, 1979]. Adipoblast cell lines were isolated by Green and colleagues 

from mouse Swiss 3T3 embryos [Green and Meuth, 1974]. The most commonly used 

models are the 3T3-L1 and 3T3-F422A cells which are morphologically identical to



Chapter 1 Introduction 6

fibroblasts, but are committed to become adipocytes [Ntambi and Young-Cheul, 2000]. 

These cell lines can be cultured as fibroblast-like adipoblasts or induced to differentiate 

into adipocytes.

Conversion of confluent 3T3-L1 cells into adipocytes is mediated by 

administering an adipogenic cocktail. The three components to this cocktail include 

insulin, a substance that elevates cAMP levels (isobutylmethylyxanthine -  IBMX) and 

glucocorticoids (dexamethasone). The initial stage of adipocyte conversion is temporary 

growth arrest, achieved by contact inhibition; the addition of the cocktail promotes a 

further round of mitosis known as clonal expansion. After 48 hours of differentiation, 

the cells complete the postconfluent cell division and enter into total growth arrest, 

coinciding with the expression of adipogenic transcription factors, peroxisome 

proliferator-activating receptor y (PPARy) and CCAAT/enhancer binding protein a  

(C/EBPa) [Ntambi and Young-Cheul, 2000], as discussed in Section 1.1.3. The cells 

are now considered to be preadipocytic, with the appearance of fibroblasts but 

expressing a set of adipogenic-specific proteins. This second growth arrest is terminal, 

the preadipocytes begin to accumulate lipid in the large lipid vacuole and remain in this 

state, as mature fat cells cannot divide [Ailhaud, 2001]. The remaining fates for the 

adipocyte are limited, either increased storage of triglycerides (increase in volume), 

mobilisation of fatty acids from triglyceride stores (decrease in volume), or apoptosis.

1.1.2 Function o f  adipose tissue in lipid metabolism

There are various catabolites in the body available for the production of energy 

in the form of ATP. Energy produced as a consequence of oxidation of triglyceride is 

38.9 kJ/g, which is over twice the amount of energy obtained from the same amount of 

carbohydrate or protein (both 17.2 kJ/g) [Klaus, 2001]. Although glucose provides a 

source of rapid energy to virtually all of the body’s tissues, if it were the main form of 

energy storage in the body (as glycogen) the increased mass would interfere with the 

organism’s mobility. It is thought that the use of triglyceride as the major energy store 

has allowed the evolution of mobile organisms due to the anhydrous, condensed nature 

of triglyceride in adipose tissue [Unger et al., 1999]. These three metabolites are all 

derived from the diet and absorbed through the intestine; those nutrients that are not 

immediately required for energy must be stored so that they may be released upon 

controlled demand during periods of low nutritional abundance. It is the role of the
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adipocyte to store lipids in the body as triglyceride and mobilise this energy source as 

needed [Flier, 1995].

1.1.2.1 Transport o f  lipid

Lipids are a group of organic biomolecules, which are soluble in organic 

solvents and insoluble in water. These include fats, oils, triglycerides, phospholipids, 

cholesterol and fatty acids amongst many others. The most important of which are the 

fatty acids and their storage counterparts, the triglycerides.

Fatty acids are weak acids that have a single carboxyl group at the end of a 

hydrocarbon chain. The major fatty acids in the human body have 16-20 carbon 

residues and can be saturated (lacking carbon-carbon double bonds, e.g. stearic acid), or 

unsaturated (containing one or more carbon double bonds, e.g. oleic acid). Triglycerides 

are formed from the esterification of three molecules of fatty acid and one molecule of 

glycerol (which has been converted to glycerol 3-phosphate). Fatty acids not 

incorporated in triglyceride are known as non-esterified fatty acids (NEFA). 

Triglycerides are also known as neutral fats due to the loss of their carboxyl groups and 

considering that their flexible side-chains allow more efficient packing of molecules 

together, the storage of energy as triglyceride is more preferable to that of glycogen.

Lipids circulate in the blood in one of two ways, as NEFA or triglyceride. NEFA 

is transported as a sodium salt bound to the plasma protein, albumin, which neutralises 

it acidic effects. Triglyceride is transported.in lipoprotein particles. Plasma lipoproteins 

are classified based on their distinct fractions following ultra-centrifugation, high- 

density lipoproteins (HDLs), low-density lipoproteins (LDL), very low-density 

lipoproteins (VLDL) and chylomicrons [Cryer and Van, 1985]. These transport vehicles 

have triglyceride or cholesterol rich cores and are surrounded by amphipathic lipids 

such as phospholipids and a range of apoproteins, which aid in the solublisation of the 

particles. There are numerous apoproteins, possessing different properties. As discussed 

they transport lipid by stabilising lipoproteins, but also act as ligands for specific 

receptors at tissue-blood interfaces, thus enabling the regulated release and uptake of 

lipid from the blood into tissue. The four plasma lipoproteins each carry different 

cargoes; the highest triglyceride content is in chylomicrons (85%) and VLDL (60%), 

whereas HDL is predominantly composed of protein. Cholesterol is transported mainly 

in LDL, constituting 50% of the total composition [Thabrew and Ayling, 2001].



Chapter 1 Introduction 8

Lipid enters the circulation by absorption of triglyceride in the intestine and is 

transported in chylomicrons either directly to the adipocyte, liver or to other tissues with 

a demand for lipid. Triglyceride is removed from chylomicrons at the capillaries of 

tissues by the action of the enzyme lipoprotein lipase (LPL). At the liver, triglyceride is 

released from chylomicrons and broken down into NEFA and glycerol, cholesterol is 

also liberated at this stage. It is the liver that is responsible for utilisation of NEFA and 

cholesterol, or the subsequent packaging of these molecules into the lipoproteins, 

VLDL, LDL and HDL [Thabrew and Ayling, 2001]. The purpose of which is to shuttle 

these metabolites to tissues such as the muscle where they can be used, or to the 

adipocyte for storage.

1.1.2.2 Uptake and storage o f fatty acids by adipocytes

Triglyceride in lipoproteins (mainly as chylomicrons and VLDL) circulates in 

the blood until it is hydrolysed at specific endothelial sites by LPL. LPL is an enzyme, 

which is secreted by adipocytes and attaches to the surface of endothelial cells 

surrounding blood capillaries [Wion et al., 1987]. Triglyceride-laden lipoproteins 

contain the apolipoprotein C-II on the surface, this small protein is necessary to activate 

LPL in the vascular endothelium [Olivecrona and Beisiegel, 1997], thus LPL can 

specifically hydrolyse triglyceride presented within these lipoproteins. NEFAs are 

released and taken up by adjacent adipocytes. NEFA may also be directly absorbed 

from circulating fatty acid-albumin complexes [Hamilton, 1998]. At this stage 

lipogenesis occurs in adipocytes, esterifying NEFAs with glycerol-3-phosphate 

(obtained from glycolysis) to form storage triglyceride which will be deposited in the 

lipid droplet within the fat cell. The lipogenic pathway involves several steps [Kahn, 

2000]; in brief, this is the conversion of glycerol-3-phospate to phosphatidate, 

subsequently to diglyceride and finally to triglyceride mediated by the enzyme acyl 

CoA:diacylglycerol transferase (DGAT). The final step was considered to be carried out 

solely by DGAT as this is the only committed step of lipogenesis, however Dgat- 

deficient mice are capable of maintaining normal levels of triglyceride and are resistant 

to diet induced obesity [Smith et al., 2000]. The conclusions of which suggest there are 

other compensatory mechanisms of triglyceride synthesis and storage.
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1.1.23 Release o f fatty acids from adipocytes

Release of fatty acids and glycerol from triglyceride (lipolysis) initiates the 

mobilisation of stored fat within the adipocyte. A multifunctional enzyme, hormone- 

sensitive lipase (HSL), which has broad substrate specificity, performs lipolysis 

[Osterlund, 2001]. HSL was cloned [Holm et al., 1988] and shown to be activated by 

phosphorylation at serine residues [Shen et al., 1998]. HSL is a cytosolic protein and 

upon activation, it repositions as a dimer [Shen et al., 2000] at the periphery of the lipid 

droplet, exerting its lipolytic effects [Brasaemle et al., 2000]. It is capable of 

hydrolysing tri-, di- and monoglycerides [Saltiel, 2000]. Liberated fatty acids enter the 

circulation and are transported to other tissues in the body for metabolism, such as 

muscle. Fatty acids produced this way also temporarily reside in adipocyte intracellular 

pools of fatty acid, composed of incoming and outgoing molecules. In this way the fatty 

acids may also be reincorporated into triglyceride in the adipocyte. On the other hand, 

the other product of lipolysis, glycerol, cannot be re-esterified as adipocytes lack the 

enzyme, glycerokinase and is thus released into the circulation, for eventual absorption 

by the liver [Saltiel, 2000].

Upon triglyceride hydrolysis in adipocytes, fatty acids are released and bound by 

small proteins, known as fatty acid-binding proteins (FABP4/aP2) [Hertzel and 

Bemlohr, 2000]. These are responsible for the intracellular trafficking of NEFA. Recent 

experiments have shown that FABP4 interacts with HSL [Shen et al., 1999], suggesting 

these lipid chaperones be specifically involved in fatty acid clearance following 

lipolysis [Hertzel and Bemlohr, 2000]. A mouse knockout of HSL resulted in male 

sterility but not obesity as expected [Osuga et al., 2000]. The conclusions of which 

suggest a compensatory mechanism of lipolysis [Saltiel, 2000].

1.1.2.4 Regulation o f lipogenesis and lipolysis

The lipogenesis-lipolysis cycle is tightly regulated so that in response to the 

body’s demands, lipogenesis may exceed lipolysis, or vice versa, relative to periods of 

excess energy uptake or excess energy expenditure respectively. Equally, during periods 

of balanced energy uptake and energy expenditure, both processes occur without either 

net gain or loss of triglyceride from the lipid droplet of the adipocyte. Factors that 

determine the relative lipogenic-lipolytic balance include the effects of insulin, 

catecholamines and regional location of adipose tissue.
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1.1.2.4.1 Insulin

The effect of insulin on adipose tissue has been recognised since the restoration 

of fat in the bodies of wasted diabetic patients following insulin therapy [Frayn and 

Coppack, 1992]. Insulin promotes lipogenesis, by increasing lipogenic enzymes, namely 

acetyl CoA carboxylase, increasing uptake of glucose and increasing transcription of 

LPL. Secondly, insulin is known to inhibit lipolysis, by preventing HSL 

phosphorylation [Frayn and Coppack, 1992]. The consequence of insulin action is a 

decreased supply of NEFA to other body tissues, alternatively perceived as a 

conservation of energy.

Insulin directly increases the activity of LPL gene transcription and post- 

translational modification [Fried et al., 1993]. This has the effect of escalating 

triglyceride clearance from circulating lipoproteins and increasing availability of NEFA 

within the adipocyte. As previously discussed (Section 1.1.2.1), glucose is necessary for 

lipogenesis, after conversion to glycerol-3-phospate. Insulin stimulates glucose uptake 

into the adipocyte via the GLUT4 transporter [Fukumoto et al., 1989]. In brief, insulin 

binds to its receptor at the cell surface and is internalised by endocytosis causing insulin 

receptor autophosphorylation, which has a cascade effect mediated via several enzymes, 

ultimately resulting in protein kinase B phosphorylation [Boschmann, 2001]. The result 

of which assists GLUT4 translocation to the cell surface. The newly recruited glucose is 

subsequently available for triglyceride synthesis. Furthermore, insulin not only 

increases the availability of raw materials for triglyceride synthesis, but also stimulates 

the process of lipogenesis by activating enzymes involved in the pathway, including 

fatty acyl synthetase and acetyl CoA carboxylase [Pickup and Williams, 1997].

The antilypolytic effects of insulin are as important as its lipogenic effects. The 

lipolytic enzyme HSL is activated by cAMP-dependent phosphorylation and insulin has 

the effect of lowering cAMP levels, mediated via a cAMP phosphodiesterase [Holm et 

al., 1997]. Reduction in active HSL inhibits NEFA production and release.

1.1.2.4.2 Catecholamines

The catecholamines are a group of chemicals which act as neurotransmitters or 

hormones and include adrenaline, noradrenaline and corticotropin. They are powerful 

lipolytic stimuli increasing the catabolism and release of NEFA by activation of HSL. 

Catecholamines bind to adrenergic receptors (oci and OL2, or P i ,  P2 and P3 

adrenoreceptors) on the surface of adipocyte [Boschmann, 2001]. These receptors are
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coupled to GTP-binding proteins that either stimulate or inhibit adenylyl cyclase. 

Activation of adenylyl cyclase increases cellular cAMP levels and promotes protein 

kinase A (PKA) phosphorylation and subsequent activation of HSL [MeKnight et al., 

1998].

The most abundant protein of adipocyte lipid droplets is perilipin [Greenberg et 

al., 1991]. It can be phosphorylated by PKA and is thought to pose a barrier for HSL 

attachment onto the lipid droplet [Osterlund, 2001]. A contemporary theory of 

catecholamine-regulated lipolysis, is that perilipin resides on the lipid droplet periphery, 

acting as a barrier to HSL, upon phosphorylation of both of these proteins, perilipin 

moves away from the lipid surface and permits translocation and attachment of HSL at 

this site [Osterlund, 2001].

1.1.2.4.3 Regional location of adipose tissue

The two main sites for adipose tissue in humans are abdominal or gluteal- 

femoral, of which the abdominal can be further subdivided into intra-abdominal or 

subcutaneous. Vague was the first to observe that males and females have different fat 

depots over the body [Vague, 1956]. It is now accepted that these different sites of 

adipose tissue respond in a non-uniform manner. Catecholamines are most active in 

visceral fat, less active in abdominal subcutaneous fat and least active in gluteofemoral 

fat [Amer, 1997]. Wahrenberg and colleagues investigated the relative levels of a  and P 

adrenoreceptors in abdominal and gluteofemoral sites in both males and females 

[Wahrenberg et al., 1989]. The results demonstrated that fat cells from the abdomen 

were more responsive to lipolytic stimuli than those from the gluteal, in which there was 

a greater difference in females than males. These differences were attributed to the 

variation in adrenoreceptors. Additionally, insulin exerts a greater effect on lipolysis in 

subcutaneous tissue compared to intra-abdominal, most likely associated with the levels 

of insulin receptor [Bolinder et al., 1983]. In conclusion, intra-abdominal adipose tissue 

is much more responsive to lipolysis than subcutaneous tissue. The metabolic 

consequences of which are numerous, but essentially involve the reduced clearance of 

NEFA from the circulation into peripheral tissues and direct drainage of NEFA into the 

liver [Frayn and Coppack, 1992].
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1.1.2.5 Adipose tissue as an endocrine orsan

The adipocyte has long been established as a depot for lipid, sensitising the 

body’s energy status. Recently the adipocyte has exceeded these roles and acquired 

further functions in the overall process of energy homeostasis [Flier, 1995]. Currently 

there is evidence that adipose tissue is capable of acting as an endocrine organ, secreting 

hormones, growth factors and cytokines [Flier, 1995]. A range of signals produced by 

the adipocyte have been identified as a consequence of several investigations, including 

the positional cloning of leptin, the gene underlying the cause of the ob/ob mouse, a 

murine model of diabetes and obesity [Zhang et al., 1994]. Other secreted molecules 

include tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), angiotensinogen, adipsin 

and AdipoQ [Fruhbeck et al., 2001].

TN F-a is a cytokine commonly associated with macrophages. The finding that 

TN F-a expression was positively correlated to obesity initiated studies in this field 

[Hotamisligil et al., 1995]. The biological effects of TN F-a expression include, LPL 

inhibition and C /EBPa and PPARy down-regulation (Section 1.1.3), the consequence of 

which is shut-down of fat cell differentiation and maintenance [Fruhbeck et al., 2001]. 

This contrasting finding suggested that possibly TN F-a be produced in large adipose 

tissues in an effort to decrease fat mass, by an apoptotic mechanism, similar to its role 

in tumor cells [Prins et al., 1997]. It is also considered that upon the adipocyte reaching 

a critical size, TN F-a expression is elevated, enhancing growth factor responsiveness in 

the fat cell [Fruhbeck et al., 2001].

Leptin is an adipocyte-specific secreted molecule, released into the blood as a 16 

kDa protein following proteolytic cleavage from the plasma membrane [Chehab, 2000]. 

Mutation of this gene caused obesity and diabetes in the ob/ob mouse [Zhang et al., 

1994]. Leptin is secreted by adipocytes and binds to its receptor in the hypothalamus, 

informing the brain of the amount of body fat and thus links feeding behaviour, 

metabolism and endocrine function [Fruhbeck et al., 2001]. However, there are now 

doubts about the major role of leptin in the body [Trayhum et al., 2001]. Regardless, the 

amount of adipose tissue in the body is the main determinant for the levels of circulating 

leptin, thus the function of leptin is positively associated with fat cell signalling 

[Fruhbeck et al., 2001].

Adipsin is a serine protease secreted by adipocytes and found to be a member of 

the alternative complement pathway [Min and Spiegelman, 1986]. Adipsin levels are
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dramatically reduced in several models of rodent obesity [Flier, 1995]. Adipsin is 

expressed, so the adipocyte may control the rate of de novo triglyceride synthesis and 

esterification [Sniderman and Cianflone, 1994].

The identification that these three factors, alongside others, have regulatory roles 

upon secretion from fat cells suggested that fat tissue is central in energy balance, not 

only a simple storage organ as initially thought.

1.1.3 Genetic control o f  adipogenesis

During differentiation of the preadipocyte to mature adipocyte there is a 

temporal cascade of adipogenesis specific gene expression. Many of these genetic 

factors have been elucidated from in vitro studies using the 3T3-L1 and 3T3-F422A 

preadipocyte cell lines (Section 1.1.1.5) [Green and Meuth, 1974]. Following post

confluent growth arrest of preadipocytes, a mixture of adipogenic stimulants is 

administered to induce the adipogenic program. This developmental program can be 

partitioned into distinct stages consisting of; 1) confluence; 2) hormonal induction; 3) 

permanent growth arrest; 4) adipocyte maturation. From one stage to the next, there is a 

co-ordinate expression of genes involved in the mediation of a precursor to a mature 

adipocyte. These adipogenic genes all have the ability to regulate other adipocyte 

developmental genes at the level of gene transcription. These transcription factors have 

been known for little over a decade and since their identification, there has followed an 

explosion of scientific interest in this field. Primarily these adipogenic transcription 

factors are divided into three distinct classes; peroxisome proliferator-activated receptor 

y (PPARy); CCAAT/enhancer binding protein (C/EBP); and adipocyte determination 

and differentiation factor 1 (ADD1) or its human homologue, sterol regulatory element 

binding protein l(SREBPl).

1.1.3.1 C/EBP

Studies directed towards identifying nuclear factors which bound to the 

promoters of two adipocyte differentiation-induced genes, FABP4 and stearoyl-CoA 

desaturase resulted in the recognition of C/EBP [Christy et al., 1989]. C/EBPs are 

members of a family of basic leucine zipper (b-Zip) transcription factors and include 

C/EBPcc, C/EBPP, C/EBP5, C/EBPe and C/EBP£, [Wu et a l, 1999]. These proteins 

form homo- or heterodimers via the leucine zipper in their carboxyl terminus. Three of 

the C/EBP members, C/EBPcx, C/EBPP and C/EBP5 are involved in adipocyte
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differentiation [Cowherd et al., 1999]. C/EBPP and C/EBP8 are expressed early 

following hormonal induction, whereas C/EBPa is expressed late in adipogenesis and 

persists in the mature adipocyte.

C/EBPP and C/EBP8 expression is thought to be involved in initiating and 

directing the differentiation process [Ntambi and Young-Cheul, 2000]. Expression of 

C/EBPP in 3T3-L1 cells is sufficient to direct adipogenesis in the absence of hormonal 

inducers [Yeh et al., 1995] and expression of C/EBP8 contributes to adipogenesis (yet 

still requires hormonal induction). Interestingly, the greater adipogenic potential of 

C/EBPp has also been shown to promote adipogenesis in NIH-3T3 fibroblasts and thus 

C/EBPp not only increases adipogenesis but also commits undifferentiated cell lines 

down an adipogenic pathway [Wu et al., 1995]. In these experiments the expression of 

C/EBPP and C/EBPS increased the transcription of PPARy (Section 1.1.3.2). The role 

of these two proteins in adipogenesis is also supported by transgenic mice studies. Mice 

deficient in either C/EBPp or C/EBP8 have fully differentiated white fat cells with 

normal morphology; however, compound homozygous knockouts have a more dramatic 

phenotype [Tanaka et al., 1997]. Approximately 15% of mice survive and have a 

reduction in white adipose tissue. The reduction in fat cells appeared to be a result of 

decreased cell number as opposed to atrophy. The levels of PPARy were not affected in 

the fat which did develop and suggests that in vivo there exists alternative pathways 

during the initiation of adipogenesis [Rangwala and Lazar, 2000].

Progression of early adipogenesis into late differentiation correlates with a 

reduction in C/EBPP and C/EBP8 concomitant with an increase in C /EBPa expression 

[Cao et al., 1991]. Interestingly, the C/EBPa promoter contains a functional C/EBP 

binding site and is thought to be a target of C/EBPp. Once activated C /EB Pa would be 

able to regulate its own expression in a positive autoregulatory feedback loop [Yeh et 

al., 1995]. Definitive proof that C /EBPa has a role in adipogenesis was obtained by 

expression of antisense C/EBPa [Lin and Lane, 1992] in preadipocytes, resulting in 

prevention of adipocyte differentiation. C /EBPa is also able to determine and 

differentiate non-committed fibroblasts down an adipogenic program [Freytag et al.,

1994]. In keeping with these results is the finding that C /EBPa knockout mice fail to 

develop white fat [Wang et al., 1995]. An interesting investigation would be to identify 

which adipocyte markers the preadipocyte express in these mice, to define the stage at 

which adipogenesis becomes arrested or if the preadipocytes have even initiated
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adipogenesis [Gregoire et al., 1998]. C /EBPa expression increases from undetectable in 

the preadipocyte, to high in the mid to late stages of adipogenesis, remaining high in the 

mature adipocyte. The role of C/EBPa is central in adipogenesis and is considered a 

master regulator alongside PPARy, a second C/EBP(3/ C/EBP8 target.

1.1.3.2 PPARy

Several PPAR isoforms exist and have the ability to act as nuclear hormone 

receptors. PPARy is expressed predominantly in adipose tissue and heterodimetises 

with a second nuclear receptor, the retinoid X receptor (RXR), directing transcription of 

many fat-specific genes.

Promoter analysis of the FABP4 gene identified an adipocyte regulatory factor 

(ARF6) which interacted with the adipocyte response element (ARE). Cloning of this 

factor revealed its identity, a heterodimer of PPARy and RXR [Tontonoz et al., 1994a]. 

PPARy exists as two transcripts through the use of alternative promoters. PPARy2 is the 

major form in adipose tissue and contains an extra 30 amino acids at the amino terminus 

[Tontonoz et al., 1995]. The difference in PPARy isoform function is currently 

unknown [Wu et al., 1999].

To substantiate the role of PPARy in adipogenesis, Tontonoz and colleagues 

retrovirally expressed PPARy in mouse fibroblasts [Tontonoz et al., 1994b]. Consistent 

with its proposed function, PPARy was able to promote adipogenesis, however this was 

dependent on the supplementation of lipid activators. PPARy has also exhibited its 

potency in adipogenesis by conversion of myoblasts into adipocytes [Hu et a l, 1995]. 

Furthermore, transgenic mice studies have revealed the necessity of PPARy in 

adipogenesis. Although the homozygous knockout is embryonic lethal [Barak et al.,

1999], different groups have circumvented this to analyse PPARy ablation in specific 

tissues. The most impressive of these studies was performed by Rosen and colleagues 

[Rosen et al., 1999], in which they created chimeric mice derived from both normal and 

PPARy (-/-) embryonic cells. Tissues requiring PPARy would be completely composed 

of wild-type cells, whereas those tissues which have no need for PPARy would be 

composed of a mixture of wild-type and PPARy (-/-) cells. The outcome illustrated the 

necessity of PPARy in adipose tissue, which was composed solely of wild-type cells, 

compared to tissues such as heart and spleen, which exhibited no preference.
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As with other nuclear hormone receptors, PPARy is modular in structure, 

possessing a DNA binding domain, trans-activation domain and a dimerisation domain. 

The latter is necessary for the complex to be transcriptionally active [Rosen et al., 

2000]. A carboxy terminal ligand-binding domain is also present, presumably only 

allowing dimerisation upon ligand binding. Natural and synthetic ligands have been 

identified for PPARy. The natural ligand 15 deoxy-A12,14 prostaglandin J2 is able to bind 

PPARy and promote adipogenesis when added to PPARy expressing cells [Forman et 

al., 1995]. It is considered that other fatty acid high-affinity ligands are yet to be 

identified [Wu et al., 1999; Ntambi and Young-Cheul, 2000]. Synthetic ligands include 

the thiazolidinediones (TZDs), a novel class of antidiabetic drugs [Lehmann et al.,

1995]. These drugs were developed for their ability to increase insulin-sensitivity and 

thus used in the treatment of type 2 diabetes mellitus, then subsequently shown to 

activate PPARy. TZDs are currently the most potent ligands for PPARy possessing high 

binding affinities, much greater than the natural prostaglandin ligand.

1.1.3.3 ADD1/SREBP

ADD1 was identified as a basic-helix-loop-helix (bHLH) transcription factor. A 

transcription factor binding DNA motif, known as an E-box present in the promoter of 

the fatty acid synthase (FAS) gene, was used to screen a rat adipocyte expression 

library, resulting in isolation of ADD1 [Tontonoz et al., 1993]. The human homologue 

has been independently cloned from human HeLa cells on its ability to bind a second 

regulatory motif, the sterol response element (SRE-1) [Yokoyama et al., 1993]. The 

factor, known as SRE binding protein (SREBP1), binds SRE-1 in the promoters of 

several genes involved in cholesterol homeostasis [Yokoyama et al., 1993]. There are 

two isoforms of SREBP1, SREBPla and SREBPlc which are alternative transcripts of 

the same gene and differ at their amino terminus. SREBPla contains an additional 

unique 29 amino acids and SREBPlc only 5 amino acids extra. ADD1 corresponds to 

the SREBPlc isoform, which is the major isoform in animal tissues [Shimano et al., 

1997a]. The mode of action for ADD1/SREBP1 is novel. Full-length protein contains 

approximately 1150 residues and is bound to the membrane of the endoplasmic 

reticulum by virtue of two transmembrane domains. At periods of sterol depletion the 

full-length protein is cleaved to release an active N-terminal 500 amino acids. This 

activated cleavage product, once released from the membrane is able to translocate to 

the nucleus and direct the expression of genes under the transcriptional control of E-
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boxes or SRE-1 sites [Brown and Goldstein, 1997]. This process has been solely 

determined for sterol responsiveness in liver metabolism, the action of ADD1/SREBP1 

cleavage and activation with regard to the adipocyte remains to be determined [Rosen 

and Spiegelman, 2000].

Association of ADD1/SREBP1 with adipogenesis was first discovered by the 

observation of the dramatic induction of ADD1/SREBP1 following adipogenic 

initiation in 3T3-L1 preadipocytes and bears similarity to the expression profile of 

PPARy [Kim and Spiegelman, 1996]. Overexpression of ADD1/SREBP1 in 3T3-L1 

cells enhances hormonal induction compared to control cells and is responsible for 

induction of fatty acid synthase and lipoprotein lipase, both of which are critical for 

adipocyte development [Kim and Spiegelman, 1996]. Unlike PPARy, ADD1/SREBP1 

alone is unable to induce adipogenesis in undifferentiated fibroblasts. To further 

corroborate ADD1/SREBP1 in adipogenesis, a dominant-negative protein, which 

abolished ADD1/SREBP1 function, was expressed in preadipocytes and resulted in 

complete inhibition of adipogenesis. The conclusions of this work suggest that 

ADD1/SREBP1 is required for adipocyte differentiation, but whose actions are not as 

potent as PPARy.

Targetted disruption of ADD1/SREBP1 in mice produced mortalities from 50%- 

80%. The mice which survived were normal in terms of their adipose mass and 

expression of adipocyte genes [Shimano et al., 1997b]. A third member of the 

ADD1/SREBP family exists, SREBP2, derived from a different locus. In 

ADD1/SREBP1 knockout mice that survive and appear normal, SREBP2 expression is 

elevated and considered to be compensating for ADD1/SREBP1 loss.

The most plausible role for ADD1/SREBP1 in adipogenesis was discovered by 

two important experiments. Firstly, medium from cells expressing ADD1/SREBP1 was 

able to activate PPARy gene transcription [Kim et al., 1998]; and secondly, the block of 

adipogenesis using a dominant-negative ADD1/SREBP1 could be overcome by the 

addition of TZD ligand for PPARy. Both of these results suggest that the role of 

ADD1/SREBP1 in adipogenesis is the production of endogenous ligand for PPARy 

[Fajas et al., 1999].
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1.1.3.4 Cascade o f  adipogenic transcription

Although C/EBPs, PPARy and ADD 1/S REBP 1, are considered to be the key 

determinants in adipogenesis, several other proteins exist which contribute to the overall 

process of adipocyte development. Considered together, all of these factors create a 

sequential cascade of gene expression which directs adipogenesis and is summarised in 

Figure 2.

Preadipocyte cell lines enter a regulated progression of transcription factor 

expression following hormonal induction. The first genes to respond are the proto

oncogenes c-fos and jun-B  which peak a few hours post-induction [Rangwala and Lazar, 

2000]. The expression of these genes is believed to have a mitogenic effect on the 

preadipocyte, initiating the second post-confluent mitosis and ultimately directing the 

cells towards adipogenic commitment [Ntambi and Young-Cheul, 2000]. The levels of 

these genes dissipate shortly after this initial activity. The first adipocyte-specific genes 

expressed are C/EBPP and C/EBP8, involved in the direct response of the exogenous 

hormones, dexamethasone and EBMX. Considering their rapid expression, these two 

factors are thought to be responsible in directing and initiating the differentiation 

process [Darlington et al., 1998]. The expression of C/EBPp and C/EBP5 precede that 

of PPARy and C/EBPa and thus the effects of C/EBPp and C/EBP8 are likely to result 

in activation of the latter transcription factors. This is supported by the finding of a 

functional CCAAT enhancer in the promoters of the genes encoding C /EBPa and 

PPARy [Yeh et al., 1995]. Once expressed these genes are capable of positive auto

regulation and so the need for C/EBPP and C/EBP8 diminishes, as does the level of 

expression. [Darlington et al., 1998]. Interestingly, C/EBPp and C/EBP8 deficient cells 

are unable to differentiate into adipocytes, whereas ectopic expression of C /EBPa was 

able to circumvent this block and allow adipogenesis to proceed as normal. The 

conclusions of which are that C/EBPP and C/EBP8 are necessary for the initiation of the 

adipogenic motor by C /EBPa activation and C/EBPa, once induced, conducts the 

remainder of the adipogenic program.

The delayed response of C /EBPa expression may be attributed to the 

transcriptional dominant-negative factor, C/EBP£ also known as CHOP-10. C/EBP^ 

was isolated from an adipocyte cDNA library on its ability to interact with C/EBPp 

[Ron and Habener, 1992]. C/EBP£ is capable of forming heterodimers with C/EBP 

isoforms, but prevents DNA binding and thus represses under the control of
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Stage of differentiation
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Figure 2. Transcriptional control of adipogenesis. Schematic representation of the 
timing of gene expression in the form ation of adipocytes. Fibroblast-like 
preadipocytes grown in culture can be horm onally stim ulated to proceed down a 
adipogenic pathway. Upon stim ulation these cells express a range of transcription 
factors in a cascade m anner. Firstly, adipogenic repressors are turned off, and 
after a brief period of proto-oncogene expression, several well-established 
adipogenic transcription factors are expressed. Ultimately this results in the 
expression of genes which enable the accum ulation of lipid in the adipocyte.
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CCAAT elements. This transcriptional repression could be overwhelmed by 

competitive dimerisation of elevated levels of C/EBP(3 and C/EBP8 after hormonal 

induction. Two other proteins have been identified that are expressed in preadipocytes 

and decrease upon adipogenic induction. The first, C /EBPa undifferentiated protein 

(CUP) interacts with sites in the C /EBPa promoter [Tang et al., 1997], repressing 

transcription. CUP levels fall after stimulation of adipogenesis, shortly followed by 

elevation of C/EBPa expression. The second protein, preadipocyte factor 1 (Pref-1) a 

cell surface, membrane bound protein, is also expressed in the preadipocyte but down- 

regulated during differentiation [Smas and Sul, 1993], Expression of Pref-1 inhibits 

adipogenesis and recent experiments have shown that dexamethasone, the 

glucocorticoid agonist in the hormonal adipogenic cocktail, is responsible for 

transcriptional repression of Pref-1 [Smas et al., 1999]. Thus, a decrease in Pref-1 

expression contributes to the adipogenic progression.

However, as previously discussed the activation of C /EBPa and PPARy is the 

single most important factor in adipogenesis. These two potent adipogenic factors cross- 

regulate each other and sustain their own levels of expression. Whether C/EBPa and 

PPARy act in parallel, to reinforce each other in adipogenesis, or act in independent 

pathways remains unknown [Rosen et al., 2000]. The synergistic behaviour of these two 

factors is evident in differentiation. C/EBPa and PPARy expression continues through 

late adipogenesis and into the mature fat cell, regulating the expression of adipocyte- 

specific genes including FABP4 [Christy et al., 1989] and phosphoenolpyruvate 

carboxykinase (PEPCK) [Devine et al., 1999] essential for adipocyte development and 

maintenance.

Throughout the whole of adipogenesis in tissue culture preadipocyte cells, the 

bHLH transcription factor ADD1/SREBP1, is continually expressed influencing PPARy 

expression [Rangwala and Lazar, 2000]. Of interest are the C/EBPP (-/-), C/EBP8 (-/-) 

double knockout mice, approximately 15% [Tanaka et al., 1997] of transgenic mice 

survive, of which all had a reduced fat mass. Expression of PPARy and C/EBPa in 

adipose tissue of these survivors is, surprisingly, not compromised and thus suggests the 

existence of an alternative pathway in the activation of these adipogenic directors 

[Rangwala and Lazar, 2000]. Given that medium from ADD1/SREBP1 transfected cells 

is sufficient to promote adipogenesis through PPARy activation [Kim et al., 1998] and 

together with the fact that ADD1/SREBP1 can compensate for C/EBPP, C/EBP8
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absence, ADD1/SREBP1 activates PPARy-mediated transcription by production of 

endogenous ligand.

Levels of ADD1/SREBP1 are also maintained in the mature adipocyte and 

although implicated in PPARy gene expression, there is also the possibility for a direct 

role of adipocyte-directed transcription. ADD1/SREBP1 has been shown to induce the 

expression of two essential fat cell proteins, fatty acid synthase and lipoprotein lipase 

[Kim and Spiegelman, 1996].

1.2 Lipodystrophies

The lipodystrophies are a group of heterogeneous disorders characterised by a 

reduction of adipose tissue. Typically, loss of adipose tissue, especially in subcutaneous 

depots, results in an accentuated muscular appearance accompanied with a number of 

metabolic disturbances. The first description of lipodystrophy was documented by 

Mitchell in 1885 [Mitchell, 1885] and since then there have been over 500 reported 

patients [Garg, 2000]. There are various forms of lipodystrophy, classified as either 

inherited or acquired, both of which can be subdivided on the basis of either a partial or 

total distribution of adipose tissue absence. Other types of lipodystrophy exist including 

localised lipodystrophy, affecting small sites on the body, or HIV antiretroviral treated 

lipodystrophy.

1.2.1 Acquired non-inherited lipodystrophies

Non-inherited forms of lipodystrophy have been identified and are characterised 

as either generalised (complete or total), or partial.

1.2.1.1 Acquired generalised lipodystrophy (AGL) -  Lawrence syndrome

Lawrence described patients with a normal fat distribution at birth but developed 

lipodystrophy of all adipose tissue [Lawrence, 1946]. Approximately 50 reports of AGL 

have been documented [Garg, 2000]. There is a preponderance of female AGL cases. 

Usually the onset of adipose tissue loss is during childhood or early adolescence, 

followed by rapid completion of total fat loss, over weeks, months or years [Garg,

2000]. Temporary states of partial lipodystrophy have been observed, before total 

adipose tissue loss occurs. Adipose tissue is lost in all subcutaneous areas of the body, 

including those areas requiring mechanical fat, such as the soles of the feet and palms of 

the hands. Approximately four years after total adipose tissue loss diabetes mellitus
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develops [Pickup and Williams, 1997]. AGL patients also have elevated triglyceride, 

NEFA and insulin levels in the blood, usually accompanied with a resistance to the 

effects of circulating insulin (insulin resistance) [Golden et al., 1985; Klein et al., 

1992]. No reported study thus far has described the absence of internal abdominal fat. 

Analysis of fat from AGL patients suggested that adipose tissue was being destroyed, as 

opposed to a failure in maintenance or development [Pickup and Williams, 1997] and 

therefore thought to be an autoimmune disease [Billings et al., 1987].

1.2.1.2 Acquired partial lipodystrophy (APLD) -  Barraquer-Simons syndrome

At the beginning of the twentieth century Barraquer and Simons described a 

disorder of adipose tissue absence from the face to the abdomen, but with normal 

adipose tissue distribution around the pelvic girdle and lower limbs [Barraquer Ferre, 

1949]. APLD has a higher incidence in females, developing during childhood or early 

adolescence [Peters et al., 1973; Garg, 2000; Porter et al., 2000]. The lipodystrophy 

initiates on the face and spreads to the necks and shoulders, eventually reaching the 

abdomen [Garg, 2000]. The time course for the progression of APLD is not as rapid as 

AGL and occurs over eighteen months to several years. The adipose tissue surrounding 

the pelvis and on the lower parts of the body is rarely affected, however post-pubertal 

females may sometimes deposit excess adipose tissue around the thighs [Garg, 2000; 

Porter et al., 2000]. MRI visualisation was used to identify the regions of lipodystrophy 

in an APLD male; subcutaneous adipose tissue was absent in the face, neck, chest and 

abdomen, however gluteal and intra-muscular fat levels were normal, as was fat around 

the internal organs [Yuh et al., 1988].

APLD is the exception in the association of lipodystrophies with metabolic 

abnormalities. Insulin resistance, diabetes mellitus and hyperlipidaemia rarely occur 

[Garg, 2000]. However, 20-50% of APLD cases have been reported to suffer from 

mesangiocapillary glomerulonephritis, a state of blood capillary proliferation in the 

Bowmans capsule of the kidney resulting in proteinuria, as revealed by renal biopsies 

[Peters et al., 1973; Edelson, 1997]. Typically, renal dysfunction presents 

approximately ten years after the lipodystrophy [Garg, 2000]. The other interesting 

manifestation of APLD is hypoproteinaemia, including low serum levels of C3 

complement protein. This is attributed to the presence of an autoantibody (C3 nephritic 

factor) against C3 convertase enzyme. Whilst C3 levels are low other alternative 

complement factors are high, suggesting continual activation of the complement
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pathway. It has been proposed that adipocyte lysis by complement activation is the 

likely pathogenic mechanism for the regional lipodystrophy [Garg, 2000]. To support 

this hypothesis, C3 nephritic factor is capable of promoting adipocyte lysis [Mathieson 

et al., 1993] and furthermore, another protein in the immune-complement response 

(adipsin) has been shown to be secreted by adipocytes [Flier, 1995].

1.2.2 Inherited fam ilial lipodystrophies

As with acquired lipodystrophies the familial lipodystrophies can be classified 

as generalised -  affecting the whole of the body, or partial -  affecting all of the body

with exception of the face and neck.

1.2.2.1 Congenital generalised lipodystrophy (CGL ) -  Berardinelli-Seip syndrome

Berardinelli [Berardinelli, 1954] and Seip [Seip, 1959] were the first to describe 

an inherited syndrome of total fat loss. It is extremely rare and estimated to affect less 

than 1 in 12 million people [Garg, 2000]. CGL is inherited as an autosomal recessive 

trait. The most striking and distinguishing feature of CGL is complete adipose tissue 

loss from birth continuing throughout life. If diagnosis is missed at birth it is made no 

later than the age of two, with equal incidence in the sexes [Edelson, 1997].

An invaluable study was documented by Seip and Trygstad on seven patients 

with CGL over a period of nearly forty years [Seip and Trygstad, 1996]. Insulin 

resistance is common in these CGL patients, manifesting as hyperinsulinaemia, 

hyperlipidaemia and type 2 diabetes mellitus. As with other syndromes of insulin 

resistance, the diseases of acanthosis nigricans (a darkening and hardening of the skin) 

and mild hirsutism in women are also recognised in CGL. Voracious appetite 

accompanies and worsens an increased metabolic rate, advanced bone age and 

accelerated growth in early childhood. However, final adult height remains normal. 

Organomegaly is observed alongside hypertrophy of the heart. This hypertrophic 

cardiomyopathy may become lethal in adulthood; three of Seip and Trygstads’ patients 

died from cardiac defects at the ages of 24, 32 and 37. One further patient alive in 1996, 

suffered from stenocardia. Circulating levels of leptin are low in CGL patients,

consistent with absence of adipose tissue, the leptin producing tissue [Garg, 2000].

Interestingly, the majority of the Seip and Trygstad families in which CGL 

segregates live in adjacent municipalities of southwestern Norway. The incidence of
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consanguinity is common in CGL families and aids in the development of recessive 

inheritance. The localisation of the CGL families suggests a common founder mutation 

which has descended through each of the families, furthermore genealogical studies 

propose the mutation must have occurred at least 400 years ago [Gedde-Dahl et al., 

1996].

Whole body MRI was utilised to study the distribution of adipose tissue in three 

CGL patients [Garg et al., 1992]. Adipose tissue was almost completely absent in 

subcutaneous sites, intra-abdominal and intra-thoracic. However, adipose tissue was 

present in odd locations, such as the optic orbits, buccal region, tongue, palms and soles. 

Garg proposed that CGL patients suffer from absence of metabolic adipose tissue, but 

retain mechanical adipose tissue, in regions of shock absorption.

As with other forms of lipodystrophy, the absence of subcutaneous adipose 

tissue results in prominence of the musculature and subcutaneous veins. In most cases 

the musculature is accentuated by an increase in skeletal muscle mass. The nature of the 

muscle hypertrophy has recently been investigated in CGL [Garg et al., 2000]. Muscle 

biopsies support the hypothesis that increased muscle mass is due to an increase in 

muscle fibres or hyperplasia and not muscle hypertrophy. The mechanism for muscle 

hyperplasia is unclear.

A candidate gene approach was performed to exclude genes associated with 

adipocyte biology [Vigouroux et al., 1998]. Garg and colleagues performed linkage 

analyses on seventeen CGL families and mapped the CGL1 locus to chromosome 9q34 

[Garg et al., 1999a]. Statistical scores localised the CGL1 locus nearest to the marker 

D9S1818. Haplotype analyses of disease chromosomes positioned the critical interval 

between markers D9S1818 and D9S1826, an 8.7 cM genetic distance. Two of the 

seventeen families were found to be unlinked to 9q34, sequencing of the PPARy gene 

revealed no mutations in these two families. However, this did provide proof of 

heterogeneity for CGL, with CGL1 at 9q34 and CGL2 unmapped in this study.

A recent study localised the CGL2 locus to chromosome l lq l3  and identified 

the gene for CGL [Magre et al., 2001]. Initial linkage analysis and subsequent gene 

identification were significantly aided by ascertainment of families from only two 

geographical locations, Lebanon and Norway. Homozygosity mapping refined the 

CGL2 locus to a 2.5 cM region at l lq l3  between the markers D11S4076 and D11S480. 

A deletion of microsatellite CA10 in one family suggested a chromosomal deletion of 

this genomic segment. Upon database screening an unknown expressed sequence tag



Chapter 1 Introduction 25

(EST) was found to localise close to CAW. This gene was designated CGL and is the 

human homologue of the murine gene, G-protein gamma 3 subunit-linked gene 

(■Gng3lg). Twelve genetic alterations were identified in the CGL families including, five 

missense mutations, six small deletions resulting in frameshift mutations and a single 

large deletion of 258 bp. Gng3lg spans 14 kb of genomic sequence and split into eleven 

exons. The protein product has been termed seipin, is composed of 398 amino acids and 

has a predicted mass of 43.8 kDa. Northern analysis revealed two mRNA species of 2.4 

kb and 1.8 kb in most tissues, with an intermediate 2 kb transcript in the brain. The 

expression of Gng3lg is weak in most tissues, although the brain and testis have high 

relative expression. Unexpectedly, adipose tissue appears to have little or no Gng3lg 

expression. Modelling of seipin suggests two transmembrane domains. Magre and co

workers suggest that seipin has a role in homeostatic signalling between the brain and 

anabolic sites.

7.2.2.2 Familial partial lipodystrophy (FPLD) -  Dunnigan-Kobberling syndrome

McKusick’s group were the first to report a second inherited lipodystrophy, with 

patients devoid of subcutaneous fat over the body, however, distinct from CGL as the 

face and neck appeared to have normal to excessive levels of adipose tissue present 

[Ozer et al., 1973]. Subsequently, Dunnigan and Kobberling described families 

suffering from a disorder of fat accumulation around the face, neck and shoulders with a 

lipodystrophy of the upper and lower extremities involving the truck [Dunnigan et al., 

1974; Kobberling et al., 1975]. FPLD is an autosomal dominant disorder and the 

incidence is estimated to be less than 1 in 15 million, rarer than its autosomal recessive 

cousin CGL [Garg, 2000].

Dunnigan examined several members from two families, both of which lived in 

northern Scotland [Dunnigan et al., 1974]. In the first family the propositus, a girl of 

nineteen years in age and her mother showed symmetrical lipodystrophy of the trunk 

and limbs with a full, rounded face. Tubero-eruptive xanthomata, acanthosis nigricans, 

hyperlipidaemia and type 2 diabetes mellitus were also diagnosed. As with CGL, the 

absence of adipose tissue in these patients results in exposed musculature and visible 

subcutaneous veins. The deceased maternal grandmother and great-aunt of the 

propositus were said to have a similar appearance. The propositus of the second family 

was a 49 year-old woman, again exhibiting partial lipodystrophy of the body, with 

exception in the face and neck, a similar phenotype is observed in Figure 3. Her
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Figure 3. Affected FPLD female. Note the absence of subcutaneous adipose tissue, 
the prom inence of the m usculature and subcutaneous veins, the fat face and neck 
and acanthosis nigricans under the arm pits and in the groin.
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deceased mother and maternal grandmother were thought to both suffer from 

lipodystrophy. In both families the age of onset of the lipodystrophy is estimated to be 

during early adolescence. Interestingly, no males were reported to be lipodystrophic 

from either family.

Dunnigan and Kobberling proposed that FPLD be classified as either type 1 or 

type 2. Type 1 involves an absence of fat confined to the extremities, with trunk and 

abdomen adipose tissue appearing normal, or in some cases modestly obese (also 

referred to as FPLD-Kobberling type) [Kobberling and Dunnigan, 1986]. Type 2 or 

FPLD-Dunnigan type is characterised by complete body and limb lipodystrophy with 

normal to excessive adipose tissue deposition in the face and neck.

The absence of affected males, with female only transmission led the 

investigators to believe the mode of inheritance was X-linked with dominant 

transmission, whereby the disorder is lethal in the hemizygous state (XY) [Kobberling 

and Dunnigan, 1986]. Coincidentally the following paper reported the identification of a 

male with FPLD [Bum and Baraitser, 1986]. The identification of an FPLD male was 

critical as the disorder was inherited from the paternal grandmother to the father and 

onto the daughter. All females exhibited classical features of FPLD, whereas the male 

was described as possessing a muscular physique despite any effort towards his 

physique. Metabolically, the FPLD male suffered from hyperlipidaemia and 

hyperinsulinaemia. The authors suggested that the female preponderance in FPLD be 

because the absence of fat and revealed musculature is not considered dysmorphic in 

males.

In 1997 a further FPLD family was described [Jackson et al., 1997]. A single 

large pedigree consisting of several affected males and females was presented. Cross- 

sectional MRI was used to confirm the absence of subcutaneous adipose tissue in a male 

and a female. Subcutaneous adipose tissue was completely absent from the chest and 

abdomen, however adipose tissue was present in intra-abdominal sites and also in the 

optic orbits. The segregation of FPLD in this family provided evidence of autosomal 

dominant inheritance and suggested that previous FPLD preponderance in females to be 

a consequence of misdiagnosis in FPLD males.

The association of lipodystrophy with the metabolic consequences of insulin 

resistance is common. A study directed towards elucidating insulin action in FPLD 

patients was conducted [Ursich et al., 1997]. Adipocytes from both neck and 

subcutaneous abdominal regions were isolated and assessed for cell size, insulin
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binding, insulin receptor number and glucose transport and oxidation. Surprisingly, 

adipocytes taken from the abdomen (the lipodystrophic site) were significantly larger 

than those isolated from the neck (the non-lipodystrophic site), they were, however 

more fragile upon isolation. It was proposed that the lipodystrophy might be a 

consequence of reduced fat cell size, this however is not supported by these data. 

Insulin activity and insulin-receptor binding were not significantly different to control 

values. Glucose uptake and oxidation were both severely impaired in both neck and 

abdominal adipocytes. These data suggest that insulin resistance in the adipocytes of 

FPLD patients is post insulin-receptor binding.

Localisation of adipose tissue in FPLD subjects is confined to a few specific 

sites in the body. Subcutaneous adipose tissue is always lost from the limbs and around 

the abdomen, however the posterior of the abdomen exhibits some retention of adipose 

tissue [Garg et al., 1999b]. Regions of adipose tissue deposition include the face, neck 

and shoulders, sometimes giving the appearance of a buffalo hump; fat gain is also 

observed intra-abdominally, within muscle masses, bone marrow and in the females, in 

the labia.

Linkage analysis in several FPLD families indicated a FPLD locus at 

chromosome lq21 [Jackson et al., 1998; Peters et al., 1998]. The FPLD critical interval 

was mapped to the genetic region flanked by the microsatellite markers D1S305 and 

D1S1600, a genetic distance of 5.3 cM. Most interestingly there was no evidence of 

genetic heterogeneity, supporting the contribution of a single gene to FPLD. This 

interval contains many genes including LMNA [Wydner et al., 1996], encoding nuclear 

lamins A and C and one potential candidate CRABP2, encoding cellular retinoic acid 

binding protein 2 [Flagiello et al., 1997].

1.2.3 HIV-associated protease inhibitor lipodystrophy

The use of retroviral protease inhibitors (PI) in the treatment of human 

immunodeficiency virus (HlV)-infected patients has proven to be an effective therapy in 

decreasing HIV RNA levels and increasing CD4 (white blood cell antigen) count. 

Metabolic side effects have been reported including, hyperglycaemia, insulin resistance 

and hyperlipidaemia. The appearance of PI treated HIV patients drastically alters; 

approximately 16-24 months after beginning retroviral protease inhibitor therapy a 

severe lipodystrophic appearance is noticeable, accompanied with intra-abdominal fat 

deposition [Panse et al., 2000]. Carr presented images of an HIV-protease inhibitor
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treated male [Carr and Cooper, 1998]. These features are typical of a growing number 

of reports in this field [Garg, 2000]. Three to seven months after the start of protease 

inhibitor indinavir therapy, lipodystrophy of the face, arms, buttocks and legs with 

prominent subcutaneous veins was evident. These changes were concomitant with a 

central-abdominal obesity and the accumulation of a buffalo hump. Panse described a 

further four males receiving similar treatment, all developed lipodystrophy and a 

pseudo-athletic appearance. Skin biopsies from these patients demonstrated thinning of 

adipose tissue, however, the adipose tissue present was morphologically normal. 

Computed tomographic (CT) scans illustrated adipose tissue thinning in the face, cheek 

and other subcutaneous sites. Intra-abdominal fat accumulation was also shown this 

way. HIV-PI lipodystrophy is reminiscent to FPLD sharing the features of subcutaneous 

fat loss, with intra-abdominal and back of the neck fat gain. However FPLD patients 

have normal to excessive levels of fat in the face and chin, HIV-PI patients do not.

The molecular mechanism for HIV-PI lipodystrophy is unknown, although 

expected to be associated with inhibition of proteases involved in directing adipogenesis 

or lipid metabolism [Panse et al., 2000].

1.2.4 Mouse models o f  lipodystrophy

Two models of lipodystrophy have recently been generated. Two independent 

groups have generated transgenic mice with alterations in the genes associated with 

adipocyte biology and development, C/EBP [Moitra et al., 1998] and SREBP1 

[Shimomura et al., 1998].

Moitra and co-workers created a dominant negative protein, termed A-ZIP/F, 

which prevented the DNA binding of the C/EBP transcription factors. C/EBP(3, C/EBP5 

and C/EBPa all have roles in adipogenesis (Section 1.1.3.1) [Moitra et al., 1998]. In 

order to ablate white adipose tissue in mice, the investigators sought to create a protein 

that interferes in the transcriptional control of adipogenesis. A chimeric gene was 

created, under the control of a fat specific promoter, aP2. The gene was modified 

resulting in a protein which would bind to C/EBP transcription factor mediated by the 

leucine zipper domain, however a basic domain was replaced by an acidic domain. The 

two basic domains in a wild-type C/EBP dimer permit DNA binding. In the case of the 

mutant heterodimer, the basic domain interacts with the transgenic acidic domain and 

DNA binding is abolished. The transgenic mouse line expressing A-ZIP/F possessed 

sixteen copies of the transgene. Dissection of transgenic mice revealed no white adipose
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tissue. Absence of adipocytes in these mice may be attributable to lack of adipocyte 

development or to adipocyte death. To assess this, mice were examined at different 

prenatal and postnatal stages. Subcutaneous adipose tissue was present in control 

animals at birth but completely absent in A-ZIP/F mice. In adult mice intra-abdominal 

adipose tissue was also absent, however, the transgenic mice did exhibit organomegaly 

including fatty infiltration of the liver. Metabolically these mice suffered from type 2 

diabetes mellitus, accompanied with hyperglycaemia, hyperinsulinaemia and 

hyperlipidaemia. Leptin levels were also reduced as compared to control mice.

The second mouse model of lipodystrophy was created by genetic manipulation 

of the ADDl/SREBPlc gene [Shimomura et al., 1998]. A D D l/SREBPlc is the most 

common isoform found in mouse tissues [Shimomura et al., 1997] and shown to 

enhance adipogenesis and lipid accumulation in 3T3-L1 cells [Kim and Spiegelman,

1996]. The N-terminus of ADDl/SREBPlc, termed nSREBPlc, is the active 

transcription factor and translocates to the nucleus directing gene expression in an 

unregulated manner. This dominant positive active nSREBPlc was generated under the 

control of an adipocyte-specific promoter, aP2 [Ross et al., 1990]. The result of which 

would be the forced over-expression of active nSREBPlc within adipocytes 

specifically, with the expectation that transgenic mice would gain adipose tissue, 

accompanied with a possible obese phenotype. Shimomura and colleagues generated 

two lines of transgenic aP2-nSREBPlc mice. Unexpectedly, mice exhibited a 

phenotype resembling human lipodystrophy. All mice generated were hemizygous for 

the transgene and at seven days after birth appeared normal apart from a large mass 

composed of large bilobed fat pad in the interscapular region. Submandibular brown fat 

was also enlargened and resembled white adipose tissue. The abdomen was distended, a 

consequence of a massively enlargened liver. The amount of white adipose tissue in 

omental and subcutaneous sites was equal in both wildtype and transgenic mice. 

Transgenic mice developed normally and gained adipose tissue, yet this ceased at 7-12 

weeks of ages, omental fat was much smaller in transgenic over wild-type littermates. 

The liver remained large and the pancreas, spleen and abdominal lymph nodes all 

became enlargened. Histological examination of the liver, white fat and brown fat, 

revealed swollen fat-laden hepatocytes and brown adipocytes which appeared pale and 

resemble white adipose tissue. White fat was mainly composed of immature adipocytes. 

Circulating NEFA levels were normal and so were triglycerides. At 9-11 months of age 

the transgenic mice became hyperlipidaemic compared to wild-type littermates.
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Hyperglycaemia and hyperinsulinaemia were both noted and as a result these mice were 

insulin resistant, although not at the level of the muscle. Numerous northern analyses 

illustrated aP2-nSREBPlc mice have normal expression of endogenous SREBP1, 

SREBP2 and C/EBPp in adipose tissue, however adipogenic markers C/EBPa and 

PPARy were either reduced or completely absent. The mature fat cell markers adipsin, 

leptin and FABP4/aP2 were all significantly reduced. Two adipogenesis inhibitors TNF- 

a  and Pref-1 were elevated in the fat of transgenic animals.

These two models of forced lipodystrophy share features with the human 

lipodystrophies. The C/EBP A-ZIP/F mice are likely to represent CGL, with respect to 

the complete absence of all adipose tissue from birth and extreme metabolic 

disturbances. Shimomura and co-workers compared their mouse model to CGL aiso, 

likening disordered differentiation of adipose tissue, organomegaly and metabolic 

manifestations. However, given that these mice exhibit adipose tissue at birth and 

develop the lipodystrophy around seven weeks later, this is more reminiscent of FPLD. 

In .support of this the aP2-SREBPlc mice have an enlarged interscapular fat pad, this is 

in a site similar to that of the buffalo hump in FPLD and HIV-PI lipodystrophy patients. 

Shimomura also report the identification of prominent submandibular fat mass, possibly 

resembling the fat neck in FPLD.

1.3 Lamins A/C and the nuclear lamina

The genetic interval on chromosome lq21-22, the region containing the gene 

responsible for FPLD, harbours the LMNA gene. The LMNA gene has been mapped to 

lq21.3 using fluorescence in-situ hybridisation (FISH) [Wydner et al., 1996]. The 

genomic organisation of the LMNA gene has been determined and is composed of 

twelve exons spanning approximately 24 kb of genomic DNA sequence [Lin and 

Worman, 1993]. The LMNA gene accounts for several alternatively spliced transcripts 

in mammals, the most common of which are lamin A and lamin C. Lamins A and C are 

two of the major components of the nuclear lamina, a proteinaceous structure 

underlying the inner nuclear membrane (INM) [Stuurman et al., 1998].

1.3.1 The nuclear lamina

The major distinguishing factor between eukaryotic and prokaryotic cells is the 

presence of a nuclear compartment separating the DNA from the rest of the cell. The 

genetic information in eukaryotes is packaged into large structures called chromosomes.
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These chromosomes become discrete units at the time of cell division (mitosis) in these 

organisms; however, in the non-dividing or interphase state these chromosomes become 

dispersed and separated. The nuclear envelope is required to encompass these dispersed 

chromosomes (chromatin) and compartmentalise the DNA within the cell. The nuclear 

envelope consists of three main components; a continuous outer and inner membrane, 

nuclear pore complexes and the nuclear lamina.

The inner and outer nuclear membranes are easily identifiable in all nucleated 

cells. The double membrane is also continuous with the rough and smooth endoplasmic 

reticulum (ER) and sometimes associated with ribosomes [Gerace and Burke, 1988]. 

The presence of the nuclear envelope surrounding the whole of the nucleus poses 

difficulties for the trafficking of molecules to and from the nucleus (nucleo-cytoplasmic 

transport). Circular holes in the double membrane are the sites of molecule transport 

and their isolation has resulted in their classification as nuclear pore complexes (NPC) 

[Franke, 1974]. NPCs have been isolated and extensively studied by electron 

microscopy, resulting in the identification of annuli, or rings surrounding eight radial 

spokes and a central hollow [Gerace and Burke, 1988]. The isolation of NPCs from rat 

liver nuclear envelopes has been accompanied with the isolation of a 150 A thick 

lamina [Aaronson and Blobel, 1975]. NPCs were bound to large lattice sheets of 

structural protein, which extended over large areas. The further purification of the 

lamina and subsequent electrophoresis revealed three major proteins of approximate 

mass 69, 68 and 67 kDa. These were later classed as lamin A, lamin B and lamin C 

respectively [Gerace and Blobel, 1980]. Transmission electron microscopy of the 

nuclear lamina revealed its structure (Figure 4). Filaments approximately 10 nm in 

diameter were arranged in a meshwork like structure, in some areas appearing 

tetragonal in shape. The lamina is present within the inner nuclear membrane only and 

attached to NPCs. However, this supramolecular protein structure is dynamic and 

breaks down during mitosis. Concomitant with nuclear envelope breakdown during 

mitosis the lamina dissolves and disappears, resulting in the release of monomeric lamin 

polypeptides; of which lamin A and lamin C solubilise and lamin B remains attached to 

membrane fragments of the nucleus [Gerace and Blobel, 1980]. Upon formation of 

daughter nuclei, the cell repolymerises the monomeric lamin polypeptides to form the 

new lamina.
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Figure 4. Supram olecular structure of the nuclear lamina. Prepared nuclear 
lamina extracts were viewed using transm ission electron microscopy. Larger 
picture illustrates the vast expanse of interlinking lamin Filaments forming the 
meshwork-like structure known as the lamina. Inset shows a high magnification 
view of this meshwork, revealing the regular orthogonal lattice of the lamina (bar 
represents 1 pm). Reproduced with permission by N ature [Aebi e ta l ., 1986].

I
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1.3.2 Lamins

The structural basis for the nuclear lamina assembly was unveiled by the cloning 

of the genes that give rise to the lamin polypeptides. Although only three lamin proteins 

were initially identified in the nuclear lamina, further isoforms have been reported 

which add to the family of lamins. The four main lamin proteins are lamin A, lamin B l, 

lamin B2 and lamin C [Broers et al., 1997]. On the basis of structural similarities and 

localisation during mitosis, the lamins have been classified as A-type and B-type 

[Stuurman et al., 1998]. A-type lamins become soluble during mitosis, whereas B-type 

lamins remain associated with nuclear membranes [Gerace and Blobel, 1980]. A-type 

lamins consist of lamin A and lamin C, B-type lamins consist of lamin B l and lamin 

B2.

1.3.2.1 Lamin structure and assembly

The cloning of the genes that give rise to the lamin proteins provided crucial 

information about their structure and function [Fisher et al., 1986]. Lamin A and lamin 

C cDNAs were isolated and sequenced, revealing their homology to each other and the 

intermediate filament (IF) proteins. The intermediate filaments are structural proteins 

associated with the cytoskeleton. Lamin A and lamin C are identical for the first 566 

amino acids, from this residue onwards lamin A consists of a further 98 amino acids (a 

total of 664 amino acids) and lamin C consists of an additional 6 unique amino acids (a 

total of 572 amino acids). The most striking structural feature of these two proteins was 

the presence of a large extended a-helical rod domain, from residue 31 to 388, see 

Figure 5a. This region also bore the strongest homology to the IF proteins and to the B- 

type lamins. The a-helical rod domain of these lamins contained a heptad repeat, with 

regular occurrence of hydrophobic resides, a characteristic of a-helical structures 

[Chothia, 1984]. This rod domain was broken at three positions resulting in four 

continuous coils la, lb, 2a and 2b with three small linker peptides. The polypeptide 

sequence of lamin A and lamin C also demonstrates a small amino terminal ‘head’ 

domain of approximately 30 amino acids and a carboxyl terminal ‘tail’ domain of either 

275 or 183 amino acids in lamin A and lamin C respectively. Lamin B l and lamin B2 

are highly homologous and cloning of the respective cDNA clones has permitted the 

identification of those domains common in the A-type lamins [Peter et al., 1989; Hoger 

et al., 1990]. The partial similarity of the DNA sequence for lamin A and lamin C
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Figure 5. Lamin A/C. (a) Polypeptide representation of lamin A (upper) and lamin 
C (lower). Large boxes represent a-helical domains, red spots represent 
phosphorylation sites, blue spot shows the position of the nuclear localisation 
signal (NLS), blue box is the region specific to lamin A, green box is the region 
unique to lamin C. (b) Predicted protein structure , top model illustrates the small 
N-terminus, four a-helical coils, and the C-term inus globular region, next models 
dem onstrate the dim erisation of lamin monomers a t their a-helical dom ain and the 
'head to tail' assembly of a lamin polypeptide. Lower diagram  shows the lateral 
assembly of lamin polypeptides to form  lam ina filaments.
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suggested that these two cDNAs were alternative transcripts from the same gene. 

Genomic mapping of lamin A and lamin C revealed the presence of 12 exons of which 

lamin A and C are identical until exon 10; lamin C is the product of a small continuation 

of exon 10, whereas lamin A is produced by the splicing of exon 10 to a further 2 exons 

[Lin and Worman, 1993]. Lamin B l and lamin B2 are encoded by two different genes, 

located on chromosome 5q [Wydner et al., 1996] and 19p 13 [Hoger et al., 1990] 

respectively.

The presence of regularly spaced hydrophobic residues in the a-helical coil 

promotes dimerisation of lamin polypeptides. Electron microscopy has revealed the 

lamin dimers appearing as twisted molecules, connected along the a-helical coil and 

with two globular tail domains [Stuurman et al., 1998]. This dimer assembly is identical 

to IF formation in the cytoplasm. Lamin dimers were demonstrated to form long 

polymers in vitro [Heitlinger et al., 1991; Heitlinger et al., 1992]. These dimers 

assemble in a head-to-tail manner, with the globular tail of each lamin dimer overlying 

the head region of an adjacent lamin dimer, to form a long stretch of lamin molecules, 

as depicted in Figure 5b. The next level of lamina assembly is the association of lamin 

polymers. These long molecules associate by lateral interaction with one another, 

presumably in a half-staggered fashion to form ‘beaded’ filaments [Heitlinger et al., 

1991]. The lamin filaments ultimately interact with other filaments and form large 

banded fibres resulting in paracrystalline arrays. This array is thought to be the in vitro 

equivalent of the in vivo lamina lattice [Stuurman et al., 1998].

1.3.2.2 Lamin localisation

Distinguishing features of lamins from IF proteins are the presence of a NLS and 

CaaX box at the extreme carboxyl terminus [Nigg, 1992]. The nuclear localisation 

signal (Lys-Lys-Arg-Lys-Leu-Glu) located at residues 417-422 in lamin A/C is capable 

of directing the translocation of the protein to the nucleus [Fisher et al., 1986]. 

Disruption of this NLS in the lamin proteins results in the localisation of lamins with 

cytoplasmic membranes and formation of lamina structure within the cytoplasm 

[McKeon, 1991]. The successful localisation of lamins to the nucleus is the first step of 

lamina formation. The next step is the inclusion of these proteins into the lamina.

Lamin A, lamin B l and lamin B2 all have a feature at the extreme carboxyl 

terminus of the polypeptide known as a CaaX box, where C is a cysteine residue, a is an 

aliphatic amino acid and X is any amino acid. This CaaX box is a site for post-
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translational modification of the protein, composed of three stages; isoprenylation of the 

cysteine, proteolytic removal of the terminal three amino acids, then carboxyl- 

methylation of the isoprenylated cysteine [Kitten and Nigg, 1991]. The purpose of these 

modifications is now known to be the generation of a lipid hydrophobic tail in a 

hydrophilic protein. This enables membrane association and since the lamins have 

already been localised to the nucleoplasm the nearest membrane to become attached to 

is the INM. The combination of the NLS and CaaX motifs promote lamin formation at 

the periphery of the nucleoplasm. The attachment of B-type lamins with nuclear 

membrane fragments during mitosis is consistent with this process, however lamin A 

becomes soluble at this period. Additional studies with lamin A revealed that upon its 

incorporation into the lamina the final 15 amino acids of the prenylated protein are 

removed by a specific lamin A endoprotease located in the inner nuclear membrane 

[Kilic et al., 1999]. In overview, the localisation of the lamins is determined firstly by 

their NLS, secondly by creation of a hydrophobic tail which inserts in the INM, lamina 

formation occurs at this time, after which lamin A only is further cleaved producing a 

lamina-associated non-membrane attached lamin molecule. The exception to this above 

process is lamin C which bears no CaaX motif [Fisher et al., 1986] and its sub-nuclear 

localisation is dependent on direct incorporation into the preformed lamina. Considered 

together, newly translated lamin A, lamin B l and lamin B2 can independently 

incorporate into the nuclear lamina, however lamin C is dependent on a preformed 

lamina. In mitosis lamin B l and lamin B2 remain associated with membrane fragments 

and lamin A (now deficient in prenylated cysteine) and lamin C become soluble. In a 

state of nuclear membrane reassembly the B-type lamins firstly create the foundation of 

the lamina after which lamin A and lamin C may become incorporated.

The exact timing of assembly and disassembly of the lamina during mitosis is 

crucial with respect to the other dynamic changes which also occur at this time. Initial 

studies demonstrated that the lamina is depolymerised into monomeric subunits at 

mitosis and that these monomeric lamin units are reincorporated into the nuclear lamina 

of daughter nuclei [Gerace and Blobel, 1980]. The disassembled lamins were shown to 

be hyperphosphorylated and then dephosphorylated upon reassembly. The sites of 

phosphorylation were determined as serine 22 and serine 392 of lamin A and lamin C 

[Ward and Kirschner, 1990]. Interestingly, these two serine residues are positioned 

exactly five amino acids from the ends of the a-helical rod domain (Figure 5a) and 

conserved in all lamins from all species [Heald and McKeon, 1990]. Both of these
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serine residues are positioned between two proline residues and it was therefore 

considered that phosphorylation induces a conformational change at these sites and 

ultimately affects the ability of the a-helical rod to promote dimer assembly. Mutation 

analysis of these two serine sites were shown to impair lamina dissassembly at mitosis, 

with marked persistence of the nuclear lamina at stages of chromosome condensation 

[Heald and McKeon, 1990]. The removal of the two serine/proline domains resulted in 

mitotic arrest in transfected cells, with virtually all transfected cells in an interphase 

state. In addition a region of 33 amino acids and a region of 32 amino acids at the 

beginning and end of the a-helical domain respectively were shown to be crucial for the 

formation of the lamina. The phosphorylation of nuclear lamins is mediated by cdc2 

kinase, a major regulator of the eukaryotic cell cycle [Peter et al., 1990] and is central to 

the formation of lamin dimers. However, another kinase was demonstrated to act on 

serine 16 on chicken lamin B2 and found to be crucial in the head to tail longitudinal 

assembly of dimers [Peter et al., 1992].

1.3.2.3 Lamin expression

Discrimination between A-type and B-type lamins is also achieved by 

considering their expression profiles. In general, B-type lamins are expressed in 

virtually all somatic cells, while A-type lamins are absent from early embryos and 

undifferentiated cells, but expressed in most other cell types [Gerace and Burke, 1988]. 

The expression of lamins has been addressed in human tissues and mammalian cell lines 

[Broers et al., 1997; Lin and Worman, 1997]. Lamin B l expression is low but 

detectable in all human tissues, however lamin A1C expression is variable [Lin and 

Worman, 1997]. Both lamin A and lamin C are highly expressed in the heart, placenta 

and skeletal muscle, other tissues show little or no lamin A/C expression. The 

expression of A-type lamins in cell culture is also highly variable, in contrast to lamin 

B l expression, which is generally high. This supported an earlier study whereby lamin 

A and lamin C is completely absent from a human T lymphoblastic cell line, but lamin 

B l was present; hence it was believed that lamin B l is sufficient for nuclear lamina 

formation [Guilly et al., 1987]. A-type lamin expression was assayed in mouse tissues, 

from a very early stage of embryogenesis to adulthood [Rober et al., 1989]. Lamin A/C 

was completely absent from all tissues in the embryo until the 11th embryonic day. The 

mesenchyme and connective tissue show the earliest signs of lamin A/C expression, 

with the skeletal muscle exhibiting high levels of lamin A1C. Most other tissues begin to
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express lamin A and lamin C around birth and postnuptially. From these studies it was 

apparent that once a cell type is committed, it maintains lamin A/C expression. A 

thorough analysis of A and B-type lamin expression in human tissues was performed by 

Broers and co-workers [Broers et al., 1997]. Lamin B2 expression was found in all 

tissues analysed, however lamin B l expression was much more restricted, being absent 

in some skin endothelium cells, cells in the kidney and urinary bladder, neuroendocrine 

cells such as the thyroid and all types of muscle. Lamin A/C expression was found to be 

variable but present in most cell types, with absence in immune-response cells. Lamin A 

and lamin C expression was not assayed in adipose tissues.

The absence of lamin A and lamin C from developing cells and near ubiquitous 

expression from terminally differentiated cells suggests the association of lamin A and 

lamin C expression with the commitment of cell differentiation [Stuurman et al., 1998]. 

The developmental specificity of A-type lamin expression is considered to be under 

transcriptional regulation [Lin and Worman, 1997]. Lamin A and lamin C are 

alternative transcripts of the LMNA gene, possessing the same 5’ ends and thus the same 

initiation codon under control of the same promoter [Lin and Worman, 1997]. 

Sequencing of the lamin A/C promoter allowed the identification of a retinoic acid- 

responsive element [Okumura et al., 2000], the biological implications of which are 

predicted to be involved in developmental lamin A/C expression.

1.3.3 Lamina-associated and lamin-interacting proteins

The A-type and B-type lamins are the major contributors to the nuclear lamina, 

however since their identification other lamina and lamin associated proteins have been 

recognised. The localisation and relationship of these proteins with the lamina is shown 

in Figure 6.

1.3.3.1 Lamin B receptor (LBR)

LBR was the first protein found to interact with the lamin proteins [Worman et 

al., 1988]. The chicken LBR protein is composed of 637 amino acids and consists of 

eight transmembrane domains and an amino-terminal 200 amino acid nucleoplasmic 

projection [Ye and Worman, 1994]. The transmembrane region spans the inner nuclear 

membrane and the amino-terminal domain has two potential interaction sites. The first, 

positioned between residue 1 and 60 is considered to be involved in lamin binding and 

the region from residue 97 to 174 binds chromatin [Chu et al., 1998]. LBR binds
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Figure 6, Hypothetical illustration of interactions with the lamina at the nuclear 
periphery. The outer and inner nuclear membranes are depicted as double 
membranes. The lamin binding proteins all span the INM (with the exception of 
LAP2a) and interact with A-type or B-type lamins and chromatin. Reproduced 
with permission by Trends in Biochemical Sciences [Cohen etal., 2001].



Chapter 1 Introduction 41

strongly to both lamin B and DNA in vitro [Worman et al., 1988; Ye et a l, 1997], 

Heterochromatin is tightly packed DNA, rarely required for transcription. In higher 

eukaryotic nuclei, heterochromatin is associated with the nuclear lamina. A 

heterochromatin-associated protein (HP1) binds to LBR and mediates the chromatin 

binding [Ye et al., 1997].

1.3.3.2 Lamin associated proteins (LAPs)

The LAPs were identified using antibodies that localised to the nuclear 

periphery [Senior and Gerace, 1988]. The LAPs were classified as LAP1 or LAP2 on 

the basis of immunological detection.

Three related forms of LAP1 (LAP1A, LAP IB and LAP 1C) are likely to be 

products of alternative splicing from the same gene [Stuurman et al., 1998]. All LAP1 

isoforms bind chromatin in vitro [Foisner and Gerace, 1993], however only LAP1A and 

LAP1B bind lamins A, C and B l. In contrast LAP1C does not bind lamins. The LAP1 

isoforms range in size from 55-75 kDa and the cloning of LAP1C showed the presence 

of 506 amino acids [Martin et al., 1995]. LAP1C possesses a single transmembrane 

domain, the inability of lamin binding was not elucidated. Interestingly, LAP1A and 

LAP1B are abundant in differentiated cells only and it is speculated that these two 

proteins interact with A-type lamins in a developmentally regulated manner [Chu et al., 

1998].

There are several isoforms of LAP2 in mammals (a, (3, y, 8, 8 and Q [Foisner 

and Gerace, 1993], all alternative transcripts from the same gene [Harris et al., 1995]. 

All of the LAP2 isoforms share a common amino terminal domain (residues 1-187). 

Beyond this region LA P2a is completely different from the other isoforms, possessing 

no transmembrane domain, whereas the other LAP2 isoforms all contain a single 

transmembrane domain near the carboxyl terminus [Chu et al., 1998]. The domain (1- 

85) common to all LAP2 isoforms is responsible for interactions with chromatin, a 

domain adjacent to the TM spanning region interacts with B-type lamins [Furukawa et 

al., 1998], this region is absent in LAP2a. LA P2a has a unique 507 amino acids, which 

is neither involved in transmembrane spanning, or interactions with B-type lamins. A 

recent investigation demonstrated that LA P2a was able to directly bind A-type lamins 

in vitro and in vivo [Dechat et al., 2000]. The extreme carboxyl terminus of LA P2a 

binds lamin C specifically in the globular-tail domain, common to lamin A and lamin C.



Chapter 1 Introduction 42

1.3.3.3 Emeriti

Emery-Dreifuss muscular dystrophy (EDMD) is a human disorder characterised 

by slow progressive muscle wasting and cardiac conduction defects [Emery, 1989]. It 

has been recognised as either an X-linked or autosomal dominant form. The X-linked 

form is caused by mutations in the STA gene [Bione et al., 1994], which encodes an 

inner nuclear membrane protein with homology to LAP2 [Nagano et al., 1996]. Emerin 

is a protein of 254 amino acids and contains a single transmembrane domain. Co

localisation of emerin with A-type lamins suggested that these two proteins interact 

[Manilal et al., 1998]. Subsequent protein interaction analysis with lamin A and emerin 

has proven this direct association [Clements et al., 2000; Sakaki et al., 2001]. The 

region from 1-188 of emerin is capable of binding lamin A [Clements et al., 2000] and 

the interaction with lamin A is stronger than with lamin C [Sakaki et al., 2001].

1.3.3.4 Other lamin binding proteins

Several other proteins have been found to either localise to the nuclear lamina, 

or bind to lamins. These include nurim [Rolls et al., 1999], otefin [Ashery-Padan et al.,

1997], Narf [Barton and Worman, 1999], MAN1 [Lin et al., 2000], Nupl53 [Smythe et 

al., 2000] and Rb [Mancini et al., 1994]. The human protein nurim (nuclear rim protein) 

localises to the nuclear periphery and has a predicted mass of 29 kDa, with 5 potential 

transmembrane domains [Rolls et al., 1999]. Otefin is a Drosophila protein localised to 

the INM, biochemically it is not a transmembrane protein, however there is a region of 

hydrophobicity in the polypeptide [Ashery-Padan et al., 1997]. Using lamin A in a yeast 

two-hybrid screen to identify lamin A interacting proteins, a novel protein, Narf, was 

isolated [Barton and Worman, 1999]. Narf only interacts with prenylated prelamin A 

and is considered to be pivotal in mature lamin A formation. Narf is a protein of 456 

amino acids with no predicted TM domains. MAN1 was isolated by the virtue of being 

localised to the INM [Lin et al., 2000]. The protein is 82 kDa in mass and contains two 

transmembrane domains located towards the carboxyl terminus. Comparison of the 

amino acid sequence of MAN1 to emerin and LAP2 revealed the conservation of a 43- 

residue motif, termed the LEM module (LAP2, emerin, MAN1) near the amino 

terminus, corresponding to the nucleoplasmic projections. This LEM domain is likely to 

form two a-helices, its function is unknown.

The association of Nupl53 with the lamina demonstrates the anchoring of 

nuclear pores on the lamina. Nupl53 is a nucleoporin protein and part of the nuclear
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pore complex [Radu et al., 1995]. Co-immunoprecipitation of Nupl53 with lamin B3 

(an alternatively spliced isoform of lamin B2) confirms this [Smythe et al., 2000]. The 

interaction of Nupl53 with other lamins has not been investigated.

Finally, the finding that the retinoblastoma protein (Rb) interacts with lamin 

proteins suggested possible functions of the lamina in gene transcription [Mancini et al., 

1994; Ozaki et al., 1994]. Rb is a 110 kDa tumor suppressor protein and can repress 

gene transcription. It is a DNA binding protein and is differentially phosphorylated 

during the cell cycle. Experiments in vivo and in vitro have demonstrated the direct 

interaction between Rb and the A-type lamins.

1.3.4 Functions o f the nuclear lamina

Although the discovery of the lamina was achieved by isolation of lamina with 

nuclear pore complexes [Aaronson and Blobel, 1975] and this association was 

considered to be the function of the lamina, a multitude of other roles have now been 

assigned to this proteinaceous mesh at the periphery of the nucleoplasm.

The most extensively studied area of lamin function is its role in nuclear 

architecture of chromatin and effects on gene transcription. Transcriptionally inactive 

heterochromatin is known to localise near the lamina [Blobel, 1985], The finding that 

LBR binds a protein of heterochromatin HP1 [Ye et al., 1997] and that the a-helical 

domain [Glass et al., 1993], in addition to a region in the carboxyl terminus (residues 

396-430 of lamin C) [Taniura et al., 1995] of both A and B-type lamins possesses a 

chromatin binding site strongly implicates the lamina in chromatin organisation. The 

latter report specifically determined that the lamins were capable of interacting with 

core histones, components of higher order chromatin structure. The chromatin binding 

of lamins, LAPs and LBR imply that the nuclear lamina exerts effects on the 

organisation of chromosomes in the interphase nucleus. However, the observation that 

B-type lamins are retained on INM fragments during mitosis, whereas A-type lamins 

become soluble and eventually surround the condensing chromosomes in anaphase 

[Gerace and Blobel, 1980] suggests that the lamina is^necessary for nuclear envelope 

formation around daughter chromosomes [Nigg, 1992]. The presence of A-type lamins 

on chromosomes may polymerise with B-type lamins and mediate assembly of the 

nuclear membrane around the two new nuclei in the post-mitotic cell [Hutchison et al.,

1994].
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The association of the lamina with chromatin is also considered to be relevant in 

DNA replication during interphase [Hutchison et al., 1994]. In a post-mitotic cell the 

DNA must replicate before another cell division can occur. DNA replication initiation 

occurs at regular intervals along the genome and disruption of the lamina has been 

shown to inhibit DNA replication initiation [Ellis et al., 1997] and elongation [Moir et 

al., 2000].

The most recognised function of the lamina is that of providing structural 

rigidity to the nuclear envelope and stabilising nuclear envelope structures [Hutchison et 

al., 1994]. The lamina is arranged as a well-connected scaffold [Stuurman et al., 1998], 

that either directly interacts with the INM or is anchored by other proteins (Figure 6) 

[Cohen et al., 2001]. Experiments which have disrupted lamina formation have also 

caused morphological changes in the nuclear envelope [Schirmer et al., 2001]. The 

positioning and spacing of nuclear pores is also a highly probable role of the lamina, 

especially considering the interaction of lamin with nuclear pore proteins [Radu et al.,

1995]; in support of this, lamina disruption and clustering also results in the clumping of 

nuclear pores [Schirmer et al., 2001].

The specific biological function of the A-type lamins is likely to be involved in 

developmental and terminal differentiation of cells. The expression of lamin A and 

lamin C is absent from non-differentiated cells and some haematopoietic cells, however 

highly expressed in differentiated cells and tissues [Guilly et al., 1987; Rober et al., 

1989; Broers et al., 1997]. An increase in A-type lamin expression has been observed in 

cellular quiescence and thus provides additional evidence for the role of lamin A and 

lamin C in cell-specific development and maintenance.

1.4 Approaches towards disease gene identification and 

characterisation

The deciphering of the genetic code by solving the crystal structure of DNA 

[Watson and Crick, 1953] and the advent of new molecular genetic techniques [Saiki et 

al., 1985] has permitted the accelerated growth in the understanding of molecular 

biology. The co-ordinated use of a vast range of molecular genetic techniques is pivotal 

in human disease genetics and toward understanding associated pathological 

consequences of gene dysfunction. Many distinct techniques aid in the identification of 

genes responsible for disease, many additional methods allow the elucidation of the 

molecular roles of these genes.
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1.4.1 Disease-gene identification by positional cloning

The recognition of a familial basis for a human disease is the beginning of a task 

devoted to the ultimate identification of the gene(s) which when mutated cause a given 
genetic condition. With the exception of a few cases most disease loci and genes have 
been identified in the last two decades only [Strachan and Read, 1996]. Inheritance 
patterns for simple mendelian traits may be classified as autosomal dominant (disease 

manifests in the heterozygous state), autosomal recessive (disease only occurs in the 
homozygous state), or X-linked (disease is inherited in a sex associated manner) [Chung 

and Gardiner, 1996]. The identification of a causative gene can be achieved using one 
of four methods, functional and candidate gene cloning, or positional and positional- 
candidate gene cloning.

Functional cloning requires the absence/presence of a dysfunctional protein 

product. This altered protein responsible for the disease needs to be isolated and 
partially sequenced in order to map the protein back to the mutated gene, as illustrated 

in the cloning of the haemophilia A gene [Gitschier et al., 1984]. Candidate-gene 
approaches in human disease require an understanding of the biochemical pathway 
which is disrupted in the disorder [Strachan and Read, 1996]. Identification of a locus or 

chromosome is not essential for this method as it relies entirely on the biochemical 

relatedness of a gene to the disorder. An example of this is the identification of 
mutations in the rhodopsin gene in patients with retinitis pigmentosa (RP). Firstly 

rhodopsin was characterised as a pigment in the rods of the retina, subsequently the 
search for the gene underlying RP, a disorder of eye pigment clumping, focused on 

rhodopsin. Mutations were identified shortly after [Dryja et al., 1990].
Positional cloning is the identification of a disease-causing gene with no prior 

knowledge about pathology or disease mechanism. Essentially this method requires 
large families and uses a range of molecular genetic techniques to localise the genetic 

region containing the disease gene (locus). Positional-candidate cloning utilises the 
‘homing-in’ of positional cloning whilst also considering biological candidates. These 

stages involved in positional cloning are described below and depicted in Figure 7.

1.4.1.1 Recombination analyses

Upon ascertainment of affected individuals and their relatives all family 

members are genotyped for genetic markers which are approximately evenly distributed 

over the whole genome. The vast majority of these markers are cytosine and adenine 

dinucleotide repeats (CA)n (termed microsatellites) [Weber and May, 1989] and the
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Figure 7. Overview of positional-candidate gene cloning. The whole positional 
cloning process is initiated with the input of DNA samples and results in the 
identification of mutations in a candidate gene (grey boxes). Each box represents a 
critical step in the methodology. Before the construction of a physical map the 
candidate genes are firstly considered with regard to biological candidacy before 
sequence analysis; whereas, positional candidates are chosen specifically with 
regard to their localisation and used directly in sequence analysis.
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length of repeat varies greatly. The high degree of polymorphism and their simple 

molecular arrangement make it easy to assay these markers in disease families. Recently 

single-nucleotide polymorphisms (SNPs) have been recognised as an abundant form of 

marker suitable for genetic analysis [Wang et al., 1998].

1.4.1.1.1 Linkage analyses

Molecular genetic markers exist in different states referred to as alleles. By 

determining the alleles of a genome-wide panel of markers the co-segregation of a 

specific allele and the disease phenotype can be investigated. If a marker locus and the 

disease gene locus are located on different chromosomes then the recombination 

fraction 0 would be expected to equal 0.5 (two loci are genetically linked when 0<O.5). 

Thus, if a marker locus and a disease gene locus are close together then the 

recombination fraction 0 will be less than 0.5. The goal of linkage analysis in human 

disease is to determine whether a marker locus and the disease phenoytype (hence the 

gene locus) co-segregate more often than would be expected for two unlinked loci 

[Terwillger and Ott, 1994], Calculation of 0 for any specific marker and the disease 

gene locus and subsequent comparison to 0=0.5 (i.e. value for two unlinked loci) 

indicates the likelihood that linkage is evident. Statistically, this is converted to a LOD 

score (logarithm of the odds that the marker and the disease gene locus are linked). By 

convention, a LOD score value of 3 is accepted as the threshold as evidence of linkage. 

A disease locus is linked to a marker locus if the LOD score between these two loci 

exceeds a value of 3. The result of these analyses serve to identify a chromosome or 

subchromosomal region likely to harbour the mutated gene.

The power of this analysis is pivotal in positional cloning. Biologically relevant 

genes that also map to the same chromosome as the disease gene can then be considered 

as candidates, possibly resulting in the rapid identification of the mutated gene. 

However, the majority of positional cloning efforts have required the exact positioning 

of a disease locus using haplotype analyses.

1.4.1.1.2 Haplotype analyses

Genome-wide searches for linkage use widely distributed markers and thus only 

define a broad locus for the disease gene. Upon the identification of a locus the disease 

locus must be saturated with all available polymorphic markers. The genotyping of 

these markers in all family members allows the construction of the distribution of alleles
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on maternal and paternal chromosomes (haplotypes) with respect to offspring and 

parents. The generation of haplotypes allows the identification of meiotic 

recombinations within the disease interval. This reveals the section of the haplotype 

which confers disease susceptibility. The disease locus is now located within a critical 

genetic interval and the positioning of additional markers is essential in the fine 

mapping of the proximal and distal boundaries of this interval. Concurrently, all genes 

within this region should be considered as candidates. It is apparent that the use or 

construction of a genetic and physical map is crucial to the process of positional 

disease-gene cloning.

1.4.1.2 Construction o f genetic and physical maps

The success of the human genome project has required the generation of high 

quality genetic and physical maps. Both forms of map are generated using genes, 

markers or other DNA segments, however a genetic map is constructed using the 

recombination coefficient as an indicator of relative distance, whereas a physical map 

uses genomic DNA fragments to assemble a continuous set of DNA sequence 

incorporating markers and genes.

1.4.1.2.1 Genetic maps

In 1987 the first genetic linkage map was published using 403 polymorphic • 

markers (most of which were RFLPs) [Donis-Keller et al., 1987]. The difficulty in 

RFLP typing and their limited informativity required the construction of additional 

genetic maps using the more evenlv distributed, highly polymorphic microsatellites. 

Laboratories in France rapidly produced microsatellite based linkage maps, initially of 

813 markers [Weissenbach et al., 1992], eventually increased to 5,264 [Dib et al., 

1996]. Microsatellites were isolated and then typed in panels of radiation hybrids. 

Statistical linkage analysis indicated relative position and distance. Further genetic maps 

were constructed based on other types of microsatellites, for example the Co-operative 

Human Linkage Center (CHLC) constructed maps using the already published markers 

by Weissenbach and colleagues and identified other unique tri- and tetranucleotide 

markers (e.g. GATA) [Murray et al., 1994].

These maps consisting of ordered markers became essential in rapid linkage and 

haplotype analyses (Section 1.4.1.1) and critical in the generation of physical maps.
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1.4.1.2.2 Physical maps

The first physical maps were identified by karyotype analysis, physically 

partitioning DNA into discrete units called chromosomes and by the observation of p  

(petite) and q (<que) arms. Giesma staining of metaphase chromosomes also allowed 

subchromosomal regions to be identified. The advent of recombinant DNA techniques 

in the 1980s allowed the construction of physical maps by cloning of genomic sections. 

This was initially performed using yeast artificial chromosomes (YACs) [Cohen et al., 

1993]. Although YACs have the potential to harbour large sections of genomic DNA,

33,000 were needed to cover 75% of the human genome [Chumakov et al., 1995]. 

Polymorphic microsatellites and non-polymorphic markers (sequence-tagged sites, 

STSs) were amplified by the polymerase chain reaction (PCR) [Saiki et al., 1988] in 

these YACs to determine STS content. The YACs were also analysed by restriction 

enzyme digestion to assess the degree of overlap of the cloned genomic DNA.

Another approach to segmented genomic mapping was also developed alongside 

the use of YACs. This involved the radiation-induced cleavage of total human genomic 

DNA, followed by the random rescue of different fragments by a rodent cell line. 

Roughly 100 radiation-hybrid (RH) lines were created, each possessing a selection of 

human genomic DNA sections [Walter and Goodfellow, 1993; Walter et al., 1994]. 

These cell lines were screened by PCR to determine STS content, which, in turn 

allowed the production of a linear map of RH clones. RH calculated marker distances 

are measured in centiRays (cR) because the resolution of these maps is dependent on 

the dosage of radiation administered to cleave the genomic DNA [Strachan and Read,

1996].

The formation of YAC and RH based maps became the foundations or 

framework maps for all other physical maps that followed. Disadvantages in both YAC 

and RH panels associated with direct sequencing, large insert size and chimeras 

prompted geneticists to develop new cloning vectors which were capable of carrying 

relatively large inserts of high-quality DNA. These vectors were not susceptible to 

chimeras and also easy to manipulate, sequence and screen using a variety of methods. 

These new efficient genomic tools were known as bacterial artificial chromosomes 

(BACs) and bacteriophage PI artificial chromosomes (PACs), both developed at 

Roswell Park Cancer Institute (RPCI) [Shizuya et al., 1992; Ioannou et al., 1994]. Both 

of these vectors carry on average between 100-200 kb of foreign DNA and propagate as 

plasmids in E. coli. BACs and PACs can be grown easily and DNA extraction is
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straightforward. DNA can be used for direct PCR based STS content mapping, or for 

STS hybridisation mapping. Both techniques require the use of a library of BAC or 

PAC genomic DNA clones whereby the DNA from every clone is bound to a nylon 

filter. STS markers are radioactively labelled using PCR then hybridised against the 

library filters. Library filters are scored for the presence or absence of hybridised STS 

against each genomic clone. STS content mapping permits the assembly of overlapping 

clones over the region under investigation.

The assembly of large overlapping genomic clones to form contigs of 

continuous DNA is central in the physical mapping process and pivotal in the human 

genome mapping effort. From the aspect of positional cloning the formation of a contig 

of clones has many functions; correct ordering of current polymorphic markers used in 

haplotype analysis; ascertainment of new polymorphic markers to aid in fine-mapping 

of the disease critical interval; the placement of known genes or uncharacterised partial 

gene transcripts (expressed sequence tags, ESTs); and the direct DNA sequencing to 

find novel genes. All of these functions also apply to the role of the physical map in the 

human genome project.

Physical mapping in the 1980s and 1990s resulted in the sequencing or contig 

assembly of small regions of the human genome, usually those regions implicated in 

positional cloning efforts. The human genome mapping project was well underway in 

the late 1990s when some academic institutions combined their positional cloning 

projects with the physical mapping genomic sequencing centres. The completion of the 

human genome project this year will reduce the necessity for a physical mapping stage 

of any positional cloning project as all of the human genome is now bioinformatically 

available. Today the rate-limiting step in positional cloning has changed from the 

generation of a physical map to the identification and characterisation of genes by 

bioinformatic analyses.

1.4.1.3 Sequence variant detection

The identification of a disease locus by linkage analyses, the fine-mapping of the 

disease critical interval by haplotype studies and the construction of a physical map to 

identify new markers and position candidate genes all lead to the necessity for detection 

of mutations and sequence variants in the mutated gene. Either direct sequencing of 

candidate genes or the indirect search for sequence variants using single stranded 

conformational polymorphism analysis (SSCP) or denaturing high performance liquid
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chromatography (DHPLC) achieves this. All of which require the use of the polymerase 

chain reaction [Saiki et al., 1985] to amplify coding sequences of the candidate gene.

SSCP was first used in 1989 to detect DNA mutations [Orita et al., 1989]. Gene 

coding sequences are amplified by PCR, denatured, the single stranded DNA molecules 

are electrophoresed on a non-denaturing gel and the banding pattern observed. DNA 

strands from each PCR will adopt a three-dimensional conformation dependent on the 

primary sequence. Presence of a heterozygous mutation will change the primary 

sequence and in turn affect the three-dimensional conformation as will be revealed by 

an altered banding pattern on the gel. Those PCR products with different migration 

patterns must then be sequenced to reveal the nature of the sequence variation. SSCP 

detects 70-95% of mutations in PCR products of 200 bp or less [Iwahana et al., 1992].

The principle of SSCP relies on the three-dimensional structure of single strands 

of DNA, in contrast DHPLC relies on the three-dimensional structure of double 

stranded DNA molecules. PCR products of gene sequences are denatured then slowly 

allowed to re-anneal. If only wild-type sequence is present then the DNA strands anneal 

to each other perfectly, however, if a mutation exists then wild-type and mutated DNA 

strands will form a nearly perfect match apart from a mismatch “bubble” at the site of 

mutation. Perfectly matched strands are termed homoduplex and mismatched strands 

are termed heteroduplex. The separation of homoduplex and heteroduplex DNA is 

performed on a WAVE™ DNA Fragment Analysis System, using the technique of high- 

performance liquid chromatography [Oefner and Underhill, 1995]. DNA fragments are 

injected alongside triethylammonium ions (TEA) through a narrow column which is 

packed with alkylated polystyrene particles. Positively-charged TEA interacts with 

negatively charged DNA and mediates interactions with the hydrophobic tails of the 

solid-phase particles. Homoduplexes have a stronger binding affinity with the column 

matrix than heteroduplexes and thus following a increasing set of stringency washes the 

homoduplex DNA is retained on the column longer than heteroduplex. The result of 

which is the observation of changes in DNA molecule retention with mutated DNA 

compared to wild-type DNA. DHPLC has been successfully used in the identification of 

mutations in a gene which causes migraine and ataxia [Ophoff et al., 1996]. DHPLC is 

extremely useful with large sample sets, as 96 well plates of PCRs can be automatically 

loaded through the packed column for analysis. PCR products which yield altered 

retention times are subsequently analysed for sequence changes using direct sequencing.
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The above methods all have varying efficiencies at detecting sequence changes, 

but are unable to precisely define the nature of a DNA sequence variation. Direct 

sequencing of PCR products reveals the molecular change and thus is necessary as the 

final step in positional cloning. Sequencing technologies were developed over two 

decades ago [Maxam and Gilbert, 1977; Sanger et al., 1977], of which the Sanger 

method is still employed today in academic institutions and large-scale genome 

sequencing centres. Candidate gene coding sequences are amplified and used as single 

stranded templates in a dideoxy chain termination reaction or sequencing reaction. A 

DNA polymerase synthesises a complementary strand to the single-stranded template 

incorporating normal deoxynucleotide triphosphates (dNTPs), however a low 

concentration of dideoxynucleotide triphosphates (ddNTPs) are also added to the 

reaction. Each nucleotide is represented by one of four fluorescently labelled ddNTPs 

and upon limited incorporation of a ddNTP in the replicated strands the extension 

ceases. This yields a population of molecules which differ in length by one base and 

each have a different dye terminator which has caused the termination of that strand. 

Electrophoresis of these molecules results in the size dependent detection of migrating 

molecules past a detection laser. This information is used to create a computerised gel 

image, which can be analysed using suitable software. This automated technology was 

adapted from the Sanger method [Smith et al., 1986] and made commercially available 

by companies such as Perkin Elmer-Applied Biosystems. Direct sequencing is 100% 

efficient and will detect homozygous as well as heterozygous mutations. More 

importantly it can reveal the exact molecular change which is much more informative 

than just knowing that there is a sequence alteration. The high cost of fluorescent 

ddNTPs makes this technique less suitable for high throughput sequencing, however 

with small samples the advantages of sequencing outweigh those of alternative 

sequence variant detection.

1.4.2 Approaches towards understanding the molecular mechanism o f  disease

The identification of a mutated gene responsible for a genetic disease is the 

ultimate goal of a positional cloning project. It is, however, the beginning of a 

completely new project -  the elucidation of a molecular mechanism for the disease in 

question. Typically, mutations in a given gene will result in reduced or no function of 

the protein (loss-of-function), or the generation of a novel or abnormal protein (gain-of- 

function). Autosomal dominant diseases are caused as a consequence of an altered
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function in one allele, with another non-affected functional allele. There are several 

mechanisms in which the mutated allele manifests itself as a disease, based upon either 

loss-of, or gain-of function.

In dominant disorders one allele is mutated and the other is unaffected. Disease 

may result from one of three mechanisms. Haploinsufficiency describes the scenario 

whereby the disease is caused by a reduction in normal levels of functional protein. 

Thus the dosage of the protein product within the cell is considered critical. The second 

mechanism is known as dominant-negative. This effect occurs when an altered protein 

not only loses its own function, but exerts inhibitory effects over the normal functional 

protein. The final mechanism involves a gain-of function, whereby the mutated protein 

acquires a novel function.

1.4.2.1 Comparison o f molecular mechanisms in other autosomal dominant diseases
Occasionally, a disease gene is evidently related functionally to the disease (e.g.

RP and rhodopsin; Section 1.4.1), in other cases, studies may link the gene and disease 

together. However, the majority of positional cloning projects have revealed causative 

genes that bear no functional relationship to the disorder. In these cases a number of 

specific cell-biological molecular analyses can be carried out to determine the 

mechanism of disease. In such situations of site-specific mutations in disease-causing 

genes a disruption of a protein-protein interaction may be the underlying molecular 

mechanism, which results in a disease phenotype. The following examples illustrate 

how a protein-protein interaction may be involved with the pathogenesis of disease.

Alzheimers disease is an autosomal dominant neurodegenerative disorder 

associated with missense mutations in any one of at least three genes, namely the 

amyloid precursor protein (APP), presenilin 1 (PS1) or presenilin 2 (PS2) [Czech et al., 

2000]. The molecular mechanism of Alzheimers has not been elucidated, however 

recently a protein from the brain was found to interact with PS2 [Stabler et al., 1999]. It 

was identified as an apoptotic protein and has now become of much interest, with 

relevance to the selective degeneration of neurological tissues.

Huntingtons disease (HD) is also an autosomal dominant neurodegenerative 

disease, caused by expansion of a triplet repeat (CAG)n in the gene huntingtin [The 

Huntington’s Disease Collaborative Research Group, 1993], resulting in extended 

polyglutamine stretches in the 350 kDa protein (Htt). Interestingly, huntingtin is 

ubiquitously expressed and thus is intriguing as to why only selective cell loss is
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and mutant Htt are both primarily localised to the cytoplasm [Wood et al., 1996]. 

Considering the apparent normal subcellular localisation several groups redirected 

studies towards identifying interacting partners of Htt. Two proteins were found to 

interact at the polyglutamine stretch of Htt and expressed at high levels in the brain [Li 

et al., 1995; Wanker et al., 1997]. A contemporary hypothesis for the molecular basis of 

disease requires Htt aggregation via the polyglutamine stretch, of which may modulate 

aberrant protein-protein interactions [Reddy et al., 1999]. In addition, Htt has recently 

been shown to interact with transcription factors only in an extended polyglutamine 

state and predicted to perturb gene expression [Steffan et al., 2000].

Many technologies exist to determine if a protein-protein interaction exists. 

These include co-immunoprecipitation and in vitro protein complex pull-down assays of 

proteins. These techniques detect the interaction of two or more known proteins, 

whereas the yeast two-hybrid screen is a technique which allows the detection of 

unknown cellular proteins that bind to a protein of interest. With consideration of the 

above examples and many others, e.g. [Gallagher et al., 2000; Kawamata et al., 2001] 

the yeast two-hybrid has proven vital towards elucidation of disease mechanisms. In 

many cases, the yeast two-hybrid has identified novel interactions, but has also allowed 

the study of known protein-protein interactions to determine the effect of disease 

mutations.

1.4.2.2 Yeast two-hybrid system

The increased understanding of eukaryotic gene transcription led to the 

appreciation of the role of transcription factors. It was established in the 1980s that 

transcription factors were modular in structure, with two separable domains, one to bind 

the DNA and another to recruit the RNA polymerase holoenzyme [Brent and Finley,

1997]. Pioneering experiments in this field were based on the fusion of one DNA- 

binding domain (DBD) to a second unrelated transcription activation domain. A 

bacterial DBD was fused to a eukaryotic activation domain and the chimeric protein 

was assessed for its function in yeast; the hybrid transcription factor bound to a bacterial 

promoter element and activated transcription of a Gal4 responsive gene [Brent and 

Ptashne, 1985]. It was the concurrent work by Fields and Song that resulted in the 

development of a protein interaction assay [Fields and Song, 1989]. The yeast Gal4 

transcription factor was split into the DBD and activation domain and these were fused 

to two proteins which were known to interact. The creation of an engineered reporter
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gene (lacZ) in a yeast strain and the co-transformation of plasmids encoding these two 

hybrid genes revealed that the ability of the Gal4 to operate as a transcription factor was 

re-established when the fusion proteins interacted with each other.

The next significant advancement in this field was a study by Chien and 

colleagues, demonstrating that the assay could be utilised to identify new protein 

interactions [Chien et al., 1991]. The method consisted of making a ‘bait’ protein, 

whereby the Gal4 DBD was fused to a protein of interest and expressed in yeast. A 

library of cDNAs were fused to the Gal4 activation domain and transformed into the 

Gal4 DBD expressing yeast strain. The lacZ reporter gene was used to assess those 

clones that interacted, by the presence of a blue colouration in the colony (a 

consequence of lacZ activation). Revealing the identity of the expressing cDNAs in the 

interacting clones confirmed the interaction of known protein binding partners, but also 

permitted the identification of novel protein interactions.

The final modification to the yeast two-hybrid assay was the construction of 

multiple reporters, of which were growth selective. Clones that contained interacting 

proteins activated transcription of auxotrophic genes permitting the growth of that 

particular clone on nutritionally deficient media. This changed the yeast two-hybrid 

screen to a selection, whereby either the LEU2 or H1S3 gene forms the selective reporter 

and yeast are plated onto media lacking leucine or histidine respectively [Vojtek et al., 

1993], Confirmation of a protein interaction could then be performed using the second 

reporter, lacZ.

Many variations of the yeast two-hybrid are currently available [van Criekinge 

and Beyaert, 1999]. However, James and co-workers modified the host yeast strain and 

the DBD and activation domain plasmids io create a highly efficient protein interaction 

assay [James et al., 1996]. Three reporters were constructed in the yeast PJ69-4a, using 

the HIS3, ADE2 and lacZ genes. Clones that contained interacting proteins were plated 

onto media lacking histidine, those clones which grew were streaked onto media 

deficient in histidine and adenine (a more stringent promoter, permitting no ‘leaky’ 

transcription). Clones that survive these two selective tests are finally assayed using the 

lacZ reporter.

Over the last decade the yeast two-hybrid screen has developed from a 

pioneering experiment to a well-established functional biological technique and has in 

many cases defined molecular pathways and mechanisms in the cell.
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1.5 Aims and objectives

The initial aims of this project were to focus on the positional cloning of the 

gene responsible for FPLD. This continued on from initial clinical and molecular 

genetic studies conducted by Dr. Steve Jackson and included the fine mapping of the 

critical interval of the FLPD locus, at chromosome lq21-22 [Jackson et al., 1998]. The 

automated genotyping of microsatellite markers in pre- and newly-ascertained FPLD 

families from northern Europe aided in the reduction of the FPLD genetic interval. 

Upon the identification of a restricted genetic interval a physical map was constructed, 

using all known markers, genes and transcripts previously mapped to the lq21 region. 

This map was generated using genomic clones, with the aim of producing a complete 

physical representation of the FPLD genetic interval. These contiguous sets of clones 

were used to correctly position markers and genes at lq21 and ultimately submitted for 

sequencing at the Sanger Centre, thus contributing to the human genome-mapping 

project.

The identification of the gene mutated in FPLD, permitted the analysis of 

inheritance of mutations in affected individuals in ascertained FPLD kindreds. Mutation 

screening techniques were also used to screen for FPLD mutations in clinically related 

phenotypes, including diabetes and hyperlipidaemia.

To further understand the molecular mechanisms underlying the pathogenesis of 

FPLD, protein interaction technologies were utilised. The yeast two-hybrid system is 

one potential system to screen for interacting partners of the FPLD gene, and resulted in 

the identification of several lamin interacting proteins. By considering their potential 

biological function, these protein-protein interactions have allowed further speculation 

on the molecular mechanism for FPLD.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 General Reagents

All chemicals and reagents were purchased from Sigma-Aldrich (Poole, UK), 

BDH (Poole, UK), or Fisher (Loughborough, UK) apart from those listed below.

a  [32P]-dCTP 

a  [33P]-dCTP 

100 bp DNA ladder

Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

New England Biolabs UK Ltd. (Hitchin, UK)

1 kb DNA extension ladder Life Technologies Ltd. (Paisley, UK)

Agarose 

Ampicillin 

Dextran sulphate 

dNTPs

Glutathione-Sepharose 4B 

IPTG

L-[°S] methionine 

Long Ranger acrylamide 

MDE SSCP gel solution 

Nonidet P-40

Bio Gene (Kimbolton, UK)

Melford Laboratories (Suffolk, UK)

Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

Melford Laboratories (Suffolk, UK)

Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

FMC Bioproducts (Chicago, USA)

FMC Bioproducts (Chicago, USA)

ICN Biomedicals (High Wycombe, UK)

Hybond N+ nylon membrane Amersham Pharmacia Biotech Inc. (Little Chalfont, UK) 

Poly (dA-dC)-Poly (dG-dT) Amersham Pharmacia Biotech Inc. (Little Chalfont, UK)

ProtoGel

SequaGel-6

SequaGel-complete

X-Gal

YNB

National Diagnostics (Hull, UK) 

National Diagnostics (Hull, UK) 

National Diagnostics (Hull, UK) 

Melford Laboratories (Suffolk, UK) 

Qbiogene (Harefeld, UK)

2.1.2 Enzymes

All enzymes and enzyme buffers were purchased from Life Technologies Ltd. 

(Paisley, UK), or New England Biolabs UK Ltd. (Hitchin, UK) apart from those listed 

below.
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AmpliTaq DNA polymerase ABGene (Epsom, UK)

Klenow DNA polymerase Amersham Pharmacia Biotech Inc. (Little Chalfont, UK)

Pfu DNA polymerase Stratagene (La Jolla, USA)

2.1.3 Oligonucleotides.

All oligonucleotides were purchased from Interactiva (Germany), 5' 

fluorescently labelled oligonucleotides were purchased from Applied Biosystems 

(Foster City, USA). PCR primers for STS probes were made at the Sanger Centre on an 

ABI 3948 DNA synthesiser (Foster City, USA).

2.1.4 Molecular Biology Kits

BigDye terminator 

Gel purification kit 

Midi prep kit 

Miniprep Kit 

PCR purification kit 

Quikchange Site-Directed mutagenesis 

TNT® Quick Coupled

transcription/translation System 

Yeast plasmid rescue kit

2.1.5 Patient samples

Venous blood samples (10 ml) were taken from patients and collected in EDTA 

tubes. Blood was stored at -80°C.

2.1.6 Recipes

2.1.6.1 Common recipes

6 x  sucrose loading dye 

6X TBE

35% (w/v) sucrose 

0.25% (w/v) bromophenol blue 

0.25% (w/v) xylene cyanol 

10 X PCR buffer

750 mM Tris-HCl pH8.8

Applied Biosystems (Foster City, USA) 

Qiagen (Crawley, UK)

Qiagen (Crawley, UK)

Qiagen (Crawley, UK)

Qiagen (Crawley, UK)

Stratagene (La Jolla, USA)

Promega (Madison, USA)

Zymo Research (Orange, USA)
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200 mM (NH4)2S 0 4 

0.1% (v/v) Tween 20 

10  x TBE

890 mM Tris-base 

890 mM boric acid 

20 mM EDTA-NaOH pH8.0 

2 0  x  SSC

3 M NaCl

0.3 M Trisodium citrate 

Adjust pH to 7.0 with HC1 

BAC prep solution I

50 mM glucose 

25 mM Tris-base 

1 mM EDTA 

BAC prep solution II 

' 0.2 M NaOH

1% SDS 

BAC prep solution III

3.5 M KOAc

Church hybridisation buffer [Church and Gilbert, 1988] 

0.5 M Na2H P04 pH 7.2 

1 % (w/v) BSA 

1 mM EDTA 

7% (w/v) SDS 

Denaturing PAGE loading dye 

95% (v/v) formamide 

0.1% (w/v) dextran blue 

LacZ buffer

60 mM Na2H P 04

40 mM NaH2P 0 4

10 mM KC1

1 mM M gS04

50 mM p-mercaptoethanol

Adjust pH to 7
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Paraffin block extraction buffer 

5 mM KC1

1 mM Tris-HCl pH8.3 

250 pM MgCl2 

0.5 mg/ml proteinase K 

0.45% (v/v) Nonidet P-40 

0.45% (v/v) Tween 20 

Protein digestion buffer 

10 mM Tris-base 

0.1 mM EDTA 

0.75 mM NaCl 

2.5% (w/v) SDS 

Adjust pH to 10.5 with NaOH 

Strip solution II 

0 .1  x  SSC 

0.2 M Tris-base 

1% (w/v) sarcosyl 

Sucrose lysis buffer

11% (w/v) sucrose 

10 mM Tris-HCl pH7.5 

5 mM MgCl2 

1% (v/v) Triton-X

TE

10 mM Tris-HCl pH7.4 

1 mM EDTA pH8

To.iE

10 mM Tris-HCl pH7.4 

0.1 mM EDTA pH8 

Transformation buffer 

15 mM CaCl2 

250 mM KC1 

10 mM PIPES 

55 mM MnCl2 

Adjust pH to 6.7 with HC1
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2.1.6.2 Protein analysis 

IX PBS

137 mM NaCl 

2.7 mM KC1

4.3 mM Na2HP04

1.4 mM KH2P 0 4 

2 x  protein sample buffer

62.5 mM Tris-HCl pH6.8 

5% (v/v) P-mercaptoethanol 

20% (v/v) methanol

2% (w/v) SDS

0.2% (w/v) bromophenol blue 

10% (v/v) glycerol 

10 x  SDS-PAGE running buffer 

250 mM Tris-base 

1.92 M glycine 

1% (w/v) SDS

Destain

40% (v/v) methanol 

10% (v/v) glacial acetic acid 

GST binding buffer (NETN)

0.5% (v/v) Nonidet P-40 

1 mM EDTA 

20 mM Tris-HCl pH8 

100 mM NaCl 

SDS-PAGE lower buffer

1.5 M Tris-HCl pH8.8 

0.4% (w/v) SDS

SDS-PAGE upper buffer

0.5 M Tris-HCl pH6.8 

0.4% (w/v) SDS 

SDS-PAGE stain

40% (v/v) methanol
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10% (v/v) glacial acetic acid 

0.025% (w/v) coomassie blue 

Transfer buffer

25 mM Tris-base 

192 mM glycine 

20% (v/v) methanol

2.1.6.3 Media

10 x  Amino acids [Parchaliuk et al., 1999]

20 (xg/ml arginine 

33 pg/ml inositol 

30 pg/ml isoleucine 

30 pg/ml lysine 

3 pg/ml p-aminobenzoic acid 

50 pg/ml phenylalanine 

100 p.g/ml homoserine 

40 pg/ml tryptophan 

30 |ig/ml tyrosine 

150 pg/ml valine 

1 0  x  YNB

6.7% (w/v) yeast nitrogen base with ammonium sulphate 

LB agar

1% (w/v) tryptone 

0.5% (w/v) yeast extract 

0.85 M NaCl 

2 mM NaOH 

1.5% (w/v) agar 

LB broth

1 % (w/v) tryptone 

0.5% (w/v) yeast extract 

0.85 M NaCl

2 mM NaOH
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YPD agar

1 % (w/v) yeast extract 

2% (w/v) peptone 

2% (w/v) glucose 

3% (w/v) agar 

YPD broth

1% (w/v) yeast extract 

2% (w/v) peptone 

2% (w/v) glucose 

Yeast minimal media

1 X amino acid mix 

IX YNB 

2% (w/v) glucose
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2.2 Methods

2.2.1 Patient DNA extraction

2.2.1.1 Human blood

Blood samples (10 ml) were chilled on ice for 30 min. Ice cold sterile d t^O  was 

added to a volume of 50 ml (or 5X the sample volume); following brief vortexing the 

samples were centrifuged in 50 ml tubes at 2000xg, 4°C for 10 min. The supernatant 

was discarded and the pellet gently resuspended in 25 ml of ice-cold sucrose lysis buffer 

and incubated on ice for 10 min. Samples were centrifuged at 2000xg, at 4°C for 10 

min, the supernatant was then discarded and the pellet gently resuspended in 3 ml of 

protein digestion buffer containing proteinase K (0.2 mg/ml). The samples were 

incubated at 37°C overnight. 2 ml of 6 M NaCl were added, and the samples agitated 

for 20 sec, after which they were centrifuged at 3500xg, at 4°C for 30 min. The 

supernatant was collected and 10 ml of 100% ethanol (RT) was added; following 

repeated inversion of the sample a DNA precipitate appears. This was spooled out using 

a pipette tip and placed in 1 ml of 70% ethanol in a 1.5 ml centrifuge tube. After 

centrifugation at 800xg for 10 min, the supernatant was removed and the pellet air- 

dried. The DNA was resuspended in 500 pi of TE. A 500-fold dilution of the DNA was 

quantified at a wavelength of 260 nm. The DNA concentration was calculated using the 

equation, 1 OD26o unit equals 50 pg/ml.

2.2.1.2 Human pathological specimens embedded in paraffin

Paraffin blocks were cut into 6 pm sections and placed in a centrifuge tube. 1 ml 

of xylene was added and incubated at room temperature for 5 min. Samples were then 

centrifuged at 16000xg for 3 min, after which the supernatant was removed, and the 

samples washed a further two times using xylene. The resulting pellet was washed three 

times with 1 ml of 100% ethanol, incubating after each wash at RT for 2 min, and 

subsequently centrifuged at 16000xg for 3 min. The pellet was vacuum dried for 10 

min, and resuspended in 400 pi of paraffin block extraction buffer plus 0.5 mg/ml 

proteinase K and incubated at 58°C overnight. The following day the sample was heated 

at 96°C for 15 min to denature the proteinase K.
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2.2.2 Oligonucleotide design

2.2.2.1 Genomic DNA

Polymorphic microsatellites were selected from the Genethon linkage map [Dib 

et al., 1996]. Those located in or surrounding the FPLD critical interval were chosen. 

Oligonucleotide primer sequences for the markers were obtained from the Genethon 

database (www.genethon.fr). Other tetranucleotide repeat markers also located within 

the same interval were selected from the Co-operative Human Linkage Centre 

(www.chlc.org). The novel microsatellite D1S3759 was identified 100 bp downstream 

of LMNA gene within BAC 54H19 (RPCI-11). PCR primers were generated for this 

marker using Primer 3 software (www-genome. wi. mit.edu/cgi-

bin/primer/primer3 www.cgi). Each 5 ’ primer for each microsatellite amplicon was 

labelled with a fluorophore dye (see Table 1). PCR primers for LMNA gene coding 

sequence were created using Primer 3 software (www-genome.wi.mit.edu/egi- 

bin/primer/primer3 www.cgi) with reference to LMNA genomic structure [Lin and 

Worman, 1993].

2.2.2.2 BAC end STS

BAC end clone sequence required for chromosome walking was retrieved from 

The Institute for Genome Research (TIGR) database 

(www.tigr.org/tdb/humgen/bac end search/bac end search.html) [Kelley et al., 1999]. 

BAC end sequence (from the T7 or Sp6 cloning site) was screened for repetitive 

elements using BLAST database searches (Section 2.2.13). Oligonucleotides for PCR 

primers were generated against non-repetitive BAC end sequence using Primer 3 

software (www-genome.wi.mit.edu/cgi-bin/primer/primer3 www.cgi).

2.2.2.3 Cloning oligonucleotides

To generate restriction enzyme sites within a cloned DNA sequence, 

oligonucleotides were designed for PCR. In general, approximately 20 bases at the 3’ 

end of the oligonucleotide corresponded to the template DNA. Within the 5’ end of the 

oligonucleotide a restriction enzyme site was inserted 4 nucleotides from the 5’ terminal 

phosphate.

http://www.genethon.fr
http://www.chlc.org
http://www.cgi
http://www.cgi
http://www.tigr.org/tdb/humgen/bac
http://www.cgi


Marker Repeat Genetic distance 
to next marker

Sense primer 5'- 3' Antisense primer 5'- 3' H etero
zygosity

5' dye Ta °C [Mg] Size (bp) Origin

D1S2345 CA 2.7 CAAGCTCCGTCTCAAAC CATCTTCCCAATCTACAGG 80 TET 52 1.5 140 www.genethon.fr

D1S2346 CA 0.6 TATC TTGCCC TGCAC C AAGTGGGTCTCCCCAG 83 FAM 60 1.5 100 www.genethon.fr

D1S305 CA 0 CCAGC TC GGTATGTTTTTAC TA CTGAAACCTCTGTCCAAGCC 82 TET 50 1.5 150 www.genethon.fr

D1S2715 CA 1.6 CACAGGATTCTGCGTCTAACT TGC TCCAAGAAC TGAAGTGA 72 HEX 57 1.5 160 www.genethon.fr

D1S303 CA 0 C GAC AAGAGC GAAAC TC CAT GCTTCCCAGAGGCTAGGATT 52 HEX 62 1.5 185 www.genethon.fr

D1S2777 CA 0 GCACCACGGAACTCCAGTAT CACCACTGTGCCCAGCTAAT 63 TET 60 1.0 260 www.genethon.fr

D1S2714 CA 0 ATGAATTGCTTGAGCCCA AGC TATC C TC C CAC C TCAGA 61 FAM 62 1.5 175 www.genethon.fr

D1S2140 GATA - GCTGAAAAGACACTTCAGTGG ATGGTATGAACCTGGAGGTG 93 FAM 50 1.5 250 www.chlc.org

D1S3757 CA - AATGAGCAGGAGGATGCAGT GGTTTTGGCAAAC GC TAAAG - TET 55 1.5 250 www.gdb.org

D1S2721 CA 1.6 TTGCTCGGCCAGAGTCT AC GCATCACAC C TGGC TAGT 71 HEX 52 1.5 240 www.genethon.fr

D1S2624 CA 0.1 GGCGAGCACATCGTTA TCC TGCACAGAGTCCAA 69 TET 50 1.5 205 www.genethon.fr

D1S506 CA 2.9 GGGCCTATGGCTGGAA GGCTATGCTGGGGCAA 57 FAM 48 1.5 111 www.genethon.fr

D1S1600 GATA - TGTCACTGATTTGGGTAGCA GTTTTCTTAATTTCTTTTGCAGG 69 HEX 55 1.5 155 www.chlc.org

Table 1. Microsatellite markers. Each microsatellite was amplfied by PCR using the corresponding sense and antisense primers at the 
stated annealing temperature and MgCh concentration. The sense primer of each microsatellite was labelled with a 5' fluorophore dye 
(FAM, HEX or TET).

http://www.genethon.fr
http://www.genethon.fr
http://www.genethon.fr
http://www.genethon.fr
http://www.genethon.fr
http://www.genethon.fr
http://www.genethon.fr
http://www.chlc.org
http://www.gdb.org
http://www.genethon.fr
http://www.genethon.fr
http://www.genethon.fr
http://www.chlc.org


Chapter 2 Materials and Methods 67

2.2.3 PCR

Based on the initial description of PCR [Saiki et al., 1988], a general method for 

PCR was utilised. Using the appropriate primer pairs, PCR reactions were set up as 

shown below. A PCR reaction premix was made for each primer pair and aliquoted to a 

series of DNA samples.

Basic 1 X PCR premix: 10X PCR buffer

15 mM MgCl2 

2 mM dNTPs 

Forward primer (5 pM)

Reverse primer (5 pM)

ABGene Amplitaq 

Genomic DNA 

Add dH20  to 10 pi

PCR reactions were placed in a 96 well microtitre plate (ABGene. Epsom, UK), 

covered with an adhesive lid (ABGene. Epsom, UK) and placed in a DNA Engine 

Thermal Cycler (MJ Research Inc. Waltham, USA). The PCR programs for each 

primer pair were based on the general program, which follows, selecting an optimal 

annealing temperature (Ta) for each primer pair.

General PCR

STEP TEMP TIME (mirnsec) PROCESS
1 96°C 5:00 Initial template DNA denaturation

2 96°C 0:30 Amplicon DNA denaturation

3 45-65°C 0:30 Ta oligonucleotide annealing temperature

4 72°C 0:30 DNA polymerase extension

5 - - Go to STEP 2, 34 times

The resulting PCR reactions were stored at -20°C until needed. Modifications to 

this general PCR technique were made depending on the requirements for further 

analysis (Sections 2.2.3.1 to 2.2.3.4).

1 pi 

1 pi 

1 pi 

0.5 pi 

0.5 pi 

0.5 U 

50 ng



Chapter 2 Materials and Methods 68

2.2.3.1 PCR o f microsatellites

Microsatellite PCRs were performed as above using the oligonucleotides for 

each marker at the optimal conditions (Table 1), however, a final extension period at 

72°C for 10 min was added, to consistently add 3’ adenine residues to all PCR products. 

Fluorescent PCR primers and products were stored in the dark.

2.23.2 PCR generation o f radioactive probes

PCR reactions were performed using the oligonucleotide primers for each STS 

(Table 1, Appendices I and II) as above apart from the substitution of dNTPs with 0.4 pi 

of 5 mM dATG and 0.4 nl of either a  [32P]-dCTP or a  [33P]-dCTP. All PCR reactions 

using radioactive dCTP were performed under mineral oil.

2.2.3.3 PCR for genomic sequencing

PCRs used for direct DNA sequencing were performed as above, although the 

reaction was scaled-up to 40 pi, using 100 ng of genomic DNA. The LMNA gene 

coding sequence was amplified using the oligonucleotide primers listed in Table 2.

2.2.3.4 PCR for cloning

PCRs for cloning were performed differently to above. Oligonucleotide primers 

used for each construct are described in Table 3. In brief, 10 pi of 10X Pfu buffer 

(Stratagene. La Jolla, USA), 10 pi of 2 mM dNTPs, 5 pi of each primer (5 pM), 2.5 U 

of Pfu DNA polymerase, and 1 ng of template plasmid DNA were mixed and adjusted 

to 100 pi with dFUO. The general PCR program was used with the modification of 

adjusting the length of time for the 72°C extension step (allowing 2 min/kb of 

amplicon). PCR reactions were stored at -20°C.

2.2.4 Agarose gel electrophoresis

DNA (PCR or plasmid) samples were analysed by taking 5 pi of sample, adding 

1 pi of 6 x  sucrose loading dye and loaded on a 2% agarose gel (for amplicons <1 kb) 

or 0.8% agarose gel (amplicons >1 kb or plasmid digests), containing 50 ng/ml of 

ethidium bromide. Large scale cloning PCRs or plasmid digests (in general 30 pi) were 

combined with 5 pi of 6 x  sucrose loading dye and loaded on 0.8% agarose gels. All 

gels were run at 10 V/cm in 1 X TBE for 30-60 min and finally viewed using a UV 

trans-illuminator.
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Exon Sense primer 5' - 3' Antisense primer 5' - 3' Ta °C Product
size

LMNAexl C C CAGATC C C GAGGTC C GAC CCTCTCCACTCCCCGCCA 67 577

LMNAex2 CAGAC TCC TTC TC TTAAATC CCTAGGTAGAAGAGTGAGTG 52 270

LMNAex3 GCTTCCTTCAAGTTCTTGTG GCGAGCTCTGACACAGCTGG 58 281

LMNAex4 TTGGC C TC C CAGGAACTAAT GTAAGGGTAGGGC TGC CAAG 60 290

LMNAex5 GCAGTGATGCCCAACTCAGG CCTGCGTTCCAGCCTGCATC 65 273

LMNAex6 C TACAC C GAC C CAC GTC C C TC CCAGAGGACACTGCCAGCAC 65 343

LMNAex7 GTGCTGGCAGTGTCCTCTGG CCACTCTCTCCCTGATGCAG 64 347

LMNAex8 TCAATTGCAGGCAGGCAGAG GCTCCCATCGACACCCAAGG 64 261

LMNAex9 CCTCCGATGTTGGCCATCAG 64 475

LMNAexlO GTAAGCAGCAGGCCGGACAAAG CACAGGAATATTCCATGGCATC 58 460

LMNAexl 1 GCACAGAACCACACCTTCCT CCTACCCCTC GATGAC C AG 67 455

LMNAexl2 AGATGC TAC C TC C C TTC TAG TCCCATGACGTGCAGGGCAG 60 207

Table 2. LMNA exon primer sequences. Primer pairs were used for PCR using the 
optimised annealing temperature. Exon 9 was amplified using exon 8 sense primer 
with exon 9 antisense primer.



PCR based cloning

Sense prim er 5' - 3' A ntisense prim er 5' - 3' PC R  Digest A cceptor sites T em plate H ost
vector

pC D SR E B P laT F GATCGGATCCATGGACGAGCCACCCTTCAG GTCAGTCGACGCGGGAGCGGTCCAGCATGCC BamHl  & Sail BamHl  & Xhol IMAGE 2230916 pCDNA3

p C D SR E B P lcT F GATCGGATCCATGGATTGCACTTTCGAAGACATG
CTTCAGCTTATCAACAACC

GTC AG TCGACGCGGGAGCGGTC C AGC ATGC C BamHl & Sail BamHl  & A7ioI IMAGE 2230916 pCDNA3

pC IL M N A m yc CACGAATTCATGGAGCAGAAGCTGATCTCCGAGG 
AGGAC C TGAACATGGAGAC CCCGTCC CAGCG

CCAGCGAGCGCACACGGTCG AccI & EcoRl Accl  & EcoRl pCILMNA pCI-neo

pC D SR E B P l :227TF GACGGATC CAC CATGGTAACGACCAC TG TGAC C T 
CG

GTCAGTCGACGCGGGAGCGGTCCAGCATGCC BamHl  & Sail BamHl & Xhol IMAGE 2230916 pCDNA3

pG B D U L M N A 389 GATCGAATTCCTGTCCCCCAGCCCTACCTCGC GATGGATCCTTACATGATGCTGCAGTTCTGG BamHl  & FcoRI BamHl & FcoRI IMAGE 897544 pG B D U cl

pG B D U L M N  C389 GATCGAATTCCTGTCCCCCAGCCCTACCTCGC CACTGGATCCTCAGCGGCGGCTACCACTCACATG
GTGGTGATGGAGCAGGTC

BamHl  & FcoRI BamHl & FcoRI pGBDULM N A3 89 pG BD U cl

pG B D U m L m na379 AGAATTCCTGCTGGAGGGCGAGGAGGAG TAAGATCTGGCCCAGCCTGGCAGGTCCCA BglU & EcoRl Bglll  & FcoRI pBS-Lmna pG BD U cl

pG B D U m L m na389 GATCGAATTCCTGTCCCCCAGCCCTACCTCG TAAGATCTGGCCCAGCCTGGCAGGTCCCA Bglll  & FcoRI Bglll  & FcoRI pBS-Lmna pG BD U cl

p G B D U SR E B P laF L GATCGGATCCATGGACGAGCCACCCTTCAG GTCAGTCGACTAGCTGGAAGTGACAGTGGTCC FcoRI & Sail FcoRI & Sail IMAGE 2230916 pG B D U cl

pG E X L M N A 389 CCCGAATTCTGTCCCCCAGCCCTACCTCGC GAGATGGTGCACGATGCACAG EcoRl  & Sail FcoRI & Sail pG BDULM NA389 pGEX4T3

Table 3. PCR based cloning methodology. Inserts were prepared using PCR with the above primers with the corresponding template 
DNA. The resulting product was digested using the PCR digest enzymes and ligated into the acceptor sites in the host vector. Image 
template vectors were obtained from the HGMP resource [Lennon et al., 1996], pBS-Lmna (mouse lamin A in pBluescript-SK) was 
kindly provided by Noboru Nakajima (BERI. Osaka, Japan).
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2.2.5 Genotyping o f micro satellite markers

To increase throughput of microsatellite markers, PCR amplicons of differing 

size and fluorescent label were pooled together for each DNA sample. This was 

achieved by first diluting the PCR products 15-fold in dH20 , then combining 1.5 pi of 

each PCR in a fresh microtitre plate, to which 1.5 pi of denaturing loading dye and 0.3 

pi TAMRA™ size standard (Applied Biosystems. Foster City, USA) was added. This 

was denatured at 96°C for 2 min and held on ice. Polyacrylamide gels were made using 

12 cm well-to-read ABI Genescan plates. A 6% gel mix was made using 20 ml of 

SequaGel-6, 5 ml of SequaGel complete and 100 pi of 10% ammonium persulphate 

(APS), then allowed to polymerise for 2 hours. Fluorescent PCR samples were loaded 

on the gel and electrophoresed in 1 X TBE on an ABI377 DNA fragment analyser 

(Applied Biosystems. Foster City, USA). Raw data gels were saved for later analysis on 

an Apple computer (Apple. Cupertino, USA). Gel images were analysed using the 

Genescan Package v3.1 (Applied Biosystems. Foster City, USA) and the peak heights 

of each microsatellite determined using Genotyper v2.0 software (Applied Biosystems. 

Foster City, USA). Microsatellite allele sizes were estimated and checked for correct 

inheritance within the families. Alleles for each microsatellite were entered into Cyrillic

2.0 (Cherwell Scientific. Oxford, UK) in order to create haplotypes.

2.2.6 Fluorescent DNA sequencing o f  PCR products and plasmids

35 pi of large scale sequencing PCRs were column purified using a Qiagen PCR 

purification kit following the manufacturer’s protocol. Purified PCR products were 

eluted in 30 pi of dH20 . PCR products or plasmid DNA were then used for direct DNA 

sequencing with primers used to generate the PCR or using nested internal primers to 

the amplicon or plasmid, following the method below.

Basic sequencing reaction: BigDye terminator mix

Primer (5 pM)

PCR template/plasmid 

Add dH20  to 10 pi

Sequencing reactions were placed in a 96 well microtitre plate (ABGene. 

Epsom, UK), covered with an adhesive lid (ABGene. Epsom, UK) and placed in a DNA

4 pi 

0.64 pi 

200 ng



Chapter 2 Materials and Methods 72

Engine Thermal Cycler (MJ Research Inc. Waltham, USA). Cycle sequencing was 

performed as follows:

Sequencing program

STEP TEMP TIME (min:sec) PROCESS

1 96°C 0:05 DNA template denaturation

2 60°C 0:10 oligonucleotide annealing

3 72°C 4:00 DNA polymerase extension

4 - - Go to STEP 1, 28 times

The resulting sequencing reactions were stored in the dark at -20°C until needed. 

The 10 pi sequencing reactions were precipitated by addition and thorough mixing of 64 

pi of 100% ethanol and 26 pi of dH20 , then left at RT in the dark for 30 min. Samples 

were subsequently centrifuged at 3500xg for 30 min and the supernatant was removed 

by- inverting the sample onto non-fluorescent tissue paper. Residual ethanol was 

removed by brief centrifugation of the inverted sample at a minimal velocity. Pellets 

were dried and resuspended in 5 pi of denaturing PAGE loading dye. This was 

denatured at 96°C for 2 min and held on ice. Polyacrylamide gels were made using 36 

cm well-to-read ABI plates. A 5% gel mix was made using 10.8 g of urea, 3 ml of Long 

Ranger® acrylamide, 3 ml 10X TBE, 15.6 ml of dH20 , 150 pi of 10% APS and 21 pi of 

TEMED and allowed to set for 2 hours. Fluorescent sequencing samples were loaded on 

the gel and electrophoresed using 1 x  TBE on an ABI377 DNA fragment analyser 

(Applied Biosystems. Foster City, USA). Raw data gels were saved for later analysis on 

an Apple computer (Apple. Cupertino, USA). Gel images were analysed using the 

Sequencing Analysis v3.4.1 Package (Applied Biosystems. Foster City, USA).

2.2.7 Genomic BA C fingerprinting

BAC clones were restriction enzyme analysed using the published method of 

fluorescent fingerprinting of genomic clones [Gregory et al., 1997]. BAC clone DNA 

(approximately 200 ng) was used for digestion. To the DNA a fingerprinting mixture 

was added, composed of 2.8 U of H indlll, 3 U of Sau3Al, 3.7 U Thermo Sequenase, 1 

pi of NEB buffer 2, 0.2 pi of fluorescent dideoxy adenosine triphosphate ddATP (10 

pM; Applied Biosystems. Foster City, USA) and the final volume was adjusted to 20 pi
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with To.iE. A set of three clones were analysed together. The fingerprinting reaction for 

each was performed as described, however each of the three clones was fingerprinted 

using a different fluorophore labelled ddATP (the first clone was labelled with HEX 

ddATP, the second with TET ddATP and the third with NED ddATP). Reactions were 

incubated at 37°C for 1 hr. Digest products were precipitated by adding 7 pi of 0.3 M 

NaOAc and 40 pi of 100% ethanol. This mixture from three differently labelled BAC 

clone digests was pooled and centrifuged at 3000xg for 20 min at 20°C. The supernatant 

was discarded and the pellet washed in 100 pi of 70% ethanol, centrifuged at 3000xg 

for 10 min at 20°C, air-dried and resuspended in 5 pi of To.iE. To each pooled sample, 2 

pi of marker solution was added and then denatured at 80°C for 10 min and held on ice. 

Samples were electrophoresed on an ABI377 DNA fragment analyser (Applied 

Biosystems. Foster City, USA), using 12 cm well-to-read, 4.5% denaturing 

polyacrylamide gel. Raw data gels were saved for later analysis using Sanger ‘in-house’ 

fingerprinting software. In brief, this entailed the analysis of the gel image using Image 

software (www.sanger.ac.uk/Software/Image), whereby the package produces a 

normalised banding image for each restriction digest. These standardised digest patterns 

were subsequently interpreted using FPC software v4.0 

(www.sanger.ac.uk/Software/FPC), an interactive program which builds contigs from 

fingerprinted clones after they have been standardised with Image software [Soderlund 

et al., 2000].

2.2.8 Hybridisations

Tertiary screen BAC nylon filters were made as follows. BAC clones were 

picked from a glycerol stock and used to inoculate 1 ml of LB broth supplemented with 

25 pg/ml chloramphenicol, then grown at 37°C in a shaking incubator for 16 hr. Using 

an ‘in-house’ gridding robot, the cultures were used to inoculate a gridding hedgehog 

(sterile 96 pin tool) and spotted onto a Hybond N+ nylon membrane. Filters were 

placed, inoculum side up, on LB agar supplemented with chloramphenicol (25 pg/ml), 

and grown at 37°C for 16 hr. Filters were removed from the media and placed colony 

side up onto Whatman 3MM paper (pre-soaked in 10% SDS) and left for 4 min. Filters 

were subsequently transferred to Whatman 3MM paper soaked in 0.5 M NaOH/1.5 M 

NaCl and incubated for 10 min, after which the filters were placed on a dry piece of 

3MM Whatman paper and left for a further 10 min. The filters were neutralised by

http://www.sanger.ac.uk/Software/Image
http://www.sanger.ac.uk/Software/FPC
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submerging in 0.5 M Tris-HCl pH 7.4/1.5 M NaCl for 5 min, and gently agitated in an 

orbital shaker. This step was repeated. A series of washes were performed by agitation 

in 2 X  SSC/0.1% SDS for 5 min, 2 X  SSC only for 5 min and finally rinsing twice in 50 

mM Tris-HCl pH 7.4 for 5 min. The filters were air-dried (colony side up) on dry 3MM 

Whatman paper. When nearly dry, the DNA was fixed onto the filters by UV treatment 

using a Stratalinker 2400 (Stratagene. La Jolla, USA).

Library screen or tertiary screen filters were pre-hybridised in Church 

hybridisation buffer [Church and Gilbert, 1984] and incubated for 3 hr at 65°C with 

gentle rocking. Radioactive PCR probes were generated using the described method 

(Section 2.2.3.2).

For library screens, PCR probes were pooled for each STS bin (Appendix I). To 

the combined probes, a competition mixture was added, composed of 125 pi of total 

human placental DNA (10 mg/ml), 125 pi of 20 X SSC and 5 pi of Poly (dA-dC)-Poly 

(dG-dT) (1 mg/ml). The final volume was adjusted to 500 pi with dH20 . The probe 

mixture was denatured at 96°C for 5 min, held on ice for 2 min then added to the pre

hybridising filters. The probe mixture was left to hybridise to the filters overnight at 

65°C with gentle agitation.

For tertiary screens, each probe individually was combined with the competition 

mix and incubated with one tertiary filter only.

All filters were subjected to stringency washes the following day. In brief, the 

filters were washed twice in 2 X  SSC (RT), twice in 0.5 X SSC/1% SDS for 30 min at 

65°C with agitation and finally twice in 0.2 X SSC (RT). Filters were covered in Saran 

wrap and exposed to Fuji Medical X-ray film for 2 days at -80°C.

Probes were stripped from the filters by placing in 0.4 M NaOH and incubating 

at 42°C for 40 min with agitation. The filters were then placed in stripping solution II 

and again incubated at 42°C for 40 min with agitation. Filters were briefly rinsed in

0.2 x  SSC and air-dried. Filters were stored at room temperature.

2.2.9 Sequence variant screening

2.2.9.1 SSCP

Genomic PCRs (10 pi) were performed as described in Section 2.2.3. PCR 

sample (3 pi) was combined with 5 pi of denaturing PAGE loading dye and the final
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volume adjusted to 10 pi with dH20. This mixture was denatured at 96°C for 5 min and 

chilled on ice prior to loading on a 6% polyacrylamide gel. Gels were made using 5 ml 

of MDE (mutation detection) solution, 1.2 ml of 10X TBE, 1 ml of glycerol (100%), 14 

pi of TEMED, 100 pi of APS and the final volume adjusted to 20 ml with dFLO. Gels 

were allowed to polymerise for 2 hr at RT. PCR samples were electrophoresed on the 

gel in 0.6 X TBE using a Maxi Slab apparatus (ATTO Corporation. Tokyo, Japan) at 

RT, 150 V for 6 hr. DNA was visualised by silver staining. Gels were fixed for 10 min 

in 10% (v/v) ethanol/0.5% (v/v) glacial acetic acid, rinsed in dFLO, stained for 10 min 

in 0.1% (w/v) silver nitrate, rinsed again in dFLO, developed in 0.375 M NaOPl/0.1 % 

(v/v) formaldehyde for 20 min, rinsed a further time in dF^O and finally fixed for 10 

min in 0.07 M Na2C0 3 .

22.9.2 DHPLC

Genomic PCRs (20 pi) were performed as described in Section 2.2.3. using the 

PCR primers LMNAex8F and LMNAex8R (Table 2). The PCR samples were 

subsequently denatured (96°C for 5 min) and slowly cooled (-l°C/m in) to allow 

heteroduplex formation. 5 pi of the heteroduplex PCRs were combined with 5 pi of 

dPpO and analysed on the WAVE™ Fragment Analysis System (Transgenomic Inc. 

San Jose, USA). The WAVE system had previously been optimised to successfully 

detect known mutations in the LMNA exon 8 amplicon. A method was developed 

involving a separation temperature of 62°C which allowed efficient detection of 

heteroduplex DNA. Detection of DNA, as it was released from the alkylated surface of 

the column, was achieved using an ‘in-system’ UV laser set at X= 260 nm. The length 

of retention time was compared to the detection of DNA in the eluate.

22 .10  Cloning methods

2.2.10.1 Preparation o f ultra chemically-competent E. coli

E. coli (DH5a or BL21) were made chemically competent using the Inoue 

method [Inoue et al., 1990]. An overnight culture of E. coli was grown in 2 ml of LB 

broth at 37°C, shaking at 300 rpm. 1 ml of this culture was used to inoculate 500 ml of 

LB broth supplemented with 2.5 ml of 2 M M gCU This culture was grown at 20°C 

shaking at 100 rpm for 15-24 hr or until OD600 = 03-0.6. Bacteria were centrifuged at
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2500xg  for 10 min at 4°C, the supernatant was discarded and the pellet gently 

resuspended in 150 ml of transformation buffer (4°C). The suspension was re

centrifuged at 2500xg for 10 min at 4°C, the supernatant discarded and the pellet 

resuspended in 40 ml of transformation buffer containing 3 ml of 100% DMSO. 

Resuspended bacteria were aliquoted into a series of centrifuge tubes and ‘snap-frozen’ 

in liquid nitrogen. Tubes were stored at -80°C until needed.

2.2.10.2 Digestion o f plasmid and insert

Cloning PCRs were generated as described in Section 2.2.3.4. PCR (95 pi) was 

column-purified using a Qiagen PCR purification kit following the manufacturer’s 

protocol. Purified PCR products were resuspended in 30 pi of dH20. Either PCR 

products or plasmids containing the required insert were digested with the appropriate 

restriction enzymes (Table 3 and 4), along with the acceptor vector. In general, 3 pi of a 

10 x  restriction enzyme buffer (compatible for both enzymes) and 5 U of each enzyme 

were combined with 2 pg of plasmid DNA or 26 pi of purified PCR and the final 

volume adjusted to 30 pi with dH20 . Reactions were incubated at 37°C for 2-3 hr, then 

electrophoresed on an agarose gel (Section 2.2.4). Insert and vector DNA were viewed 

on a trans-illuminator and excised with a scalpel. DNA was purified using a Qiagen gel 

purification kit following the manufacturer’s protocol. Digested DNA was resuspended 

in 30 pi of dH20  and stored at -20°C. DNA was quantified using gel electrophoresis by 

comparing band intensity to a quantified standard.

2.2.10.3 DNA ligation and bacterial transformation

Approximately 20 ng of vector DNA was used in a ligation reaction. Insert was 

combined with vector to give a 3:1 insert:vector ratio (with respect to available termini 

for phosphodiester bond formation). Insert and vector DNA were incubated with 4 pi of 

5X T4 ligation buffer and 1 U of T4 ligase in a final volume of 20 pi (adjusted with 

dH20 )  at 16°C for 12 hr.

Circular plasmids (1 ng) or ligation reactions (10 pi) were transformed into 

chemically competent E. coli D H 5a or BL21 (for protein expression only). E. coli were 

made competent using the method described (Section 2.2.10.1). 100 pi aliquots of 

competent bacteria were slowly thawed and incubated on ice with plasmid for 30 min. 

Bacteria were subsequently ‘heat-shocked’ at 42°C for 90 sec, held on ice for a



(i) Site-directed mutagenesis based cloning

Sense primer 5' - 3' Antisense primer 5' - 3' Extension Template Host vector
pGADGHLipa-Xba TTGCTTGAATGCATAAAGTCTAGAAGCAGATAG

GCTGGCAG
CTGCCAGCCTATCTGCTTCTAGACTTTATGCAT
TCAAGCAA

23 minutes pGADGHLipa (Y2H 67) pGADGH

pGBDULMNA389K486N ACCGGTTCCCACCAAATTTCACCCTGAAGGCTG
GG

CCCAGCCTTCAGGGTGAAATTTGGTGGGAACCG
GT

10 minutes pG BDULM NA389 pG BDU cl

pGBDULMNA389R453W GGAGGGCAAGTTTGTCTGGCTGCGCAACAAGT ACTTGTTGCGCAGCCAGACAAACTTGCCCTCC 10 minutes pGBDULM N A389 pG BDU cl

pGBDULMNA389R482W TCCCTTGCTGACTTACTGGTTCCCACCAAAGTT
CA

AACTTTGGTGGGAACCAGTAAGTCAGCAAGGGA
TC

10 minutes pG BDULM NA389 pG BD U cl

pGBDU mLmna379R482W TTGATGACCTATTGGTTCCCACCGAAG CTTCGGTGGGAACCAATAGGTCATCAA 10 minutes pGBDUmLmna379 pG BDU cl

pGBDUSREBPlaFL+1 GGAATTCCCCGGGGGATCCCATGGACGAGCCAC
CCTTCA

TGAAGGGTGGCTCGTCCATGGGATCCCCCGGGG
AATTCC

20 minutes pG BDU SR EBPlaFL pG BDU cl

(ii) Sub-cloning

Donor vector Acceptor vector Digest of insert Acceptor sites Host vector
pCILipa pGADGHLipa-Xba pCI-neo EcoRl  & Xbal EcoRl  & Xbal pCI-neo
pCILMNA IMAGE 897544 pCI-neo Sail  & Notl Sail  & Notl pCI-neo
pCISREBPlaFL pG BDUSREBPlaFL pCI-neo FcoRI (partial) & Sail EcoRl  & Sail pCI-neo

pBSGal4mLmna379 pGBDUmLmna379 pBS-SK Hindll l  (partial) & Bglll Hindlll  & Bglll pBS-SK
pGADGHSREBPlaFL pGBDUSREBPlaFL+1 pGADGH BamHl  & Sal I BamHl  & Xhol pGADGH

Table 4. Further cloning methodology.(i) Site-directed mutagenesis based cloning was achieved using overlapping sense and antisense 
primers with the engineered nucleotide change. With these primers a polymerase-based reaction was performed using the relevant 
vector DNA as template, adjusting the extension time according to the size of the plasmid, (ii) Subcloning methodology was utilised to 
transfer a cDNA insert from one vector (donor) to a second vector (acceptor) using the corresponding restriction enzymes.
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further 2 min, then plated onto LB agar media containing the appropriate selective 

antibiotic (50 pg/ml ampicillin or 30 pg/ml chloramphenicol). Bacteria were incubated 

at 37°C overnight. Bacterial plates were stored at 4°C until needed.

2.2.10.4 Growth and storage o f bacteria

Bacterial colonies were picked from transformed LB agar plates using a sterile 

tip and used to inoculate LB media. For screening recombinant plasmids several 

colonies were picked and grown in 5 ml LB broth plus appropriate antibiotic at 37°C, 

shaking at 300 rpm for 16 hr. To grow bacteria harbouring a plasmid with a confirmed 

DNA insert, a single colony was used to inoculate 50 ml of LB broth plus appropriate 

antibiotic, and grown at 37°C, shaking at 300 rpm for 16 hr. For long-term storage, the 

bacterial over-night culture (750 pi) was combined with 250 pi of 80% glycerol and 

stored at -80°C.

2.2.10.5 Prevaration o f plasmid DNA

2.2.10.5.1 Small-scale plasmid preparation

1.5 ml of overnight bacterial culture harbouring the desired plasmid was 

transferred to a centrifuge tube and centrifuged at 16000xg for 1 min at RT. The 

supernatant was discarded and the bacterial pellet used to obtain plasmid DNA, using 

the Qiagen miniprep kit following manufacturer’s protocols. Purified plasmid DNA was 

resuspended in 50 pi of dH^O, then stored at -20°C.

2.2.10.5.2 Large-scale plasmid preparation

Large-scale plasmid extraction was performed by centrifuging 50 ml of 

overnight bacterial culture at 3300xg for 15 min at RT. The supernatant was discarded 

and the bacterial pellet used to obtain plasmid DNA using a Qiagen midiprep kit 

according to manufacturer’s protocols. Purified plasmid DNA was resuspended in 200 

pi of TE, then stored at -20°C. A 100-fold dilution was quantified at a wavelength of 

260 nm. The DNA concentration was calculated using the equation, 1 OD260 unit equals 

50 pg/ml.

Following purification all plasmids were confirmed by restriction enzyme 

digestion using the appropriate enzymes (Table 3 and 4) and direct DNA sequencing 

(Section 2.2.6).
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2.2.10.5.3 BAC clone plasmid preparation

BAC DNA was extracted using a modified method based on the alkaline lysis 

procedure of Bimboim and Doly [Bimboim and Doly, 1979]. Bacterial cultures were 

grown as described (Section 2.2.10.4) and 250 pi were transferred to a ‘U ’-bottom 

microtitre plate and cells centrifuged at lOOOxg for 4 min. The supernatant was 

discarded and the pellet resuspended in residual supernatant by gentle agitation. 25 pi of 

BAC prep solution I were added and carefully mixed. 25 pi of BAC prep solution II 

were then added, mixed as before and incubated at RT for 5 min. 25 pi of BAC prep 

solution III (4°C) was added, mixed and incubated for a further 5 min at RT, after which 

the entire sample was transferred to a 2 pm filter-bottomed microtitre plate (Millipore. 

Bedford, USA), which was placed over a second ‘U ’-bottom microtitre plate containing 

100 pi of isopropanol. The microtitre plates containing the BAC DNA samples were 

centrifuged at 1300xg for 2 min at 20°C. The filter plate was removed and the 

microtitre plate containing flow-through was incubated at room temperature for 30 min, 

before centrifugation at 3500xg for 20 min at 20°C. The supernatant was removed and 

DNA pellet briefly dried before washing in 100 pi of 70% ethanol, followed by 

centrifugation at 3500xg for 10 min at 20°C. The supernatant was removed and residual 

ethanol allowed to dry before resuspending the pellet in 5 pi of To.iE.

2.2.11 Yeast two-hybrid techniques

2.2.11.1 Growth and maintenance o f yeast

The host yeast strain PJ69-4a [James et al., 1996] was streaked onto YPD agar 

and incubated at 30°C for 3-5 days. Yeast colonies that appeared were stored at 4°C. 

Liquid cultures of yeast were made by taking an inoculum of a freshly streaked yeast 

colony and placing in YPD media, then growing for 30°C at 200 rpm for 16 hr.

Yeast harbouring a plasmid were maintained on minimal media supplemented 

with 40 pg/ml uracil, 60 pg/ml leucine, 20 pg/ml histidine and 40 pg/ml adenine. One 

or more of these latter four amino acids was omitted from the media, depending on the 

combinations of plasmids present and the reporter gene assay used (Section 2.2.11.4). 

Yeast grown on minimal media agar were incubated at 30°C for 5-7 days.

Yeast stocks were made by combining 750 pi of overnight liquid culture with 

250 pi of 80% glycerol and were stored at -80°C.
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2.2.11.2 Yeast transformation

Yeast were transformed using the lithium acetate/single-stranded 

DNA/polyethylene glycol method [Agatep et al., 1998]. Yeast were grown in 5 ml of 

appropriate media at 30°C for 16 hr. The OD600 was noted using a 1 in 10 dilution and 

the cell density calculated (1 OD600 unit ~ 1 x 107 cells/ml). The overnight culture was 

used to inoculate 50 ml of pre-warmed YPD to give a starting cell titre of 0.5 x 106 

cells/ml. This culture was grown at 30°C, shaking at 200 rpm for 5 hr (or until OD6oo ~ 

2). The culture was transferred to a sterile tube and centrifuged at 3000xg for 5 min at 

RT. The supernatant was discarded and the pellet resuspended in 25 ml of dEbO and 

recentrifuged at lOOOxg for 5 min. The supernatant was again discarded and the pellet 

resuspended in 900 pi of d t^O , transferred to a centrifuge tube and centrifuged at 

16000xg. The supernatant was discarded and the pellet resuspended in approximately 

700 pi of 0.1 M LiOAc (or sufficient to adjust the final suspension to 1 ml). The 

suspension was incubated at 30°C for 10 min, after which the cells were pipetted in 100 

pi aliquots. Each aliquot was centrifuged at 16000xg for 1 min and the supernatant 

removed. Transformations were performed by adding the following constituents to each 

cell pellet in the order stated:

Transformation set-up
1. 240 pi of 50% (w/v) P E G 4 0 0 0

2. 36 pi of 1M LiOAc

3. 50 pi of ss-Herring Sperm DNA (2 mg/ml)

4. 100 ng of plasmid DNA

5. add dPpO to a final volume of 360 pi

This mixture was gently pipetted to thoroughly mix the constituents and 

incubated at 30°C for 30 min. Yeast cells were subsequently heat-shocked by incubating 

the mixture at 42°C for 30 min. The cells were centrifuged at 16000xg, the supernatant 

removed and the pellet resuspended in 200 pi of dH20. The transformed yeast were 

plated onto appropriate media.
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2.2.11.3 Library screen

Using varying amounts of 3T3-L1 cDNA library DNA (100 ng -  1 pg), an 

optimal transformation (performed as described in Section 2.2.11.2) efficiency of 1 x 

105 transformants/pg was obtained using 1 pg of library DNA in a IX scale 

transformation (Appendix III).

PJ69-4a harbouring the bait plasmid was grown in 50 ml of selective medium 

lacking uracil for 16 hr at 30°C shaking at 200 rpm. The next day, the yeast were diluted 

in 300 ml of pre-warmed YPD (30°C) to give a starting cell titre of 0.5 x 106 cells/ml. 

The culture was incubated at 30°C shaking at 200 rpm until OD6oo = 2. The culture was 

transferred to a centrifuge tube and centrifuged at 3000xg for 5 min at RT, the 

supernatant was discarded and the pellet washed in 150 ml of dH20 . The cells were 

recentrifuged at lOOOxg for 5 min and the pellet resuspended in sufficient dH20 to give 

a final volume of 6  ml. This suspension was centrifuged 16000xg for 5 min, the 

supernatant discarded and a transformation mix was added as described in Section 

2 .2 .1 1 .2 , except that all of the constituents were scaled up sixty times and 60 pg of 

library DNA were used. Subsequent incubations and heat-shock routines were carried as 

described above and the final pellet resuspended in 20 ml of dH20 . This transformation 

reaction was split into 4 and plated out onto four 24 x 24 cm plates containing minimal 

agar medium lacking uracil, leucine and histidine, supplemented with 10 mM 3-AT. 

Plates were incubated at 30°C for 10 days, after which they were stored at 4°C.

2.2.11.4 Reporter gene assays

2.2.11.4.1 Selective growth assay

Transformed yeast colonies were picked from solid media plates and streaked 

onto selective media. Generally, the selective medium lacked the amino acids required 

for maintaining plasmids (uracil, leucine or both) and was additionally deficient in 

either of the auxotrophic reporter amino acids, histidine, adenine or both. When 

histidine was omitted from the medium, 10 mM 3-AT was added to reduce background 

growth.

2.2.11.4.2 B-galactosidase assay

Transformed yeast colonies were picked from solid media plates and used to 

inoculate 5 ml selective liquid media, then incubated at 30°C shaking at 200 rpm for 18
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hr (or until OD = 1-2). Cells were centrifuged at llOOxg for 5 min and the supernatant 

discarded, then resuspended in 110 pi of fresh lacZ buffer. Following a 1 in 100 dilution 

in' lacZ buffer, the OD600 was noted. 100 pi of cell suspension were added to a further 

900 pi of lacZ buffer, 10 pi of 0.1% (w/v) SDS and 20 pi of chloroform. The sample 

was vigorously vortexed for 10 sec then incubated at 30°C for 15 min. 200 pi ONPG (4 

mg/ml in 0.1 M K2PO4) was added and briefly vortexed for 5 sec. The samples were 

incubated at 30°C and the time noted. Upon the development of a yellow colouration, 

the reaction was stopped by the addition of 200 pi of 1 M Na2CC>3. The time of reaction 

was noted. The sample was centrifuged at llOOxg for 5 min and the OD420 of the 

supernatant was recorded. (3-galactosidase activity was expressed as specific units and 

was calculated using the formula below.

jj. 1 0 0 0  x  OD 420 

(0  X (v) x  OD60o

where t = time of reaction in minutes

v = volume of cells used in assay (ml)

OD420 (absorbance of o-nitrophenol)

O D 6oo ( c e l l  density at start of assay)

2.2.11.5 Plasmid rescue

Yeast cells were grown at 30°C in YPD or appropriate selective media shaking 

at 2 0 0  rpm. 1 ml of culture was centrifuged at 600xg for 2  min, and the supernatant 

removed. A yeast plasmid rescue kit was utilised to extract plasmid DNA from the yeast 

cell pellet using zymolyase to lyse the cells. Plasmid samples were resuspended in 35 pi 

TE. 5 pi of this sample were used to transform E. coli D H 5a (Section 2.2.10.3).

2.2.12 Protein methods

2.2.12.1 In vitro translation o f plasmids

The TNT® Quick Coupled transcription/translation system was used to in vitro 

translate plasmid borne cDNA sequences downstream of a T7 promoter. Purified 

plasmid (1 pg) was combined with 2 pi of L-[35S] methionine, 40 pi of TNT® master
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mix and the final volume adjusted to 50 pi with nuclease-free dK^O. Samples were 

incubated at 30°C for 90 min then stored at -80°C until needed.

2.2.12.2 GST protein expression and purification

E. coli BL21 was transformed with pGEX4T3 expression plasmid or the 

engineered construct pGEXLMNA389 (Table 3). A single colony was used to inoculate 

5 ml of LB media supplemented with ampicillin (50 pg/ml) and grown at 200 rpm, 

37°C for 16 hr. The culture was used to inoculate 45 ml of pre-warmed LB plus 

ampicillin (50 pg/ml), then grown for 2 hrs at 37°C shaking at 300 rpm. EPTG was 

added to a final concentration of 0.5 mM and the bacteria grown under the same 

conditions for a further 1 hour. The bacterial culture was transferred to a sterile tube and 

centrifuged at 3300xg for 10 min at 4°C. The supernatant was removed and the pellet 

resuspended in 5 ml of 1 x  PBS (4°C). Cells were sonicated twice for 10 sec, followed 

by centrifugation at 15000xg at 4°C for 10 min. The supernatant was collected and 1 ml 

of 50% glutathione-Sepharose 4B (prepared following manufacturer’s instructions) was 

added. The mixture was incubated at RT for 30 min with rotation. The sample was 

centrifuged at 500xg at 4°C for 5 min and the supernatant discarded. The beads were 

washed in 5 ml of NETN buffer and centrifuged at 500xg at 4°C for 5 min. This wash 

was repeated a further two times. The beads were resuspended in 500 pi of NETN 

buffer (4°C), aliquoted into 100 pi volumes and stored at 4°C until needed.

2.2.12.3 GST pull-down

100 pi of GST purified protein, coupled to sepharose beads (Section 2.2.12.2) 

were incubated with 20 pi of in vitro translated protein (Section 2.2.12.1). The final 

volume was adjusted to 500 pi with NETN buffer (4°C). All samples were incubated at 

4°C on a rotating wheel for 15 hr. Samples were centrifuged at 16000xg for 1 min, the 

supernatant discarded and the beads washed in 500 pi of fresh NETN buffer (4°C). This 

was performed a total of three times. All samples were dried in a speedivac centrifuge 

under a vacuum, using heat for 10-15 min until residual buffer had been removed. 20 pi 

of 2X protein sample buffer were added to the beads and heated to 96°C for 5 min. 

Samples were stored at -80°C until needed.
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2.2.12.4 SDS-PAGE analysis o f proteins

Protein samples resuspended in 2 X  SDS-PAGE loading dye were heated at 

96°C for 3 min prior to gel electrophoresis. SDS polyacrylamide gels were cast in 10 x 

7 cm glass plates using the Protean III casting apparatus (Biorad. Hercules, USA). Gels 

were made in two sections, an upper 4% stacking gel and a lower section high- 

percentage separation gel. For a 7.5% gel, the lower gel was made using 1.5 ml of lower 

buffer, 1.5 ml of protogel, 3 ml of dH2 0 , 75 pi of 10% APS and 5 pi of TEMED; for a 

1 0 % gel the same volumes were added with the exception of 2  ml of protogel and 1 ml 

of dH2 0 . Gels were overlaid with isopropanol to ensure level setting and left to 

polymerise for 30 min. The isopropanol was washed off using dH2 0  and the stacking 

gel poured on top of the lower gel. The stacking gel was composed of 325 pi of 

protogel, 625 pi upper buffer, 1.5 ml dH2 0 , 75 pi APS and 5 pi of TEMED and left to 

polymerise for a further 30 min. Protein samples (up to 25 pi) were loaded on the 

appropriate percentage SDS-PAGE gel and electrophoresed at 150 V for 1 hr in IX 

SDS-PAGE running buffer.

Gels were fixed in SDS-PAGE stain, with gentle agitation for 20 min and 

washed in destain several times for 30 min, or until background blue staining 

disappeared. Gels were dried on Whatman 3MM paper using a gel drying apparatus 

(Biorad. Hercules, USA).

2.2.13 Database analyses

All computerised analyses were carried out using an Apple G4 computer (Apple. 

Cupertino, USA). In general, DNA and protein single-letter code sequence (Appendix 

IV) was manipulated in a text-editing program, and analysed using Genejockey 

software (Biosoft. Cambridge, UK). Genejockey was used to identify restriction enzyme 

sites in DNA sequence and to translate DNA sequence into amino acid sequence.

Retrieval of DNA and protein sequence was achieved using the Entrez database 

at NCBI [Wheeler et al., 2001]. Comparison of sequences was carried out using the 

nucleotide and protein BLAST server databases [Altschul et al., 1990].

Amino acid sequence was analysed for motifs and domains using a range of 

software available on the Internet (Appendix V).
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3 GENETIC REFINEMENT OF THE FPLD LOCUS AND 

CONSTRUCTION OF A PHYSICAL MAP AT lq21

3.1 Recombination-based refinement of the FPLD critical interval

3.1.1 Introduction

The advent of molecular biology techniques and the identification of a new class 

of markers, the highly polymorphic microsatellites [Weber and May, 1989], is central to 

rapid identification of disease causing genes by positional cloning [Collins, 1995]. The 

abundance of these markers and their simple analysis (using the cost-effective method 

of PCR) permits the swift identification of a disease locus using linkage-based analyses 

and the subsequent refinement of a large genetic interval.

Initial linkage analyses are performed to identify a chromosomal segment which 

harbours the mutated gene. Large pedigrees in which the disease gene segregates are 

extremely useful. Each meiosis provides information which aids in the identification of 

a disease-associated locus. The procedure entails the genotyping of equally spaced 

genetic markers to determine their allelic state; followed by statistical analysis to 

identify those alleles which segregate with the disease phenotype [Chung and Gardiner, 

1996]. The identification of an allele or set of alleles (haplotype) that is inherited with 

the disease from parent to offspring indicates the proximity of the defective gene to 

these markers. These linkage analyses serve to identify a chromosome or 

subchromosomal region; thereupon a critical survey of genes in the interval is 

performed to identify an attractive biological candidate. Marfan syndrome was mapped 

by linkage analyses to the long arm of chromosome 15 [Kainulainen et al., 1990], to 

which the fibrillin gene had also recently been mapped [Magenis et al., 1991]. This 

gene was considered to be a good biochemical candidate for disease and subsequently 

mutations were identified within it [Dietz et al., 1991]. However, in most cases, a 

biological candidate gene has not been mapped to the chromosome associated with the 

disease and further analyses are necessary to pinpoint the genetic interval containing the 

defective gene. The follow-up investigation of a linkage-based study requires the 

recognition of a group of markers which are consistently inherited with the disorder. 

The analysis of every genetic marker within and surrounding this interval is necessary 

and should be performed in all available members from every affected family. The
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construction of haplotypes will indicate the haplotype which is likely to be harbouring 

the disease gene. Careful observation should then be employed to determine when a 

recombination has occurred and when a section of the disease haplotype is transmitted 

with or without the disease. Recombinations aid in the identification of proximal and 

distal boundaries for the disease critical interval and can dramatically reduce the size of 

the disease gene-harbouring segment. These techniques are pivotal in the localisation of 

the mutated gene and allow the systematic consideration of mapped genes, which might 

have previously been thought not to be causative to the studied disorder.

3.1.2 Linkage o f FPLD to lq21-22

FPLD, although initially considered to be X-Linked [Kobberling and Dunnigan, 

1986], was later recognised to be an autosomal dominant disorder [Jackson et al., 1997]. 

Jackson and colleagues ascertained two multigenerational FPLD families from the UK 

[Jackson et al., 1998]. A second group from the USA also identified five extended 

FPLD families [Peters et al., 1998]. Both groups performed linkage analyses using a 

genome-wide panel of microsatellite markers and mapped the FPLD locus to the long 

arm of chromosome 1. Haplotype analysis defined a 21.2 cM interval at lq21 between 

the proximal marker D1S2881 and the distal marker D1S484. Subsequent studies 

identified a smaller critical interval also at lq21, between the markers D1S305 

(proximal) and D1S1600 (distal), an estimated 5.3 cM region [Peters et al., 1998]. 

Comparison of two genetic maps [Murray et al., 1994; Dib et al., 1996] positioned the 

latter critical interval within the interval identified by Jackson and colleagues.

3.1.3 Patient ascertainment

Two previously reported families (Fam 1 and Fam 2) were used for genotyping 

of microsatellites saturated in the lq21 region [Jackson et al., 1998]. A further 7 

families (Fam 3-9) were ascertained and all patients underwent detailed auxological 

examination. Skin fold thickness, muscle hypertrophy and phlebactasia (accentuated 

appearance of subcutaneous veins) were considered reliable phenotypic criteria. All 

families used in reducing the critical interval by haplotype analyses are described in 

Table 5. Blood samples were obtained from family members and used for microsatellite 

analysis.
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Number Origin Number of affected members
Fam 1 Leicester, UK 11

Fam 2 Bristol, UK 8

Fam 3 Bristol, UK 4

Fam 4 Norfolk, UK 3

Fam 5 Northampton, UK 8

Fam 6 Norwich/Blackpool, UK 5

Fam 7 Maastrict, NL 8

Fam 8 Hanover, Germany 3

Fam 9 Rotterdam, NL 3

Table 5. Nine FPLD families ascertained from north Europe. Each family was 
numbered as chronologically ascertained. The most prevalent family location, 
alongside the number of individuals suffering from FPLD in each family was 
noted.
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3.1.4 Construction ofhaplotypes fo r  FPLD pedigrees

In this study, every member of the 9 FPLD families (Table 5) was fluorescently 

genotyped for the microsatellite markers listed in Table 1. In each family a disease 

haplotype was identified and correlated with the presence of the FPLD phenotype.

The identification of a disease haplotype in each family substantiated linkage of 

the FPLD locus to lq21. The saturation of markers above, between and below the 

microsatellites D1S305 and D1S1600 confirmed that the critical interval localised 

between these two markers.

3.1.5 Identification o f proximal and distal recombinants

Families 7 and 8  (Figures 8  and 9 respectively) provided two recombination 

events at lq21 which permitted the reduction of the FPLD critical interval. The 

proximal (centromeric) recombination was identified in individual 11:6 in Family 7. The 

parents of this individual were not available for study and thus their haplotypes were 

inferred by the frequency of haplotype combinations observed in generation II. The 

disease haplotype was constructed using genotypes from individuals 111:1 , 111:2 and 11:2 . 

This haplotype was consistently found in all FPLD patients. Individual 11:6 has a 

recombination between markers D1S2346 and D1S305. D1S305 was homozygous in the 

mother and thus is uninformative for mapping the precise location of the recombination 

event. The recombination provides a new proximal boundary for the FPLD gene in this 

cohort.

The distal recombinant was observed in individual 111:4 of Family 8 . This 

female, despite being young at the time of ascertainment (age 8  years), on detailed 

examination, had unequivocal evidence of lipodystrophy. The construction of 

haplotypes in this family revealed the presence of a recombination event between 

D1S2721 and D1S2624. These data establish a new distal recombinant further reducing 

the minimum interval for the FPLD locus. Although D1S2624 was approximately 3 cM 

centromeric to D1S1600, precise localisation proved difficult, as these two markers had 

been alternatively positioned on two different genetic maps [Murray et al., 1994; Dib et 

al., 1996]. Taken together the observation of two novel recombinations at chromosome 

lq21 in these two families reduced the FPLD critical interval from a 5.3 cM interval 

bordered by D1S305 and D1S1600 to a 3.8 cM interval between the markers D1S305 

and D1S2624.
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Figure 8. FPLD Family 7. M arkers are denoted in the boxes on the left-hand side, in a genetic order. M arker alleles are given as size o f PCR (m icrosatellite) in bp, 
and used to construct haplotypes. Disease haplotype is shown by a grey box. Individual 11:6 exhibits a recom bination event between m arker D1S2346 and D1S2715 
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Figure 9. FPLD Family 8. Markers are denoted in the box on the left-hand side, in 
a genetic order. Markers alleles are given as size of PCR (microsatellite) in bp, and 
used to construct haplotypes. Disease haplotype is shown by a grey box. Individual 
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3.2 Construction of a physical map at lq21

3.2.1 Introduction

Three years ago (1998) the human genome mapping project was still in the 

developmental phase and although large genomic segments had been cloned and 

sequenced, many regions of the genome had not been thoroughly studied [Collins, 

1995]. Many genome-sequencing centres around the world had concentrated on specific 

regions or chromosomes. The Sanger Centre in Cambridge, UK, had focused its efforts 

on many chromosomes in different organisms of which human chromosome 1 was 

included.

The eventual aim of a positional cloning project is the identification of the 

defective gene which causes the disease under study. Therefore a small genetic interval 

is useful in gene identification; however, it is dependent on the placement of markers 

and genes on a physical map. Genetic maps can only give statistical estimations of the 

position of markers relative to each other and to candidate genes. A physical map 

composed of assembled segments of genomic DNA permits the definitive placement of 

genes and markers. DNA sequencing allows the identification of novel genes and 

markers, greatly aiding in a positional cloning effort.

The physical mapping of the FPLD locus at lq21, in collaboration with the 

Sanger Centre, aided in the identification of novel markers and enabled the placement 

of genes, subsequently considered as candidates for FPLD.

3.2.2 Choice o f methods

Initial physical mapping strategies were based on the cloning of large genomic 

regions (0 .1- 1 .5  megabases) in the cloning vectors, yeast artificial chromosomes 

(YACs) [Chumakov et al., 1995]. A total of 33,000 YAC clones were obtained, 

analysed and found to cover 75% of the human genome. These YACs were assembled 

primarily on STS content as determined by PCR based assays. Genetically positioned 

STSs [Weissenbach et al., 1992; Hudson et al., 1995] were screened against YAC clone 

DNAs and the data used to assemble the YACs into contiguous sequence.

Although YAC clones are capable of carrying large inserts, there are several 

limitations ranging from low transformation efficiency, difficulty in subsequent 

sequence analysis using bacterial cloning techniques, a high degree of insert instability
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and abundance of chimeric clones [Green et al., 1991]. These drawbacks prompted the 

use of large-insert bacterial cloning vectors and a bacteriophage PI cloning system was 

developed (PI artificial chromosomes -  PACs) [Ioannou et al., 1994]. PACs can accept 

inserts in the 70 to 100 kb range. However, a second set of bacterial based vectors, the 

bacterial artifical chromosomes (BACs) were created and able to harbour inserts of up 

to 300 kb [Osoegawa et al., 2001]. Both of these bacterial systems allowed quick 

preparation of DNA and straightforward sequence analysis by subcloning into more 

convenient vectors. They were thus, considered superior to the YAC system even 

though they were typically one-tenth the size. However, the development of PACs and 

BACs did not make the initial YAC maps redundant. In many cases the YAC maps 

were used as a ‘framework’ map to help in the grouping of STSs, a consequence of 

which was the correct choice of physically placed STSs to screen for PAC or BAC 

clones.

As mentioned previously the YAC maps were composed of many chimeric 

clones and the correct grouping of STSs proved difficult. As an alternative to the YAC 

framework maps, a second type of framework map was developed, the radiation hybrid 

(RH) map (Section 1.4.1.1.2). RH maps were considered superior to YAC framework 

maps, as they were not subject to chimeras and deletions [Walter and Goodfellow, 

1993; Walter et al., 1994]. Furthermore, altering the dose of radiation administered to 

the DNA could control the resolution of these maps. The use of these improved 

resources permitted the correct positioning of STSs into discrete chromosomal regions 

(also referred to as bins).

The construction of a physical map at lq21 was achieved with the use of the 

Sanger Centre maps and techniques. Genemap98 formed the foundation of the Sanger 

chromosome 1 RH map [Deloukas et al., 1998]. The final map was composed of 

approximately 5,500 chromosome 1 specific sequence tag sites, many identified from 

public databases [Murray et al., 1994; Dib et al., 1996; Wheeler et al., 2001]. Using this 

RH resource, STSs from chromosome lq21 were divided into four bins (Appendix I). 

These STSs were used to screen the enhanced BAC library (RPCI-11) developed by 

Pieter de Jong [Osoegawa et al., 2001] and standard hybridisation techniques were used 

to identify STS positive clones. STS content was then determined for each clone and the 

novel approach of fluorescent restriction enzyme digest fingerprinting used to order the 

BAC clones into overlapping contigs [Gregory et al., 1997].
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3.2.3 Identification o f BAC clones which map to lq21

The STSs in each pool (Appendix I; primer sequences available from 

www.sanger.ac.uk) were amplified by PCR against genomic DNA to verify that each 

PCR product corresponded to the predicted size for that STS. Radioactive PCR probes 

were made and combined for each lq21 pool. The 25 (pool 1 or 2) or 26 (pool 3 or 4) 

STS probes were incubated against the RPCI-11 library filters. Positive clones were 

identified and recorded on the chromosome 1 specific database lace, which is used to 

update the publicly available database webace every week (www.sanger.ac.uk). The use 

of 102 STSs in library screens identified 812 positive BAC clones from the RPCI-11 

library, which were representative of the entire lq21 genomic interval. These 812 BACs 

were isolated from the other clones in the library and used to create a set of 

chromosome lq21 specific nylon filters. The 812 clones were grown on a single filter 

and 60 copies were made. An example of one of these filters is shown in Figure 10a.

3.2.4 STS content mapping o flq 2 1  BAC clones

Sixty lq21 filters were made to reduce the number of times each filter had to be 

used. It was intended that the 102 original lq21 STSs be put against the filters 

individually, in addition to any other markers or genes known to map near to lq 2 1 , thus 

each filter would only be used two or three times. These screens were termed tertiary 

screens and each STS was individually used to probe the 812 BACs by hybridisation to 

determine the exact STS content of each clone. The 102 STSs were mapped against 

these tertiary filters and scored for their presence or absence (e.g. Figure 10b). As 

before, all data were recorded on the lace database. The polymorphic microsatellites 

used for genotyping also acted as STSs and were probed against the lq21 filters (Table 

1). Hence, each marker was positioned on the lq21 BAC clones. On average a single 

STS hybridised to 5-10 BAC clones.

3.2.5 Contig assembly

The robust method of fluorescent fingerprinting was the predominant technique 

used in contig assembly [Gregory et al., 1997]. This method provides reliable data for 

building contigs, using the restriction digest pattern for each specific section of cloned 

genomic DNA. The 812 BAC DNAs were prepared and fluorescently fingerprinted. The 

raw data gels were analysed using Sanger fingerprinting software (FPC) and the 

fingerprint pattern for each BAC saved for later analysis [Soderlund et al., 2000].

http://www.sanger.ac.uk
http://www.sanger.ac.uk
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b

Figure 10. Example of STS mapping using a lq21 BAC filter, (a) Nylon filter (120 
x 80 mm) showing the positions of the 812 lq21 BACs. (b) Autoradiograph 
identifying the positive BACs for stSG28025, an EST from the disease gene 
interval. The autoradiograph was placed on top of the filter and the positive BACs 
scored. All data were saved in the Sanger Centre chromosome 1 database, lace.
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Once all fingerprints were obtained for the lq21 BACs, the fingerprint patterns 

were used to identify clones which shared segments of genomic DNA. This was 

converted into a digital representation indicating the degree of overlap between adjacent 

BACs. These maps were verified by checking the STS content of the BACs. Analysis of 

one STS was expected to highlight those BACs lying directly underneath. Discrepancies 

were attributed to scoring errors of the autoradiograph against the lq21 filters.

These data permitted the ordering of many of the BAC clones into several 

contigs. Initially four large contigs were generated and contained approximately 50% of 

the STSs used in the tertiary screens. The next procedure was to generate more STS 

content mapping data for these lq21 BACs and attempt to close gaps between contigs 

by generating STSs designed to the protuding ends of the contigs.

3.2.6 BAC end STS walking

Partial sequencing of the RPCI-11 library was achieved by exploiting the 

pBAC3.6 cloning vector which has a T7 and Sp6 promoter sequence at either end of the 

insert site [Kelley et al., 1999]. Sequencing primers against these two sites resulted in 

300-500 bases of DNA sequence, termed T7 sequence or Sp6 sequence. Sequences have 

been generated for most of the RPCI-11 library and were available to download from 

the Internet (www.tigr.org). If a BAC clone was found to be protruding from the end of 

a contig of clones it was checked at TIGR for T7/Sp6 end sequence. If end sequence 

was available an STS was developed by generating novel PCR primers (Appendix II) 

for both ends. Each BAC end STS was used as a normal STS and probed against the 

lq21 filters. This was performed for all protruding ends from all lq21 contigs. These 

new data were used to confirm clone overlap in contigs, recruit more previously un- 

contigged clones or to remodel entire contigs on the strength of the new information. 

The initial tertiary screens resulted in 5 contigs and 23 BAC end clone STSs were 

developed to close these gaps. This was subsequently referred to as walk 1. After this 

the 4 new contigs were reviewed and a further 10 BAC end STSs generated for walk 2. 

This increased the size of the contigs and reduced the overall number to 3. Walk 3 used 

8 BAC end STSs and resulted in only 2 large contigs of clones. The final walk was 

achieved using only 4 BAC end STSs. The final physical map was composed of two 

large contigs consisting of approximately 300 BACs from which a minimum tiling 

pathway of 30 BACs was selected. Those clones chosen to represent the minimum set

http://www.tigr.org
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were done so with reference to the bioinformatic fingerprinting data and correlation 

with STS mapping data (Figure 11).

3.2.7 Integration o f FPLD physical map with pre-existing maps

The markers D1S2345 and D1S2346 were not used in the original library 

screens, but were used in the screens against the lq21 BACs. These two markers were 

at the centromeric end of the FPLD interval and needed to be physically mapped. A 

small physical map spanning 2.5 Mb of DNA had been previously constructed by a 

group searching for genes involved in epidermal growth [South et al., 1999]. This 

contig was composed of 36 clones positioned adjacent to lq21 and had been submitted 

for sequencing at the Sanger Centre. DNA was prepared from these clones and used in a 

direct PCR based assay to determine if the markers D1S2345 and D1S2346 were 

contained within this interval. The marker D1S1664 (www.genethon.fr) was used as a 

positive control as it had previously been placed on this map. D1S2346 was successfully 

positioned on the map and prompted the placement of the next two telomeric markers 

D1S305 and AFMa082wcl (w ww.genethon.fr). D1S305 was not placed on this map, but 

AFMa082wcl was situated at the very telomeric end of the map and additionally 

mapped to several BAC clones from the 812 chromosome lq21 BACs. This new data 

was used to review the fingerprints of all of these AFM a082wcl associated clones and a 

connection was made between these two independently generated physical maps 

(Figure 11).

3.2.8 Physical order o f  microsatellite markers and known genes

The placement of microsatellite markers on the physical map prompted 

comparison to the published genetic order. The position of the proximal and distal 

markers remained constant whereas those, which had little or no genetic distance 

between them, were significantly reordered (Figure 11).

Marker D1S305 was not placed on either of these two large contigs. This marker 

should have been mapped onto clones between D1S2346 and D1S2715. Secondly, the 

block of markers D1S2777, D1S2714 and D1S303 were thought to be ordered as listed. 

However the physical map demonstrated that the true order was D1S303, D1S2777 and 

finally D1S2714. Other uncertainties were also resolved. The tetranucleotide marker 

D1S2140 had previously not been placed on an integrated map; thus the assumed 

location of D1S2140 proximal to D1S2721 was found to be correct.

http://www.genethon.fr
http://www.genethon.fr
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The finding of an altered marker order had no effect on the genotyping of 

microsatellites in FPLD patients. This was because the marker order was found to be 

correct at the proximal and distal recombination sites whereas the reordered central 

markers had no effect on the sites of recombination.

Many known genes were placed on the map including NPR1, DAP3, LMNA and 

INSRR. The lq21 BAC map status with the placement of known markers and genes was 

presented at a chromosome 1 workshop [White et al., 1999].

3.2.9 Current status o f lq21 physical map -  July 2001

Upon the near completion of the physical map, BAC clones were selected for 

direct sequencing at the Sanger Centre. It was hoped that new sequence would enable 

the generation of more STSs to close the gap between the two contigs. The map has 

now been extensively analysed and many BAC clones are in various sequencing stages 

at the Sanger Centre. The lq21 physical map now exists as a single extensive map and 

includes the markers D1S2346 to D1S2624 (the FPLD critical interval). It has been 

joined to many other pre-existing contigs and now spans 8.1 Mb of DNA. Interestingly, 

D1S305 has still not been placed on this map.

3.3 Discussion

The ascertainment of 7 additional families and genotyping of all available 

microsatellite markers enabled refinement of the FPLD locus from 5.3 cM to 3.8 cM. 

Co-segregation of lq21 haplotypes spanning the FPLD critical interval provided strong 

evidence that FPLD was genetically a homogeneous disorder. A further independent 

study confirmed linkage of FPLD to the interval bordered by the markers D1S305 and 

D1S1600 with a maximum LOD score for D1S2721 (see Figure 11) [Anderson et al., 

1999]. Again, no evidence of heterogeneity was observed.

The construction of a physical map was therefore essential in order to place all 

known genes and transcripts within this region, each of which could then be considered 

as a positional candidate for FPLD [Schaffler et al., 1999]. CRABP2 was considered a 

biological candidate due to its action as a molecular chaperone within the cell, 

transporting retinoic acid. The adipogenic transcription factor PPARy is known to form 

a complex with the retinoid X receptor and form an active transcription factor, ARF6, 

capable of directing expression of adipogenic genes (Section 1.1.3.2). The retinoid X 

receptor is only able to interact with PPARy upon binding of the ligand, retinoic acid.
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Thus a defect in CRABP2 could reduce retinoic acid availability and affect transcription 

of adipogenic genes. The positioning of D1S2624 proximal to the potential candidate 

CRABP2 (Figure 11) excluded its role in FPLD.

Thirty characterised genes were placed in the estimated 3 Mb interval between 

D1S2346 and D1S2624. Systematic consideration of all of these genes was carried out 

to identify a potential candidate with respect to adipocyte differentiation. This was 

achieved by reviewing the expression profiles, physical localisation and biological 

candidacy. At this stage the possibility of mutations in a novel transcript were not 

excluded and the generation of lq21 DNA sequence was important in facilitating the 

prediction of novel genes.

Individual 11:8 from Fam 7 (Figure 8) has marked hyperlipidaemia and 

intriguingly the locus for familial combined hyperlipidaemia (FCHL) had also been 

recently located to chromosome lq21 [Pajukanta et al., 1998], implying that FPLD and 

FCHL might indeed be allelic disorders of the same gene.

The overall purpose to the fine mapping of a disease locus and construction of a 

physical map is to define the number of genes considered as causative for the disorder. 

Fine mapping of the FPLD locus excluded all candidate genes in a 1.5 cM region at the 

distal end of lq21 including the candidate CRABP2. The physical map provided the 

resolution of marker order and was used as a resource to map other candidate genes. 

The eventual generation of the lq21 DNA sequence will aid in the prediction of novel 

genes and permit their characterisation with relevance to adipocyte function.

Finally, the generation of the BAC resource at lq21 has contributed greatly to 

the human genome-sequencing project on chromosome 1 and thus will enhance future 

studies in human and medical genetics.
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4 MUTATION DETECTION IN LMNA

4.1 Introduction

A reduction of the FPLD critical interval identified and defined positional 

candidate genes between the markers D1S305 and D1S2624. Candidate genes located 

close to D1S2721 were prioritised as this marker had been shown to be very highly 

associated with the FPLD phenotype [Anderson et al., 1999]. This marker had been 

placed on the BAC clone 54H19 (RPCI-11) alongside the LMNA gene. During the 

search for candidate genes, a single missense sequence variant was identified in a large 

multi generational family with FPLD [Cao and Hegele, 2000]. The LMNA gene had been 

chosen as a candidate for FPLD because of the relatedness of FPLD with an inherited 

disorder proven to be caused by mutations in LMNA [Bonne et al., 1999]. This disorder 

is known as the autosomal dominant variety of Emery-Dreifuss muscular dystrophy 

(EDMD-AD). It was hypothesised that the degeneration of myocytes in EDMD patients 

was analogous to the degeneration of adipocytes in FPLD individuals. Sequence 

analysis of the 12 exons of LMNA revealed a heterozygous mutation at codon 482 

(CGG—»CAG) in exon 8 resulting in the amino acid change, arginine to glutamine 

(R482Q). Five Canadian families had been independently ascertained and all found to 

harbour the R482Q mutation, in each case occurring on the same lq21 microsatellite 

haplotype. These data suggest a founder mutation to account for the segregation of 

FPLD in these families. To exclude the possibility that the sequence variant might 

represent a polymorphism rather than a disease causing mutation, a large cohort of 

control subjects were screened (1000 individuals or 2000 chromosomes). No sequence 

variants were found.

This observation of the R482Q sequence alteration by Cao and Hegele and the 

positioning of LMNA within the critical interval close to marker D1S2721 in this study 

(Figure 11), provided compelling evidence to prompt the analysis of the LMNA gene in 

the 9 FPLD families from north Europe.

4.2 Detection of mutations within LMNA in lq21-linked FPLD 

families

The LMNA gene had been previously mapped to chromosome lq21 [Wydner et 

al., 1996] and its placement on the lq21 BAC physical map confirmed it as a candidate
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for FPLD. The genomic structure of LMNA had been reported [Lin and Worman, 1993] 

and was used to design intronic PCR primers to amplify the whole coding sequence of 

the gene (Table 2). Initially, a proband from each of the nine families was sequenced for 

all 12 exons of LMNA. Missense mutations were found in probands from each family 

and exhibited highly site-specific clustering within exon 8. Heterozygous missense 

mutations were present in either codon 482 or codon 486 of LMNA. Four different 

missense mutations were observed, three localised to codon 482 and one to 486 (Figure 

12). The heterozygous mutation at codon 482 (CGG—>TGG) results in the amino acid 

substitution arginine to tryptophan (R282W) and was observed in Families 1, 2, 4, 7, 8 

and 9. Mutation at the same codon (CGG—>CAG), resulting in the substitution of 

arginine with glutamine (R482Q), was observed in Fam 3 only. Mutation of 

CGG—»CTG (codon 482) changed the amino acid from arginine to leucine (R482L) and 

was identified in Fam 5. These three different mutations at codon 482 were observed in 

a total of 8 FPLD families. The second codon found to be mutated was codon 486. The 

wild-type sequence AAG (lysine) was mutated in Fam 6 to AAC (asparagine). This 

mutation was identified in one family only.

To confirm the causal relationship of the codon 482 and 486 mutations with 

FPLD, their segregation within families was investigated. Codon 482 (CGG) forms part 

of a HpalUMspl restriction enzyme palindrome -  CCGG. Variation in this sequence 

(i.e. in the case of all codon 482 sequence changes) destroys the sequence symmetry; 

hence the HpalUMspl site is lost, resulting in an altered digest banding pattern (Figure 

13a). All individuals (affected, unaffected and married-in) from all 9 FPLD families 

(with the exception of Fam 6) were amplified by PCR for LMNA  exon 8 only, digested 

with Hpall and electrophoresed on an agarose gel. Figure 13b shows the presence of a 

167 bp band in affected individuals in a subset of FPLD families. The 167 bp band was 

present in all FPLD patients who belonged to the same family in which an R482 

mutation had been identified. Several patients had not developed FPLD yet harboured a 

disease haplotype, these individuals all had a mutation at codon 482.

Family 6 possessed a K486N mutation, which did not create or destroy a 

restriction enzyme palindrome. Thus, segregation of this mutation with FPLD was 

observed by direct sequencing (Figure 13b).
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Figure 12. Sequence chromatograms of codon 482 and 486 alterations detected in 
exon 8 of the LMNA gene. Three different single nucleotide mutations were 
observed in codon 482 (dual peaks), resulting in the amino acid change from  
arginine to tryptophan, glutamine, or leucine. Only one mutation was identified in 
codon 486 in Fam 6.
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Figure 13. Co-segregation of LMNA codon 482 and 486 mutations with the FPLD 
phenotype, (a) Representation of LMNA exon 8 (dark grey box) located between 
intronic sequence (light grey boxes). Blue arrows show the position of PCR 
primers used to amplify exon 8, and red dotted lines show the location of HpaW 
sites. The second HpaW site is mutated in FPLD patients and is not cleaved by 
HpaW giving rise to altered digest product sizes, (b) Segregation of each type of 
FPLD mutation in FPLD families. R482W segregates in Family 2, R482Q 
segregates in Family 3, R482L segregates in Family 5. The larger 167 bp band is 
present in those individuals with FPLD only. Family 6 have a K486N mutation 
which does not create or destroy a palindrome sequence and the mutation is shown 
to segregate by direct DNA sequencing.
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To investigate the importance of the two residues, arginine (codon 482) and 

lysine (codon 486), they were compared in different lamin proteins from a range of 

species. In lamin A/C and lamin B1 from humans, mice, rats and chickens the arginine 

and lysine residues were totally conserved. Interestingly, in lamin A from Xenopus 

laevis Arg482 was altered to lysine and Lys486 was altered to arginine. Although the 

evolutionary conservation of these two residues is not retained in the frog, the changes 

were conservative, as both arginine and lysine are basic amino acids.

The finding of 4 different missense mutations in all nine lq21-linked FPLD 

families and co-segregation of these mutations with the FPLD phenotype within 

families, strongly suggested that these mutations caused FPLD. Although Cao and 

Hegele had already sequenced 1000 individuals for exon 8 sequence changes and found 

none, a panel of 50 independently ascertained unaffected DNAs were also screened by 

direct sequencing for exon 8 mutations. None were found and thus it was concluded that 

these mutations were responsible for the FPLD phenotype. Furthermore, the 

evolutionary conservation of these two residues implicated their importance in other 

species.

4.3 Construction of disease-associated haplotypes

The common R482W mutation was identified in six lq21-linked FPLD families. 

Two explanations for this observation were considered; R482W is either a recurrent 

mutation in different families, or, representative of a single ancient mutation that has 

been subsequently transmitted to a subset of FPLD families. Disease haplotypes were 

constructed for each of the six R482W families in order to investigate these 

explanations. Toward this goal, it was essential to identify further microsatellite markers 

in close proximity to the gene.

The physical mapping of the lq21 interval positioned the LMNA gene on several 

BAC clones (Figure 11), of which clone 54H19 had been fully sequenced. A genome- 

sequencing effort (Washington University, USA) had incorrectly mapped BAC 54H19 

to a region on chromosome 16. Bioinformatic BLAST database searches with the 

LMNA cDNA sequence against the HTGS resource (high-throughput genome sequence) 

identified the sequence from BAC 54H19 [Altschul et al., 1990]. Of the 812 BAC 

clones in the lq21 interval, the clone 54H19 had been used to generate BAC end 

sequence STSs at the T7 and Sp6 cloning sites. This had allowed the orientation of the 

clone within the lq21 physical map, which aided in the orientation of the LMNA gene.
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BLAST2 homology analyses localised LMNA to the centromeric end (T7) of the 164 kb 

clone [Tatusova and Madden, 1999], with exon 1 positioned centromeric relative to 

exon 12. The BAC clone 54H19 was screened for additional polymorphic 

microsatellites. Direct sequence analysis identified two (CA)n microsatellites, both 

telomeric to exon 12. One was identified as D1S2721 and situated 40 kb downstream 

from LMNA. The other microsatellite was determined to be novel and situated only 100 

bp downstream to exon 12. The generation of PCR primers (one of which was 

fluorescently labelled; Table 1) to amplify the novel microsatellite and subsequent 

agarose gel electrophoresis revealed it to be highly heterozygous. The sequence was 

submitted to the Genome Database (www.gdb.org) [Letovsky et al., 1998] and a 

recognised marker identifier, D1S3757 obtained. The physical map had now been used 

to correctly order the genetic markers and place the LMNA gene relative to these sites.

Haplotypes were constructed using this true marker order as shown in Table 6. 

In the six R482W families three distinct haplotypes were observed and suggested the 

occurrence of three ancestral mutation events. Thus, the CGG-VTGG alteration in 

R482W is recurrent and this is supported by the likely mechanism of mutation. The 

cytosine in a CG run is often modified by methylation. Sites containing 5- 

methylcytosine provide hotspots for mutation as this modified base may incorrectly be 

deaminated and converted to thymine, resulting in a mismatched G/T base pair. Upon 

DNA replication this results in one strand containing wild-type sequence G/C and the 

other, containing mutated T/A.

These three haplotypes encompassed the LMNA gene and it remains a possibility 

that the allele 265 at marker D1S3757 shared by Families 7, 9, 4 and 8 represents an 

earlier ancestral mini-haplotype. However, definitive data was confined to three 

independent mutational events.

4.4 Screening of additional families and sporadic individuals

The identification of codon 482 and 486 mutations in all FPLD families 

prompted the direct sequencing of the LMNA gene in other FPLD families, previously 

considered too small for haplotype analysis. The first family (Fam 10) was ascertained 

from Birmingham, UK and consisted of an affected girl, her unaffected brother and 

affected father. Sequence analysis of the 12 exons of LMNA revealed a recurrent 

missense mutation at codon 482, R482W (CGG—>TGG; Figure 14a). This was 

identified in the girl and her father and not in the unaffected brother.

http://www.gdb.org
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Fam 1 Fam 2 Fam 7 Fam 9 Fam 4 Fam 8
Marker Leicester Bristol Maastrict Rotterdam Norfolk Hanover

UK UK NL NL UK Germany
D1S2346 99 99 89 99 93 99
D1S305 162 162 162 162 160 170
D1S2715 162 162 160 160 162 162
D1S303 183 183 179 179 179 179
D1S2777 269 269 265 265 269 267
D1S2714 183 183 191 191 183 183
DTS2140 254 254 246 246 254 254
LMNA R482W R482W ! R482W R482W R482W ....R482W ]
D1S3757 241 241 265 265 265 265 |
D1S2721 242 242 244 244 234 234
D1S2624 203 203 205 205 205 205

Table 6. Iq21 haplotypes for FPLD families harbouring an R482W mutation. The 
10 microsatellite markers which were used for haplotype construction are listed 
with allele sizes for each marker on the disease chromosome. Family 1 and Family 
2 share an identical haplotype over the whole locus, Families 7 and 9 share the 
majority of the lq21 markers, and Families 4 and 8 have a small haplotype in 
common. All three haplotypes are distinct from each other and span the LM NA  
gene. The dotted box encloses a possible founder haplotype.
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Figure 14. Identification of further familial mutations, (a) Identification of a 
recurrent mutation R482W (CGG—>TGG) in a previously, lq21 un-linked family. 
Identification of a novel mutation K486N (AAG—»AAT) in a family of Asian 
descent, (b) Identification of a recurrent mutation K486N (AAG—»AAC) identified 
in post-mortem tissue from the proband (arrow) from Dunnigan’s original family 
2 from Inverness. Pedigree shows affected individuals (filled symbols), squares 
represent males and circles represent female, small cross refers to type 2 diabetes.
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The second family (Fam 11), originally of Pakistani descent, was also 

ascertained from Birmingham, UK. Screening of all 12 LMNA exons in the mother and 

daughter revealed the presence of a different FPLD mutation. Codon 486 was found to 

contain a single missense mutation (AAG—»AAT), see Figure 14a. Although this 

mutation was novel, it resulted in the same amino acid change as that seen in Fam 6, 

lysine to asparagine. This mutation was the first identified sequence change observed 

from a family of non-European descent.

All affected members from the original two families described in early FPLD 

reports were now deceased [Dunnigan et al., 1974; M. Dunnigan, pers comm]. 

However, post mortem tissue was made available and originated from the proband of 

family 2 (individual IV:4, Fam 2 in Dunnigan et al. [Dunnigan et al., 1974]). DNA 

extraction from this sample was successful and used to analyse the LMNA gene. A 

recurrent mutation was identified in codon 486, K486N (AAG—>AAC; Figure 14b), 

which was also identified in Family 6. Failure to obtain DNA from other members of 

the family restricted the confirmation of another inherited mutation. However, its 

identification in an original FPLD pedigree strongly implied that this mutation 

(although unproven) was a further familial LMNA mutation.

The finding of LMNA mutation in families previously unlinked to chromosome 

lq21, especially in the family of Asian descent and in an original FPLD family, was 

compelling evidence that these sequence variants were deleterious mutations and not 

co-incidental site-related polymorphisms. The identification of a de novo mutation in an 

FPLD family or sporadic individual would be expected to add weight to the growing 

evidence of LMNA involvement in FPLD. Thus, a cohort of FPLD singletons was 

screened for the whole of the LMNA gene.

Twenty-one singleton FPLD patients were screened for the 12 exons of LMNA. 

DNA samples from all of these patients were sent by clinicians from the UK, with the 

exception of one sample from Israel. In many cases the familial status of these samples 

had not been investigated and their FPLD phenotype was described as ‘unconfirmed’ or 

‘possible’. Such ambiguous FPLD samples were routinely screened. Of these 21 

samples only 4 mutations were observed in the LMNA gene, all within exon 8 and all 

recurrent, R482W (CGG—>TGG). Three of these patients were considered as exhibiting 

a definite FPLD phenotype; the fourth was described as possibly suffering from FPLD 

with an unknown family history. Those considered as definite FPLD patients did not all
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have a verified familial background. Two were known to have affected fathers but DNA 

samples from these individuals were unavailable for study. The other patient had an 

unknown family history. Thus, in the screening of 21 further FPLD patients another 4 

recurrent mutations were identified, of which two are thought to be familial and two 

unknown.

The inherited basis for these two final mutations was not elucidated, as parental 

DNA samples were unavailable. These mutations may either represent de novo 

mutations or add to the list of familial mutations.

Of the remaining 17 singleton samples no mutations were identified. This was 

not considered significant as many of the samples were obtained from clinicians, 

uncertain about the FPLD phenotype. However, several samples were analysed and 

known to be from unequivocal FPLD patients. These four definite FPLD samples were 

from families in which relatives also exhibited FPLD. The FPLD phenotype in these 

patients was not considered atypical, making the absence of LMNA mutation surprising 

given the identification of LMNA mutations in all known FPLD families to date. 

However, as other family samples were unavailable, linkage to lq21 using 

microsatellite markers was unachievable. Thus, it was not determined if these FPLD 

patients were linked to lq21 and the LMNA gene. It is unlikely that a second FPLD 

locus exists given the absence of heterogeneity in linkage studies [Jackson et al., 1998; 

Peters et al., 1998] and the successful identification of exon 8 specific mutations in the 

described FPLD families. Potential promoter or intronic mutation could not be excluded 

by sequence analysis of the coding region of LMNA.

4.5 Collaborative screening of LMNA in other European FPLD 

families

As part of a collaborative effort, the LMNA gene was analysed in a cohort of 

patients ascertained by a group headed by Jacqueline Capeau in Paris, France. They 

identified six FPLD families from France and Italy, in whom the LMNA gene was 

directly sequenced for all 12 exons [Vigouroux et al., 2000]. In all of the six families, 

the recurrent heterozygous R482W (CGG—>TGG) missense mutation was identified and 

consistently segregated with the disease. Mutational analysis of LMNA in a singleton 

with characteristic features of FPLD revealed a further recurrent mutation, R482Q 

(CGG^CAG). Although this patient’s parents were unavailable for study,
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lipodystrophy had been described in the mother, suggesting that the mutation was 

familial.

This group continued non-collaborative screening of the LMNA gene in other 

FPLD patients. Of significant interest was a singleton whose mother was thought to be 

lipodystrophic. Sequencing of exon 8 revealed no deleterious missense mutations. 

However, sequencing of exon 11 revealed a CGC-^CAC transition at codon 584. The 

predicted effect would be the substitution of arginine for histidine (R584H). 

Unfortunately, the inherited basis of this mutation was not elucidated, as other family 

members were not available for study and the segregation of this mutation with the 

FPLD phenotype could not be established. Thus the causal role of the R584H variant in 

FPLD was not definitive. In an attempt to demonstrate R584H was responsible for 

FPLD, a cohort of 100 unrelated control subjects were screened for this mutation. No 

sequence variants were detected and therefore the R584H sequence alteration was 

thought unlikely to represent a polymorphism. This study increased the frequency of 

exon 8 recurrent mutations and also provided a novel FPLD missense mutation, at a 

novel locus, in exon 11. Although 2 singletons were found to harbour disease mutations 

(R482Q and R584H), the proof of a de novo mutation was not obtained and, again, 

these individuals were considered likely to have an FPLD parent.

4.6 Cohort screening of LMNA

Other inherited genetic disorders share some phenotype overlap with FPLD. 

With regard to appearance, CGL and HIV-PI patients present with similar 

morphological features as FPLD patients. Furthermore, the metabolic disturbances seen 

in FPLD are also associated with other more common western world diseases. These 

include hyperlipidaemia and type 2 diabetes mellitus. The screening of representative 

cohorts of these four diseases was achieved by direct DNA sequencing of PCR products 

and the high throughput heteroduplex detection method of DHPLC (Section 1.4.1.3).

4.6.1 CGL

Congenital lipodystrophic patients exhibit similar characteristics compared to 

FPLD patients (Section 1.2.2.1). Although most CGL families have been linked to 

chromosome 9q34, some evidence of genetic heterogeneity has been observed [Garg et 

al., 1999]. It was postulated that unlinked 9q34 CGL might be an allelic disorder caused 

by mutations in LMNA. Four representative patients from CGL families were analysed
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for the whole of the LMNA gene coding sequence. No mutations were identified and it 

was, thus, concluded that CGL is not an allelic disorder of LMNA.

In support of this study, others have also reported an absence of LMNA mutation 

in CGL patients [Vigouroux et al., 2000; Kazlauskaite et al., 2001]. Taken together with 

these two reports, 18 CGL patients have now been screened for mutation in the LMNA 

gene and none have been identified.

Subsequent reports have now identified a second CGL locus and observed 

mutations in a novel gene at l l q l 3  (Section 1.2.2.1) [Magre et al., 2001]. This provides 

additional support for the lack of LMNA involvement in CGL.

4.6.2 HIV-Lipodystrophy

HIV protease inhibitor-associated lipodystrophy develops in HIV infected 

individuals who are treated with protease inhibitors (Section 1.2.3). The appearance of 

these individuals after prolonged PI treatment resembles the FPLD phenotype. It was 

speculated that a mutation in LMNA may present a genetic susceptibility towards 

developing lipodystrophy upon PI treatment. A cohort of sixteen DNA samples from 

individuals exhibiting HIV-lipodystrophy was analysed by direct sequencing, for 

mutations in the LMNA gene. No mutations were identified, leading to the conclusion 

that the LMNA gene does not underpin the development of lipodystrophy in protease 

inhibitor treated HIV patients [Behrens et al., 2000].

4.6.3 FCHL

Hyperlipidaemia is characterised by an elevation of circulating triglycerides 

and/or cholesterol. The inherited disorder familial combined hyperlipidaemia (FCHL) is 

notable for elevated levels of both triglycerides and cholesterol and is linked to 

chromosome lq21 [Pajukanta et al., 1998]. The phenotype overlap of FPLD and FCHL 

with respect to elevated lipid levels in the circulation prompted the sequence analysis of 

the LMNA gene in FCHL patients. DNA samples from 15 independently ascertained 

FCHL patients were obtained and direct sequence analysis was carried out on exon 8, 

the apparent ‘hot-spot’ of FPLD mutation. No sequence variation from wild-type 

sequence was identified in any of the 15 samples, implying that FCHL is not a result of 

mutation in the coding sequence of LMNA  exon 8.
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4.6.4 Type 2 diabetes mellitus

The low success rate of FPLD identification in males and the presence of insulin 

resistance and type 2 diabetes mellitus impelled the analysis of the LMNA gene in 

diabetic patient cohorts. A resource maintained at the Hammersmith Hospital in 

London, UK, was utilised; this was composed of DNA samples from families with type 

2 diabetes mellitus. These DNA samples were ascertained during the period 1995-1998, 

through six research centres in the UK [Wiltshire et al., 2001].

DHPLC was used for high-throughput screening of mutations in these DNA 

samples. The analysis of heteroduplex identification in LMNA exon 8 was optimised 

using the WAVE™ machine (Transgenomic. Omaha, USA). Several different PCR 

samples were generated for exon 8 only against different template DNA. One PCR was 

performed on an R482W harbouring patient, another on a K486N patient and a final 

PCR on an unaffected wild-type sample. These three different samples were passed 

through the DHPLC column and the retention patterns of the DNA samples observed at 

different column temperatures. At a column temperature of 62°C a significant change in 

retention was observed for all three samples (Figure 15). The WT sequence is detected 

as a single sharp peak, whereas the R482W sequence appears as two equally high peaks 

and the K486N mutation appears as a single large peak preceded by two smaller peaks 

of equal height.

All 386 of the diabetic samples were amplified for LMNA exon 8. The samples 

were subsequently denatured and slowly cooled to permit heteroduplex formation. PCR 

samples were plated into 96 well microtitre plates and placed on the DHPLC machine. 

The machine is self-loading and fully automated. Following a sixteen-hour run of 96 

samples the retention plots were analysed for the presence of heteroduplex DNA. Of the 

386 samples, there was 3% PCR dropout, as determined by flat retention plots. Sixteen 

samples gave altered retention plots, but these did not correlate with the standardised 

R482W or K486N plots. In most cases the altered retention plots appeared towards the 

end of a run of 96 samples. Regardless, these 16 samples were subsequently PCR 

amplified and used for direct sequencing. No mutations were identified.

A second cohort of diabetic samples were made available by Prof. S. O ’Rahilly 

(Addenbrooks Hospital. Cambridge, UK). These samples were all independently 

ascertained and known to have a familial background. Fifty DNA samples were
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Figure 15. O ptim isation of D H PLC colum n tem peratu re  on LM NA  exon 8 
amplicons. (a) Retention plots of various LM NA  exon 8 amplicons. A column 
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(b) Overlay of each retention plot described above.
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analysed by direct DNA sequencing for exons 8 and 11 of LMNA. Again, no mutations 

were identified.

Together 436 DNA samples from diabetic patients were screened for mutations 

in exon 8 of LM NA , of which 50 were also screened for mutation in exon 11. The 

absence of sequence alterations indicated that mutation of LMNA is not associated with 

insulin resistance or type 2 diabetes mellitus, nor are FPLD patients incorrectly 

ascertained as diabetic patients.

4.7 LMNA mutation in inherited disorders

FPLD is one of four inherited disorders which are all caused by mutations in 

LMNA. The other three are associated with a defect in myocytes and now considered to 

be allelic disorders of the same gene.

4.7.1 EDMD-AD

Emery-Dreifuss muscular dystrophy (EDMD) is characterised by early 

contractures of elbows, Achilles tendons and postcervical muscles, slow progressive 

muscle wasting and weakness and cardiomyopathy presenting as heart block [Emery, 

1989]. Three modes of inheritance have been described for EDMD, the classic X-linked 

form was first described with the identification of many families with EDMD-X [Emery 

and Dreifuss, 1966]. Subsequently, families with autosomal dominant inheritance 

(EDMD-AD) and autosomal recessive inheritance (EDMD-AR) were reported [Miller 

et al., 1985a; Taylor et al., 1998]. These three forms of EDMD are clinically very 

similar, although it has been proposed that the age of onset and degree of severity for 

EDMD-AD is more variable than EDMD-X [Becker, 1986]. A comparative study of 

EDMD-X and EDMD-AD patients [Bonne et al., 2000] led to the observation of a more 

severe and progressive muscle wasting of the bicep muscles and hypertrophy of the 

quadriceps in the latter. In general EDMD-X patients presented with early contractures 

whereas EDMD-AD patients presented with initial muscle weakness and difficulty in 

running.

The novel gene STA at Xp28 was identified by a positional cloning approach and 

found to be mutated in EDMD-X [Bione et al., 1994]. Mutations were identified which 

resulted in premature truncation of the STA protein. The STA gene encodes a protein of 

254 amino acids and is ubiquitously expressed, with the highest levels observed in 

skeletal muscle and heart. The protein product is termed emerin, possesses a single
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transmembrane domain and spans the inner nuclear membrane (Section 1.3.3.3). Thus 

the importance of emerin in the composition of the nuclear lamina was considered 

significant with respect to EDMD.

EDMD-AD was mapped to lq  11-23, by use of linkage analyses on a large 

French EDMD-AD pedigree and further confirmed in four additional families [Bonne et 

al., 1999]. Fine mapping positioned the EDMD-AD locus between D1S2346 and 

D1S2624 (exactly the same boundaries as the FPLD critical interval identified in this 

study). The approximate positioning of LMNA [Wydner et al., 1996] to this interval and 

the identical cell localisation of lamin A/C as emerin, suggested LMNA be a strong 

candidate for EDMD-AD. Four different heterozygous mutations were identified in the 

five independently ascertained families: one nonsense mutation G6X (CAG—»TAG) and 

three missense mutations R453W (C G G ^TG G ), R527P (CGT—>CCT) and L530P 

(CTC—»CCC). These mutations all segregated with disease in the families, with the 

exception of R453W that arose de novo. In sharp contrast to emerin, where all of the 

mutations caused protein truncation, the majority of the mutations in LMNA are 

missense mutations. Over 25 different EDMD-AD mutations have now been described 

in the literature and are illustrated in Figure 16 (also Table 7).

The sequencing of the LMNA gene in a diagnosed EDMD sporadic patient 

revealed a homozygous missense mutation H222Y (CAC—>TAC) [Raffaele Di Barletta 

et al., 2000]. This patient was described as exhibiting a severe form of muscular 

dystrophy, the parents were first cousins and both were noted to be heterozygous for the 

mutation, yet phenotypically normal. These data formed the basis of the first report that 

mutations in LMNA can also cause the autosomal recessive form of EDMD.

4.7.2 CMD1A

Dilated cardiomyopathy is a disorder of the heart characterised by dilatation of 

the cardiac chambers and impaired systolic contraction and accounts for many cases of 

heart failure world-wide. Approximately, one third of all dilated cardiomyopathy cases 

are familial and inherited as an X-linked or autosomal dominant disorder [Michels et 

al., 1992]. Dilated cardiomyopathy is often accompanied by conduction system defects 

(CMD1A) and a disease locus has been identified at chromosome lp l-q24  [Kass et al., 

1994]. The recognition that EDMD patients exhibit conduction system defects and 

cardiac complications implicated the LMNA gene in dilated cardiomyopathy. LMNA 

was thus sequenced in members from 11 CMD1A families [Fatkin et al., 1999].
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l a m i n  C  ( l o w e r )  d i v i d e d  i n t o  t h e  k n o w n  f u n c t i o n a l  d o m a i n s .  D a r k  g r e y  b o x e s  

r e p r e s e n t  t h e  h i g h l y  c o n s e r v e d  3 0  a m i n o  a c i d  r e s i d u e s  a t  e i t h e r  e n d  o f  t h e  r o d  

d o m a i n .  T h e  a - h e l i c e s  a r e  d i v i d e d  i n t o  t h e  m a i n  s u b d o m a i n s  ( g r e e n  b o x e s ) ;  l i g h t  

g r e y  s h a d e d  b o x  r e f e r s  t o  t h e  t a i l  d o m a i n  c o m m o n  t o  b o t h  l a m i n  A  a n d  l a m i n  C  

a n d  t h e  t w o  c o l o u r e d  b o x e s  i l l u s t r a t e  t h e  l a m i n  A  ( b l u e )  a n d  l a m i n  C  ( r e d )  s p e c i f i c  

d o m a i n s .  B e l o w  a r e  a l l  t h e  k n o w n  m u t a t i o n s  a t  t h e  t i m e  o f  w r i t i n g  ( J u l y ,  2 0 0 1 ) .  

E D M D - A D / A R  m u t a t i o n s  a r e  i l l u s t r a t e d  i n  b l a c k ,  L G M D 1 B  i n  r e d ,  C M D 1 A  i n  

g r e e n  a n d  F P L D  m u t a t i o n s  i n  b l u e .  T h e  s i n g l e  E D M D - A R  m u t a t i o n  i s  d e n o t e d  

w i t h  * ,  a n d  t h e  b o x e d  m u t a t i o n  c a u s e s  a  r a n g e  o f  m y o c y t e  a n d  c a r d i o m y o c y t e  

d i s t u r b a n c e s .  M u t a t i o n s  a r e  w r i t t e n  u s i n g  t h e  s i n g l e  l e t t e r  a m i n o  a c i d  c o d e  

( A p p e n d i x  I V ) .
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Exon Mutation Phenotype Reference
1 Q6X EDM D-AD [Bonne e t  al . ,  1999]
1 Y45C EDM D-AD [Bonne e t  al . ,  2000]
1 R50P EDM D-AD [Bonne e t  al . ,  2000]
1 R60G CM D1A [Fatkin e t  al . ,  1999]
1 163S EDM D-AD [Bonne e t  al . ,  2000]
1 L85R CM D1A [Fatkin e t  al . ,  1999]
1 d ell 12E EDM D-AD [Bonne e t  al . ,  2000]
2 T150P EDM D-AD [Felice e t  al . ,  2000]
3 N195K CM D1A [Fatkin e t  al . ,  1999]
3 E203G CM D1A [Fatkin e t  al . ,  1999]
3 del208K LGMD1B [Muchir e t  al . ,  2000]
4 H222P EDM D-AD [Bonne e t  al . ,  2000]
4 H222Y EDM D-AR [Raffaele di Barletta, 2000]
4 G232E EDM D-AD [Bonne et  al . ,  2000]
4 R249Q EDM D-AD [Raffaele di Barletta, 2000; Bonne e t  al . ,  2000]
4 del260K or 

del261K
EDM D-AD [Felice e t  al . ,  2000; Bonne e t  al . ,  2000]

5 Q294P EDM D-AD [Bonne e t  al . ,  2000]
6 R321-FS CM D1A/EDM D/

LGMD1B
[Brodsky e t  al . ,  2000]

6 R336Q EDM D-AD [Raffaele di Barletta, 2000]
6 E358K EDM D-AD [Bonne e t  al . ,  2000]
6 M 371K EDM D-AD [Bonne e t  al . ,  2000]
6 R377H LGMD1B [Muchir e t  a l . , 2000]
6 R386-FS EDM D-AD [Bonne e t  a l . , 2000]
7 R453W EDM D-AD [Bonne e t  al . ,  1999; Raffaele di Barletta, 2000; Bonne et  

al . ,  2000]
7 N456K EDM D-AD [Bonne e t  al . ,  2000]
8 G465D FPLD [Speckman e t  al . ,  2000]
8 N466-FS CM D1A [Genschel e t  a l . , 2000]
8 I469T EDM D-AD [Raffaele di Barletta, 2000]
8 R482Q FPLD [Shackleton e t  al . ,  2000; Cao and Hegele, 2000; 

Speckman e t  al . ,  2000; Vigoroux e t  al . ,  2000]
8 R482W FPLD [Shackleton et  al . ,  2000; Hegele, 2000; Speckman et  al . ,  

2000; Vigoroux e t  al . ,  2000]
8 R482L FPLD [Shackleton e t  al . ,  2000]
8 K 486N FPLD [Shackleton e t  a l . , 2000]
8 K486N FPLD [Shackleton e t  al . ,  2000]
9 W 520S EDM D-AD [Bonne e t  al . ,  2000]
9 R527P EDM D-AD [Bonne e t  al . ,  1999]
9 T528K EDM D-AD [Raffaele di Barletta e t  al . ,  2000; Bonne et  al . ,  2000]
9 L530P EDM D-AD [Bonne e t  al . ,  1999]
9 E536-FS LGMD1B [Muchir e t  al . ,  2000]

IOC R571S CM D1A [Fatkin e t  al . ,  1999]
11 R582H FPLD [Speckman e t  a l . , 2000]
11 R584H FPLD [Vigoroux e t  al . ,  2000; Hegele, 2000]
11 R644C CM D1A [Genshel e t  al . ,  2000; Speckman et  al . ,  2000]

Table 7. All reported mutations in the LMNA gene. LMNA mutations published 
were identified from several reports (above). Mutations are written using the 
single letter amino acid code (Appendix IV). Frameshift mutations are referred to 
with FS.
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Five missense mutations were identified: R60G, L85R, N195L, E203G and R571S. The 

mutation R571S was identified in the 3 prime section of exon 10 which is specific to the 

lamin C isoform only. The phenotype in this family was reported to be milder than the 

other cases of CMD1 A. Sequence variants were not detected in six CMD1A families.

The phenotypic overlap of CMD1A with EDMD prompted the clinical 

assessment of skeletal muscle in CMD1A patients. Those patients harbouring one of the 

five CMD1A-LMAA mutations did not suffer from skeletal-muscle dysfunction nor 

muscle weakness or joint contractures. These mutations and those described in more 

recent reports are listed in Table 7 and displayed in Figure 16.

4.7.3 LGMD1B

The term ‘limb-girdle muscular dystrophy’ (LGMD) refers to several disorders 

associated with slow progressive muscle wasting and weakness in the limbs and around 

the ‘girdle’ of the body. Several dominant (LGMD1) and recessive (LGMD2) forms 

have been identified. An autosomal dominant form (LGMDIB) has been described with 

additional age-related atrioventricular cardiac system defects, dilated cardiomyopathy 

and absence of early contractures [van der Kooi et al., 1996]. Three LGMD IB families 

were used in a linkage study to identify a LGMD IB locus [van der Kooi et al., 1997]. 

The markers D1S305 and D1S303 provided maximum LOD scores and facilitated the 

positioning of the LGMD IB locus at chromosome lq21. The previous identification of 

LMNA mutations in the related muscular dystrophy (EDMD-AD) suggested LMNA 

mutation in LGMD IB and was thus analysed in three LGMD IB families [Muchir et al., 

2000]. Three novel mutations were identified in each of the families. The first was an 

in-frame deletion of codon 208 (delAAG) resulting in the loss of a lysine residue, 

del208K. The second was a mutation in the splice-donor site immediately after exon 9 

(gtaag—>gtaac). RNA transcript analysis revealed that with this splice-site mutation 

exon 9 is not spliced to exon 10, instead continues through intron 9. The aberrant 

transcript possesses the first 536 normal lamin A/C residues followed by 35 unique 

amino acids and a premature stop codon. The final mutation was a missense mutation 

CGC—>CAC resulting in an arginine to histidine substitution (R377H). These three 

mutations co-segregated with the disease in each family and were absent from 200 

normal chromosomes. All identified LGMD IB mutations are shown in Figure 16 (listed 

in Table 7).
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These three disorders share clinical characteristics and are all associated with 

muscle degeneration or improper functioning. The disorders EDMD and LGMD IB are 

closely linked at the phenotypic level, by their shared characteristic of skeletal muscle 

wasting, observed amongst patients. However, LGMD IB and the disease CMD1A may 

be classed together due to the presence of cardiac dysfunction among patients with both 

disorders. These myopathies represent allelic forms of the same disorder with EDMD 

and CDM1A the two extreme phenotypes, and LGMD IB representative of an 

intermediate phenotype.

4.7.4 Additional FPLD reports

The identification of LMNA exon 8 and exon 11 specific mutations in FPLD 

patients encouraged the screening of LMNA in other FPLD families ascertained by 

groups from Europe and America. Ascertainment of a further five Canadian FPLD 

families by Hegele and co-workers permitted the identification of the R482Q, R482W 

and R584H recurrent mutations [Hegele et al., 2000], which supports the identification 

of these same mutations in the UK and French studies (Sections 4.2, 4.4 and 4.5). 

Interestingly, upon sequencing the LMNA gene in an R482Q heterozygote, a second 

missense mutation was identified in exon 7 (GTG—>ATG) corresponding to a valine to 

methionine substitution (V440M). This mutation was inherited from the unaffected 

parent. This V440M/R482Q compound heterozygote was described as exhibiting a 

severe FPLD phenotype, with profound insulin resistance, severe diabetes and cardiac 

defects. These symptoms may represent a severe FPLD phenotype or may, in fact, 

impinge on the characteristics of the other allelic disorders of LMNA. The pathogenicity 

of V440M is unclear as the unaffected father is heterozygous for V440M, yet is 

phenotypically normal.

A further study reported the analysis of the LMNA  gene in 15 FPLD families 

[Speckman et al., 2000]. The R482Q mutation (CGG—»CAG) was identified in 5 

families and the R482W mutation (CGG—>TGG) in 7 families. Two novel mutations 

were also identified, each in only one family. The first was in exon 11, R582H 

(CGC—>CAC), this sequence alteration was two codons proximal to the R584H 

mutation identified in two other studies. The genetic change in both mutations, was 

identical (CGC—>CAC) [Hegele et al., 2000; Vigouroux et al., 2000]. The location of 

this variant relative to the position of the confirmed mutation R584H certified its role in 

FPLD. This was the third report of FPLD mutation outside of LMNA exon 8; however,
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it was localised to a newly recognised FPLD mutation hotspot in exon 11. The second 

novel mutation was also unique, with regard to location within the LMNA gene. A 

heterozygous sequence change was identified at codon 465 within exon 8. The sequence 

was altered from GGC to GAC and resulted in a glycine to aspartic acid substitution 

(G465D) in the lamin A/C polypeptide. These two novel mutations were absent from 

140 DNA samples. Ironically, the initial family identified by this group, F100, was not 

found to harbour any sequence variation from wild-type sequence, even though this 

family was linked to lq21. Further analyses in the promoter region and the detection of 

large-scale genomic rearrangements are required to exclude LMNA mutation in this 

family.

4.8 LMNA knockout mouse

The generation of animal models of human disease can aid in the understanding 

of disease pathogenesis, as a result of genetic manipulations, breeding programs and 

medical and biological tests not possible in human subjects. The study of a mouse 

model suffering from a similar disease in humans can aid in the understanding of the 

genetic basis for disease. Equally possible is the genetic manipulation of a gene or 

pathway in order to observe the resultant phenotype. With these aims, Sullivan and 

colleagues generated transgenic mice in which A-type lamins were eliminated by gene 

targeting [Sullivan et al., 1999]. Homologous recombination was used to delete a region 

of Lmna from exon 8 to exon 11. Western blot analyses demonstrated that lamin A/C 

proteins were not expressed in these mice. At birth, Lmna null (-/-) mice were 

indistinguishable from heterozygote or wild-type mice. Within 2-4 weeks the growth of 

the (-/-) mice was dramatically reduced and these animals were approximately 50% the 

weight of their littermates. At this time, the Lmna null mice had difficulty in walking 

and exhibited splayed hind legs with the appearance of a ‘progressively more hunched 

posture’. By 8 weeks all (-/-) mice had died. Intriguingly, the heterozygotes (+/-) 

appeared phenotypically normal, muscular abnormalities were not noted, nor did the 

mice die prematurely compared to wild-type mice. Other phenotypic changes in the 

Lmna null mice included slight thymic atrophy and absence of adipose tissue. Detailed 

examination of skeletal muscle revealed myocyte degeneration. Examination of the 

cardiomyocytes showed the ventricular muscle was most severely compromised, with 

other myocytes clearly atrophic.
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These mice appear to suffer from the murine form of EDMD. Many phenotypic 

characteristics are found in both mammals including muscular dystrophy and 

contraction and premature mortality. Unfortunately Sullivan et al. failed to describe the 

reason for death in the Lmna (-/-) mice. An interesting and expected cause would be 

associated with heart failure and would define these mice as true models of EDMD. To 

further investigate this similarity in phenotype the localisation of emerin was 

investigated. In lamin A/C (-/-) cells, emerin was not localised to the nuclear periphery 

but was diffuse in the nuclear and cytoplasmic compartments. Transfection of these 

cells with wild-type lamin restored emerin localisation at the nuclear periphery. It may 

be concluded that lamin A and emerin rely on each other for the correct positioning of 

both at the nuclear periphery. The absence of either one results in a defect in myocyte 

and cardiomyocyte maintenance and/or development. The description of adipose tissue 

absence in these mice also demonstrates the importance of LMNA in the development of 

a further cell type, adipocytes.

4.9 Discussion

Over 40 different mutations have been identified in the LMNA gene in the past 

two years. Mutations account for at least four allelic disorders, involving predominantly 

the myocyte, cardiomyocyte, or the adipocyte. EDMD-AD/AR and LGMD IB patients 

both have skeletal muscle abnormalities, sometimes observed in CMD1A. Furthermore, 

the cardiac defects common to CMD1A have also been identified in EDMD and 

LGMD IB. FPLD, a disorder involving subcutaneous adipocytes, also caused by LMNA 

mutation, is both intriguing and unexpected. The distinct difference between these three 

myocyte diseases and FPLD is, to some degree, reflected at the molecular genetic level. 

EDMD-AD/LGMDIB/CMDIA mutations are distributed over the whole of the LMNA 

coding sequence, with no striking similarity in mutation type or evidence of mutation 

clustering in each disease. In sharp contrast, the FPLD mutations are all missense and 

highly site-specific, affecting only 5 amino acids G465, R482, K486, R582 and R584.

The cloning of the gene causative of X-linked EDMD and the subsequent 

linkage of EDMD-AD to lq21 led to the identification of EDMD-AD mutations in 

LMNA, on the basis of emerin and lamin A/C cellular localisation. EDMD-AD was the 

first disorder linked to a defect in lamin A/C function. Initially, five mutations were 

found in LMNA, distributed over the whole of the gene. Four of these were missense 

and mapped to both the a-helical rod and globular tail of lamin A/C. Of interest is the
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fifth mutation, a null mutation -  Glu6Stop. This mutation results in premature 

truncation and effectively, no functionally active protein is produced from this gene. 

Disease mechanism in dominant disorders requires either a dominant negative 

(deleterious protein interaction) or haploinsuffiency (quantitative loss of biologically 

active protein) defect. The loss of lamin A/C protein, in the case of the G6X mutation, 

strongly suggests that EDMD-AD is caused by haploinsufficiency. Thus, it may be 

proposed that lack of sufficient lamin A/C causes muscular defects as a result of 

reduced lamin A/C levels at the nuclear lamina within muscle cells. The lack of lamin 

A/C possibly effects the structure of the nuclear lamina. The lamina is normally 

composed of lamins A/B1/B2/C and the presence of only 50% of normal lamin A/C 

levels would reduce the overall size and composition of the lamina. It may be 

speculated that a threshold level of lamin protein is necessary for correct lamina 

formation or adequate structural integrity. Lamin proteins are classified as type V 

intermediate filaments and thus have a significant evolutionary conserved structural role 

in the cell [Cohen et al., 2001]. Partial lamin loss may possibly result in reduced tensile 

strength of the lamina. This could have the effect of reducing nuclear envelope rigidity 

and general cell maintenance at the nuclear level. How these mutations only affect 

muscle, given their ubiquitous expression is also intriguing. A fascinating insight into 

this may be related not to lamin A/C expression, but to lamin B expression. An 

extensive study of lamin protein levels in many human tissues demonstrated expression 

of lamin B2 and lamin A/C in virtually all tissues [Broers et al., 1997]. However, lamin 

B1 exhibited restrictive expression. Most notably, lamin B1 expression is absent in all 

types of muscle; skeletal, heart, interstitial heart fibres and smooth muscle. The absence 

of lamin B1 in these tissues may demand an absolute requirement of normal levels of 

lamin A/C protein. Thus, G6X would be predicted to reduce the amount of lamin 

available to muscle cells, already deficient in lamin B1 protein, and may explain why 

only muscle is affected by a loss of lamin A/C protein. It is also believed that only 

within the myocyte is the nuclear envelope and lamina subjected to mechanical stress as 

a consequence of muscle contraction and relaxation [Morris and Manilal, 1999]. The 

lamina is considered likely to play a role in ensuring the rigidity of the nuclear 

envelope. In the case of EDMD-AD, the weakened lamina may not perform its 

structural role correctly and putatively, allows the ‘kneading’ of the nucleus by 

contractile forces in the myocyte [Morris and Manilal, 1999]. It would therefore 

correlate that those muscles that are more frequently used exhibit severe myocyte
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atrophy as opposed to muscles less commonly used. EDMD-AD patients develop 

muscle wasting with a humero-peroneal distribution and contractures in the Achilles 

tendons and neck. Thus, theoretically it is consistent that muscular dystrophy is present 

in muscle subjected to more persistent use. In keeping with this hypothesis, muscular 

weakness has also been reported in other commonly used muscles including the 

diaphragm, quadriceps and those on the hands and face [Bonne et al., 2000].

The EDMD-AD missense mutations distributed over the remainder of LMNA 

either result in haploinsufficiency or dominant negative protein. Given the rationale that 

G6X causes EDMD-AD as a result of haploinsufficiency, it is logical to predict that 

other EDMD-AD mutations would lead to the EDMD-AD phenotype by a similar 

mechanism. Potentially, all other missense mutations render the lamin A/C protein 

defective in lamina formation and hence cannot be incorporated into the lamina 

correctly. This would resemble a haploinsufficient mechanism, whereby even though 

protein is present it cannot contribute to the structure of the lamina. Many other 

missense mutations have now been detected in EDMD-AD patients, mainly localised 

throughout the rod domain of lamin A/C. Presently, it is reasonable to conclude that 

these missense mutations can exert their effects in one of two ways; either by altering 

protein conformation in the a-helix and disrupting the heptad repeat structure (critical in 

helix formation) [Fisher et al., 1986], or by altering peptide domains that are crucial in 

dimerisation and polymerisation of the lamins [McKeon, 1991]. In support of the 

former concept, several amino-acid deletions (3 base in-frame deletions) have been 

identified d e lll2 E , del261/262K. This form of mutation would affect the frame of the 

heptad repeat and alter the conformation in the a-helix, ultimately causing severe twists 

in the lamin polypeptide. For example, the globular tail domain may be slightly rotated 

relative to the rod domain and affect lamin dimerisation or polymerisation. Many 

missense mutations result in the substitution of proline (a large aromatic amino acid) in 

the place of smaller linear amino acids; these include R50P, H222P, Q294P, R527P and 

L530P. A consequence of proline replacement could involve the introduction of 

extreme structural ‘kinks’ in the protein. The characteristic feature of an a-helix is the 

presence of a heptad repeat of hydrophobic residues [Chothia, 1984]. Several of the 

EDMD-AD mutations correlate to hydrophobic residues, including Y45C, I63S and 

R249Q. Mutations that do not fit with these general rules of amino acid substitution 

(replacement by a larger amino acid, amino acid loss, or amino acid substitution at
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putative hydrophobic residues) include a number in exon 6, exon 7 and exon 9. The 

exon 6 mutations E358K and M371K localise within the rod domain and although they 

do not affect hydrophobic residues or exert dramatic structural changes, they do localise 

to the 33 amino acid conserved domain at the end of the a-helix [McKeon, 1991]. This 

domain is known to be critical in helix formation [Hutchison et al., 2001] and therefore, 

may also affect the internal structure of the lamin molecule. The EDMD-AD mutations 

in the lamin tail domain are clustered to a 10-residue site in exon 9 and include W520S, 

R527P, T528K and L530P. Two of these mutations are consistent with the previous 

hypothesis (change to proline). Thus, it may be possible that this site is essential to the 

correct folding of the protein. The lamin tail domains are believed to interact with each 

other, either in dimer formation or polymer formation. Therefore the residues 520-530 

could be important in lamin-lamin interactions. Although these mutations localise 

outside the rod domain they may still have an affect on the strength of the nuclear 

lamina.

Further corroboration of this mechanism of correct lamin structure and self

interaction is provided by the discovery of two different mutations at the same codon. 

Histidine 222 is mutated to proline in EDMD-AD and to tyrosine in EDMD-AR. The 

more dramatic change is proline and is sufficient to cause disease in the heterozygous 

state. The other mutation H222Y has no effect in the heterozygous state, but precipitates 

EDMD-AR when homozygous. Thus, it may be argued that more subtle mutations are 

not deleterious when compensated by wild-type lamin.

Several mutations have been described which cause CMD1A and LGMD IB. 

Two CMD1A mutations, R60G and L85R are localised to the N-terminal conserved 

domain of the first a-helix and thus may disrupt the assembly of lamin dimers, known 

to be critical in dimer assembly [Moir et al., 1991]. Two other mutations are localised to 

a domain in exon 3 corresponding to the end of helix lb, adjacent to the short peptide 

linker between helices lb  and 2. Mutation at these residues may also effect the internal 

structure of the a-helix and cause rotation in the lamin molecule which is exaggerated, 

as it occurs just proximal to the linker segment. Intriguingly, two further missense 

mutations cause CMD1A and they both occur in either lamin A only (R644C) or lamin 

C only (R571S). Both of these mutations substitute arginine and lie adjacent to the 

extreme C-termini of both proteins. R571 is the penultimate amino acid in lamin C and 

R644 is the previous to penultimate amino acid in lamin A (upon lamin A maturation).
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Thus, it may be concluded that an arginine residue at the very end of lamin A or C is 

important in cardiomyocyte maintenance. Taken together, the CMD1A mutations 

cluster in three domains: at the N-terminal conserved domain, at a site proximal to the 

linker peptide or at the very C-terminus. It is reasonable to suggest that these mutations 

may permit lamin dimer formation but may actually disrupt the formation of head-to- 

tail polymers. This difference may explain the phenotypic variation between EDMD 

and CMD1A. One range of mutations results in structural changes within the lamin 

protein and affects dimer formation and/or lateral assembly of the filaments, whereas 

the other mutations affect head-to-tail polymer formation.

LGMD IB shares phenotypic features with EDMD-AD and CMD1A, possessing 

defects in both skeletal muscle and cardiac function. The mutations associated with 

LGMD IB do not cluster within LMNA. One missense mutation has been identified 

(R377H) and is localised to the conserved domain at the distal end of the rod domain. 

An in-frame 3 bp deletion was detected and results in the loss of lysine at position 208 

(del208K). This mutation localises to the end of rod lb, proximal to the linker peptide, 

between rod lb  and 2. The third mutation was found in the intron 9 splice donor site. 

Analysis of the mature mRNA transcribed from this gene demonstrated the retention of 

intron 9 and a premature stop codon. Lamin A/C is predicted to be normal until amino 

acid 536 and followed by a unique 35 amino acids encoded by intron 9, to constitute a 

chimeric protein of 571 residues. This protein lacks the carboxy terminal half of lamin 

A tail domain and the corresponding carboxy terminal quarter of lamin C.

The phenotypic median of LGMD1B between EDMD and CMD1A is also 

reflected in the location and type of mutations; LGMD IB mutations have been 

identified near to both CMD1A and EDMD-AD mutations. The LGMD IB mutation, 

del208K, localises close to several CMD1A mutations. Furthermore, a second 

LGMD IB mutation, R377H is positioned central to a cluster of EDMD-AD mutations 

(E358K, M371K and R386K).

Brodsky and colleagues reported a fascinating mutation which was identified in 

a family suffering from dilated cardiomyopathy with skeletal muscle involvement 

[Brodsky et al., 2000]. The mutation is a single base deletion in exon 6 that causes a 

frameshift from amino acid 321 onwards. The altered reading frame causes the addition 

of 158 novel amino acids before the occurrence of a stop codon. This mutation does not 

affect the majority of the a-helix, however adds nonsense amino acids from half way 

through rod 2. The conserved 33 amino acid domain at the end of the rod domain, the
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NLS and the entire tail domain for both lamin A and C are lost. Five affected members 

were described with this mutation, one of whom was deceased. The other four 

individuals all suffered from variable degrees of cardiac defects. Interestingly, these 

patients also exhibited varying degrees of skeletal muscle abnormalities, ranging from 

weakness of the limb-girdle to slight rigidity of the elbow and Achilles tendon. Two 

patients were considered to have slight LGMD, with another diagnosed with mild 

EDMD. This discovery has been instrumental in the confirmation that EDMD-AD, 

LGMD1B and CMD1A are all phenotypically related and allelic disorders of the LMNA 

gene.

Two reports have documented the direct interaction of lamin A with emerin 

[Clements et al., 2000; Sakaki et al., 2001]. It is possible that lamin mutation interferes 

with this interaction, especially in the case of lamin missense mutation in the globular 

domain. The finding that emerin and lamin A dysfunction both lead to EDMD suggests 

that this interaction is critical in the proper functioning of the myocyte. The correct 

assembly of lamin dimers, lamina construction and lamina localisation at the nuclear 

envelope is defective in EDMD (both forms) and to a certain extent in CMD1A and 

LGMD1B, as illustrated by R321-FS. Thus the interaction of emerin is critical to recruit 

and position the nuclear A-type lamins (analogous to the recruitment of B-type lamins 

by LAP2(3 [Furukawa and Kondo, 1998]). The specificity of the lamina defect, is likely 

to be a result of one of two mechanisms: either a lack of lamin B1 in muscle that 

interferes with the positioning of A-type lamins at the nuclear envelope and thus, the 

lamina formation of A-type lamins or, alternatively, the weakened lamina is less 

efficient in stabilising nuclear structure in myocytes (cells which exert increased 

mechanical stress).

FPLD is distinct at the phenotypic and genetic level. FPLD mutations are all 

missense and localised to 5 amino acids in the globular tail of lamin A. These five 

mutations map to two different domains, of which one has been saturated with many 

recurrent mutations from different sources. Domain 1 is in exon 8 and the two residues 

affected are R482 and K486, the second domain is in exon 11 (residues R582 and R584) 

and specific to lamin A. Four independent groups have documented mutations in over 

30 FPLD families, all of which map to these 4 amino acids with the exception of a 

single mutation identified once only, G465D (also in exon 8). The residues in exon 8 are 

frequently mutated (42 out of 45 FPLD families). It is considered that FPLD patients 

harbouring an exon 8 mutation (R482 or K486) exhibit a typical FPLD phenotype,
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whereas those individuals with mutations outside these two residues possess an atypical 

FPLD phenotype [Garg et al., 2001]. Atypical FPLD patients (heterozygous for R582H) 

exhibit reduced adipose tissue loss and normal levels of subcutaneous adipose tissue in 

the medial part of the thigh and gluteal regions. Other regions are described as being 

less lipodystrophic than similar sites in FPLD patients with R482 mutation. The authors 

hypothesise that adipocytes from the less affected lipodystrophic areas express more 

lamin C relative to lamin A and thus the mutations in exon 11 are less deleterious, 

however provide no evidence to support this idea.

Interestingly, the G465D mutation has been identified only once, compared with 

40 independent findings of mutations in R482 or K486. Speckman and colleagues 

consider individuals with this mutation to present with typical FPLD. Given that this 

mutation is over 50 bases (17 amino acids) proximal to R482 it would be of interest to 

investigate the degree of lipodystrophy in these patients, compared to R482 patients. 

The sole occurrence of G465D compared to the frequent identification of other FPLD 

mutations would suggest that it is either at a site of rare mutation, or the phenotype in 

these patients is, in fact, less dramatic than in typical FPLD patients.

The contrasting mutations in FPLD compared to EDMD-AD/LGMD1B and 

CMD1A may represent two different disease mechanisms. The finding of null, 

frameshift and missense mutations in the a-helical domain and localised sites in the tail 

domain in disorders involving the myocyte could ultimately affect the self-interaction of 

lamins, their assembly and finally their overall structure and rigidity. The extreme site- 

specific nature of FPLD mutations in the tail domain may reflect the function of this 

globular tail, independent of the a-helical functions. Several roles have been assigned to 

the carboxy terminal globular domain. Its adjacency to a partner lamin tail in a lamin 

dimer suggests a role in the dimerisation of lamin filaments. Equally, the head-to-tail 

arrangement of lamin dimers also implicates the tail domain in dimer-dimer interactions 

and hence, polymer assembly. As previously discussed EDMD and CMD1A mutations 

possibly result in a perturbation of dimer or polymer assembly; thus, FPLD mutations 

would be expected to be distributed throughout the gene if they caused a defect in 

structural lamina conformation.

Other carboxy terminal tail roles include interactions with chromatin. Initially, 

chromatin binding was assigned to the a-helical rod [Glass et al., 1993] but subsequent 

studies have identified chromatin binding domains in the tail of lamin A and C [Taniura
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et al., 1995]. This has been demonstrated by in vitro and in vivo studies with D. 

melanogaster lamin Dmo and suggest that these interactions are mediated by histone 

proteins [Goldberg et al., 1999]. Lamin-chromatin binding may have ramifications in 

the control of gene expression, by associating with nucleosomes in transcriptionally 

closed DNA (heterochromatin). Conflicting investigations report that chromatin is 

attached to the lamina at scaffold attachment regions in the DNA sequence (SARs and 

MARs) [Zhao et al., 1996]. The chicken lysozyme gene is known to be controlled by 

SARs either side of the gene and can be envisaged as a transcriptionally accessible loop 

[Lewin, 1997]. It is possible that multiple chromatin attachment sites are present in 

lamin A/C and interact with both DNA sequence and proteins in nucleosomes. Mutation 

at these sites would perturb normal gene transcription and alter the regulation of gene 

expression, leading to a disruption of the normal biology of the cell.

Finally, the carboxy terminal globular domain of lamin A/C is reported to 

interact with many other cellular proteins [Cohen et al., 2001] (Figure 6). The finding 

that emerin and lamin A dysfunction both lead to EDMD suggests that this interaction is 

critical in the biology of the myocyte. Although FPLD mutation may perturb lamin A 

and emerin interaction, it is unlikely as this mechanism appears to underlie the distinct 

muscular diseases. LA P2a has been shown to co-localise with lamin A, within discrete 

intranuclear foci [Dechat et al., 2000]. These foci also consist of RNA splicing factors 

[Jagatheesan et al., 1999]. Thus, specific lamin A/C mutation could cause a defect in 

translational regulation (in addition to transcriptional regulation as a consequence of 

chromatin binding). Again, many of these interacting proteins are ubiquitous and do not 

provide a clear explanation for adipocyte-specific failure in FPLD patients.

Transcription factors are recognised as cell-specific proteins capable of directing 

specific cellular development [Lewin, 1997]. It is therefore of interest that lamin A/C 

interacts, or at least co-localises with a number of transcription factors. The majority of 

these are repressors, although transcriptional activators have been shown to localise at 

the nuclear periphery [Cohen et al., 2001]. It would be intriguing to determine if these 

transcription factors were expressed in adipocytes only and if FPLD lamin mutations 

disrupted the lamin-transcription factor interaction.

Lamin mutation has been found to cause four different inherited diseases, of 

which affect muscle and fat cells. With respect to the type, location and consequence of 

mutations, two molecular mechanisms can be considered. Firstly, those mutations which 

result in a reduced or weakened lamina lead to nuclear stress, specifically in myocytes.
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A null mutation in an EDMD patient would suggest haploinsufficiency as a molecular 

mechanism. Alternatively, point mutations in LMNA may result in an aberration in 

lamina incorporation or the prevention of WT lamin contribution to the lamina, as a 

consequence of mutant and WT heterodimer formation. Thus, these defects could be 

interpreted as both haploinsufficiency and dominant negative mechanisms.

Site-specific localisation of FPLD mutations to the lamin A tail domain implies 

the functional significance of these domains. These sites could result in loss of function 

and thus, haploinsufficiency as a molecular mechanism. It is unknown whether these 

mutations affect lamina assembly, DNA interactions, gene transcription and translation 

or specific interactions with other proteins in the nuclear compartment, including 

transcription factors.
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5 YEAST TWO-HYBRID SCREEN WITH LAMIN A

5.1 Introduction

Identification of mutations in the LMNA gene in FPLD patients highlighted the 

importance of A-type lamins in the nuclear lamina of adipocytes. Additionally, the 

discovery of other mutations in LMNA that cause muscle-specific diseases suggested a 

crucial role for the nuclear lamina in the myocyte and cardiomyocyte. It is possible, yet 

unproven, that the absence of lamin B1 in muscle renders myocytes susceptible to 

nuclear envelope stress and, thus, necessitates normal levels of wild-type A-type lamins 

in this cell type. While this would explain the specificity of lamina dysfunction in the 

muscle disorders, it does not account for the adipocyte dysfunction observed in FPLD. 

The nature of the FPLD mutations may indicate the molecular mechanism underpinning 

the disease. In most cases the mutations have resulted in the replacement of a basic 

amino acid with either a hydrophobic, or hydrophilic un-charged amino acid, i.e. 

R482W, R482Q, R482L, K486N. Interestingly, an atypical FPLD patient suffering from 

a less severe form of lipodystrophy harboured an exon 11 mutation that resulted in an 

amino acid substitution of arginine (hydrophilic basic amino acid) with another basic 

residue, histidine. It is feasible that more subtle molecular changes may result in the less 

severe phenotype. Nonetheless, these FPLD mutations are considered likely to affect the 

charge of the mutated residue. Protein charge is known to be critical in protein 

interactions and these mutations may perturb interactions between lamin A and other 

cellular proteins. Another tantalising possibility is that these mutations affect a protein 

interaction specific to adipocytes.

In support of this idea, the FPLD mutations have recently been mapped to the 

surface of the lamin A globular domain. By comparison to the IF proteins, the three- 

dimensional structure for the lamin a-helix was determined [Fisher et al., 1986]. No 

known structurally resolved proteins display homology to the lamin tail domain 

(residues 389-664 in lamin A); thus the three dimensional structure of the lamin A tail 

domain was resolved using X-ray crystallography [S. Shoelson, pers comm] and 

arranges into a symmetrical lattice composed of overlapping P-sheets (Figure 17). Of 

significant importance is the location of LMNA  missense mutations. A subset of FPLD 

and EDMD-AD missense mutations have been positioned on this 3-D structure. 

EDMD-AD mutations all map to the interior of the structure, whereas the FPLD
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Figure 17. Three-dimensional structure of the tail domain of lamin A. Crystal 
structure resolution of human lamin A residues 389 to 664. Green ribbons refer to 
|3-sheets. Disease-causing missense mutations are identified for both FPLD (white 
projections) and EDMD-AD (red projections). Provided by S. Shoelson.
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mutations all map to the exterior. The exposure of these residues at the lamin A tail 

domain surface and their mutation which results in change of charge, strongly implies 

that this region of lamin A may provide an interface for interactions with other cellular 

proteins. It was also proposed that this site is involved in lamina formation, either by 

contributing to dimer, or polymer formation or interactions with the nuclear envelope 

proteins such as emerin [Holt et al., 2001]. Because of the near-ubiquitous expression of 

both A-type lamins and emerin, this proposed site of interaction would not specifically 

affect adipocytes over other tissues.

With consideration to the above findings, it was speculated that lamin A 

interacts with an adipocyte-specific protein and this interaction is perturbed in FPLD 

patients. Further, it was conjectured that, using lamin A as a bait protein in a yeast two- 

hybrid screen against proteins from adipocytes, a lamin A adipocyte-specific interaction 

may be identified.

A yeast two-hybrid screen involves the interaction of two chimeric modular 

proteins (Section 1.4.2.2), one of which contains the gene under investigation (the bait) 

with the other protein being one of a library of transcripts (the prey; Figure 18a). A 

successful screen will identify only those proteins from the library that interact with the 

bait protein. Although the yeast two-hybrid technology is one of several techniques 

designed to investigate protein interactions [Brent and Finley, 1997], it is exemplary, as 

it is a technology designed to identify novel interactions and to specifically investigate 

interactions within specific cell types [Brent and Finley, 1997]. The yeast two-hybrid 

technique is a lengthy investigation composed of many sequential stages, overviewed in 

Figure 18b.

5.2 Ascertainment of an adipocyte cDNA yeast two-hybrid library

An enhanced yeast two-hybrid system was used [James et al., 1996] (Figure 18a). 

This system uses the yeast strain PJ69-4a, which is auxotrophic for four amino acids, 

uracil, leucine, histidine and adenine and, accordingly, requires these amino acids to be 

supplied in the media, or synthesised from an exogenous source. The absence of uracil 

and leucine is compensated for by the introduction of plasmids harbouring genes 

capable of synthesising these amino acids. Uracil is synthesised from the URA3 gene on 

the plasmid pGBDUcl, which is the vector containing the Gal4 DBD (after which the 

bait gene is inserted) and leucine is synthesised by the LEU2 gene on the plasmid 

pGADGH (Clontech. Palo Alto, USA), which contains the Gal4 activation domain
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Figure 18. The yeast-two hybrid technique, (a) Schematic representation of the 
yeast two-hybrid process. The protein of interest ‘bait’ (blue box -  in this case 
Lmna379-664) is cloned into a Gal4 DNA binding domain (DBD -  grey box) vector 
and subsequently transformed into yeast. A library of transcripts from a desired 
cell type is cloned into a Gal4 activation domain (AD -  green box) vector. All 
transcripts are transformed into the ‘bait-containing yeast’. Those proteins which 
interact with the bait protein will result in the reconstitution of the Gal4 
transcription factor (grey circles) and permit the binding of the protein complex at 
a Gal4 responsive element (red hatch) initiating transcription of the histidine 
(HIS3) and adenine (ADE2) genes, (b) Overview of the steps required in a yeast 
two-hvbrid screen. A recognised drawback of the yeast two-hybrid technique is the 
autoactivation of a ‘bait’ protein (grey pathway).
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(followed by a cloning site for inserting a library of transcripts). Construction of a lamin 

A bait protein in pGBDUcl and the ascertainment of an adipocyte cDNA library in a 

Gal 4 activation domain vector containing a LEU2 selection gene was critical.

The presence of a tested adipocyte yeast two-hybrid library was identified from 

a report describing the interaction of proteins involved in glycogen metabolism in 

insulin sensitive tissues [Printen et a l, 1997]. The cDNA was obtained from a 3T3-L1 

cell line induced to differentiate into adipocytes (Section 1.1.1.5) and cloned into the 

LEJJ2 vector, pGADGH. Prepared library DNA was provided by Alan Saltiel. The use 

of a 3T3-L1 library was not ideal, as the representation of primary adipocytes within 

these cells was uncertain. Furthermore, the 3T3-L1 cell line was derived from a murine 

cell line and necessitated the use of the mouse genes in the yeast two-hybrid screen. In 

light of this, it was decided that the mouse lamin A should be used as bait instead of the 

human lamin A. The mouse Lmna gene had been previously cloned and sequenced 

[Nakajima and Sado, 1993]. The group leader, Noboru Nakajima provided the mouse 

lamin A cDNA. Obtaining the 3T3-L1 cDNA library in pGADGH and the mouse Lmna 

clone enabled the yeast two-hybrid screen to progress to the initial stages of the two- 

hybrid process (Figure 18b) -  the construction of a bait protein.

5.3 Construction of chimeric lamin A protein bait

A crucial aspect of the yeast two-hybrid library is the construction of a well- 

engineered bait protein [van Criekinge and Beyaert, 1999]. With the consideration that 

the chimeric bait protein must ultimately act as one half of a transcription factor, there 

were several points to bear in mind.

The chimeric protein:

1. must be localised to the nucleus

2. must not be targeted elsewhere within the cell

3. must not be subjected to known proteolytic degradation

4. must not form complexes within the cell that would incorrectly localise the 

protein

5. must not require post-translational modifications critical for complex 

interactions, which occur in the true host organism, but not in the yeast host

6. must be soluble

With regard to the above, it was decided to modify the lamin A protein prior to 

fusion with the Gal4 DBD in pG B D U cl. Firstly, it was thought that as the lamin A
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protein is localised to the nucleus by its nuclear localisation signal KKRK (417-420) 

[Fisher et al., 1986; Nakajima and Sado, 1993] this would not inhibit nuclear 

localisation of the chimeric Gal4 DBD-lamin A protein but may, in fact, facilitate its 

correct localisation. Secondly, the inclusion of the CaaX proteolytic modification 

domain in lamin A was not thought likely to affect the chimeric protein. Saccharomyces 

cerevisiae are not known to possess nuclear lamins [Wilson, 2000] and, therefore, the 

enzymes involved in the CaaX box removal would not be present, permitting retention 

of the entire lamin A protein. Even in the event of proteolytic removal, only 18 residues 

would be removed which would have a limited, if any, effect on the two-hybrid screen.

The dimerisation ability of lamin A would presumably have a negative effect on 

the production of a sound transcription factor. Although yeast are devoid of lamins the 

chimeric protein consisting of the Gal4 DBD and the lamin A protein (residues 1-665 in 

mouse) could possibly interact with itself and form a dysfunctional transcription factor 

dimer with altered conformation that may not perform correctly at reporter loci. Protein 

dimerisation of this nature could impair binding at the Gal4 responsive element in the 

promoters of reporter genes. Furthermore, this hypothetical dimerisation could 

ultimately lead to polymerisation of these molecules into larger supramolecular 

structures, causing protein precipitates. This was considered a distinct possibility given 

the ability of lamin A to easily form paracrystalline structures in vitro [Moir et al., 

1991; Stuurman et al., 1998]. On the basis of previous investigations, the dimerisation 

and polymerisation ability is most likely mediated by the a-helical rod domain (residues 

1-379/389) [Heitlinger et al., 1991; Moir et al., 1991]. Hence, it was decided that 

removal of this section of lamin A would produce a more suitable protein. The C- 

terminal tail domain of lamin A, residues 379 to 665 was amplified and inserted in

frame after the Gal4 DBD in pGBDUcl. The omission of the a-helical domain was 

considered unlikely to affect the validity of the screen in the search for lamin A 

interacting proteins. This was because the NLS was retained in the C-terminal domain 

and the hypothesis was that an adipocyte specific protein would interact specifically 

with the tail domain of lamin A, as this was the site of FPLD mutations (residues 465, 

482, 486, 582 and 584).

The Gal4-Lmna379 bait protein (hereafter referred to as Lmna379) was cloned 

as described in Table 3 and prepared from E. coli. The purified DNA plasmid was 

termed pGB-Lmna379 and used to transform the yeast strain PJ69-4a. The maintenance
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of this plasmid was achieved by growing yeast on media deficient in uracil, upon which 

only yeast containing the plasmid (and thus the URA3 gene) could survive.

Before the transformation of this strain with the adipocyte cDNA library several 

‘quality-con trols’ were performed to determine that the bait protein was a suitable target 

for interacting proteins in the yeast-two hybrid screen (Figure 18b). These consisted of 

checking that the bait protein was expressed in the yeast cell and did not auto-activate 

reporter genes.

5.4 Lamin A as a suitable bait: verification

Auto-activation is a phenomenon in the yeast two-hybrid screen that can often 

result in the premature termination of a screen. Its definition is the activation of reporter 

gene (in PJ69-4a this is histidine and adenine) by the chimeric bait protein in the 

absence of an interacting partner. The Gal4 DBD operates correctly, but the cloned gene 

under investigation harbours motifs that do not search for interacting proteins to help 

the survival of the selected yeast cell but instead directly recruit RNA polymerase to the 

promoters of the reporter genes. In these cases, simple transformation of the chimeric 

bai't protein is sufficient to trigger the reporter genes and the selective reporters are 

rendered obsolete, as concerns the subsequent transformation of interacting proteins 

from a library of transcripts. Features of proteins that can cause auto-activation are 

known to include regions of acidic residues or stretches of highly charged amino acids 

capable of forming a multitude of complexes with other cellular proteins [van Criekinge 

and Beyaert, 1999]. Generally, transcription factors which already possess acidic 

activation domains are more likely to activate transcription when fused to the Gal4 

DBD and, thus, result in poor chimeric bait proteins.

The yeast two-hybrid system generated by James and co-workers [James et al.,

1996] consists of two selective reporter genes, histidine and adenine. The use of adenine 

as a reporter gene was unique and had been generated for its superiority over the 

histidine reporter. Histidine, the classical yeast two-hybrid reporter is described as a 

‘leaky’ reporter. Transcription initiated from the Gal4-histidine promoter is constantly 

activated, albeit at low basal levels. With the introduction of a chimeric Gal4 binding 

protein this basal level of transcription would rise dependent on the nature of the 

chimeric bait protein. Consequently, this allows the reporter to be activated and low 

levels of histidine to be produced which, in turn, permits the yeast cell to partially 

survive on media deficient in histidine. The chemical 3-aminotriazole (3-AT) inhibits
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the histidine gene product and low levels of 3-AT are sufficient to eliminate the 

background ‘leaky’ transcription of histidine. However, high levels of 3-AT are 

deleterious and either overcome weak interactions identified in the yeast two-hybrid 

screen, or alternatively kill the yeast. Thus, it is important to determine the level of 3- 

AT that is just sufficient to suppress auto-activation. As mentioned above, the adenine 

reporter is not affected by high basal levels of transcription and no ‘fine-tuning’ with 3- 

AT or other chemicals is necessary.

To determine if Lmna379 caused auto-activation, the second vector, pGADGH 

(without a cDNA insert) was also transformed into PJ69-4a (already harbouring pGB- 

Lmna379). This was done to test for direct auto-activation of the bait protein Lmna379 

and also to test that the bait protein didn’t interact with the Gal4 activation domain and 

result in activation of the reporter genes. Several combinations of media deficient in 

histidine and adenine were made. In each set of media the amino acids uracil and 

leucine were omitted to maintain the two plasmids (pGBDUcl and pGADGH). In 

addition to this, histidine was omitted and different plates were made with increasing 

levels of 3-AT (1 mM to 25 mM). A diluted yeast culture was spread on these plates 

and left to grow for several days. It was determined that levels of 3-AT less than 10 mM 

permitted growth, whereas 15 mM 3-AT suppressed all growth. It was concluded that a 

level of 10 mM 3-AT was sufficient to reduce background histidine product without 

over-suppressing weak interactions. However, the use of histidine and its presumed 

leaky transcription was also considered to be beneficial in the initial stages of the yeast 

two-hybrid screen as it would permit the detection of weakly interacting proteins 

[James, 1996 #238; P. James, pers comm]. Thus, the use of media deficient in uracil, 

leucine and histidine, supplemented with 10 mM 3-AT would be suitable selective 

agents in the initial library screen. The use of the more stringent adenine reporter would 

eventually be useful in the determination of true positive interacting proteins from the 

initial library screen. Therefore the auto-activation of Lmna379 on the adenine reporter 

was also investigated. PJ69-4a containing pGB-Lmna379 and pGADGH was plated 

onto media deficient in uracil, leucine, histidine and adenine and also supplemented 

with 10 mM 3-AT. After an incubation period of two weeks, with the apparent absence 

of growth, it was concluded that neither the adenine or histidine reporter genes could be 

auto-activated by Lmna379.

In addition to these tests, it was also necessary to check that Lmna379 was 

expressed in the yeast cells. Western blot analyses using a cross-species lamin A
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antibody were performed on protein samples from liquid yeast cultures believed to 

express Lmna379. No chimeric proteins were identified by western blot leading to three 

possibilities: first, the protein was not expressed, second, the antibody epitope was 

compromised, or protein expression was at too low a level to be detected by western 

blot. The last explanation is supported by the fact that pGB-Lmna379 contains a 

truncated alcohol dehydrogenase promoter (ADH1). Full length ADH1 is 1500 bp in 

length and leads to high level expression of sequences under its control [van Criekinge 

and Beyaert, 1999]. A truncated ADH1 promoter has, since, been engineered (only 410 

bp in length cf. 1500 bp) and results in low levels of gene expression. This has the 

advantage of increasing stringency in the yeast two-hybrid screen by providing just 

sufficient protein for the selective interaction. A clear disadvantage is the low levels of 

protein produced that are, sometimes, undetectable on western blot [van Criekinge and 

Beyaert, 1999]. In order to circumvent this obstacle of low protein expression, the 

chimeric protein, Gal4 DBD fused to lamin A (residues 379-665), was sub-cloned into 

an expression vector containing a T7 promoter. T7 promoters can be exploited using a 

commercial kit, the transcription and translation expression system (TNT® kit). A vector 

containing a complete cDNA sequence positioned downstream of the T7 promoter may 

be used to generate protein by performing an in vitro transcription and translation 

(IVT). This vector is incubated with the TNT® kit and supplemented with [35S] 

methionine. Any protein generated during this incubation period will have [35S] 

methionine incorporated. PAGE analysis and autoradiography will identify those 

proteins which are successfully expressed. In this case, the Gal4 DBD fused to Lmna 

379-665 was cloned into the T7 expression vector pBS-SK (Table 4). PAGE and 

autoradiography revealed two protein bands, of approximate size 47-48 kDa and 37-39 

kDa. Computerised analysis of the chimeric gene sequence (Gal4 DBD and Lmna379) 

predicted a molecular weight of 48 kDa. The larger of the two bands was considered to 

be the correctly expressed chimeric protein and the second, lower band either a 

degradation product or a transcript derived from a later methionine initiation codon. To 

investigate the second possibility, the chimeric protein sequence was analysed for 

internal methionines. Several were identified, one methionine codon (ATG) in 

particular was found to localise within a highly conserved Kozak consensus sequence 

[Kozak, 1984]. The predicted size of the protein, derived from this translational start 

site, was deduced using computerised analyses and estimated to be 39 kDa. It was, thus, 

concluded that the smaller band was a result of the later initiation methionine.
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Although it was not directly proven that the chimeric bait gene was expressed in 

the yeast endogenously, it was demonstrated that the plasmid pGB-Lmna379 does 

generate a protein of the correct molecular size. Hence, it is likely that Lmna379 was 

produced in the yeast PJ69-4a, albeit at extremely low levels that, nonetheless, would be 

sufficient for a successful yeast two-hybrid screen.

5.5 Optimisation of transformation efficiency

The lithium acetate transformation method is considered a robust and efficient 

technique for the sequential transformation of library plasmid in the yeast two-hybrid 

system [Agatep et al., 1998; van Criekinge and Beyaert, 1999]. Typically 1 x 105 

transformants are obtained per microgram of plasmid DNA used, but this can vary 

significantly depending on several factors that include: the quality of DNA, the size of 

the plasmid, the strain of yeast, the growth stage of the yeast and quality of materials 

used in the transformation process. The aim of the yeast two-hybrid screen is to test the 

interaction capacity of every transcript in the library with the bait protein. The 3T3-L1 

adipocyte cDNA library was predicted to be composed of 1 x 106 different transcripts 

all cloned into pGADGH [S. Chiang, pers comm]. It was advised that the most desirable 

number of transformants to screen was six times the complexity of the library [D. Gietz, 

pers comm], a total of 6 x 106 transformants. To obtain this number the transformation 

of PJ69-4a was optimised using varying amounts of library plasmid DNA. 

Transformation of small amounts of DNA result in higher transformation efficiencies 

compared to when larger amounts of DNA are utilised. Although transformation 

efficiency is higher when using small amounts of DNA, a lower number of 

transformants are generated overall.

Only 100 fig of 3T3-L1 adipocyte cDNA was provided and it was critical to 

optimise the transformation efficiency in order to obtain 6 x 106 transformants. To this 

end, pilot transformations were performed using the yeast PJ69-4a (already harbouring 

pGB-Lmna379) with varying amounts of library DNA to establish the optimal level of 

transformation (Figure 19). Using these calculated transformation efficiencies the exact 

amount of library DNA required was calculated at 60 fig (Appendix III).

In summary, the normal transformation procedure was scaled up sixty times 

using 60 fig of 3T3-L1 adipocyte DNA in order to attain a total of 6 x 106 

transformants.
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A graph demonstrating the increase in total transformants in the 
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Figure 19. Optimisation of library plasmid transformation in PJ69-4a. Upper 
graph demonstrates the overall increase in total transformants with increasing 
amounts of 3T3-L1 adipocyte library DNA. Lower graph illustrates that a higher 
transformation efficiency is achieved using lower amounts of 3T3-L1 plasmid 
DNA.
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5.6 Library transformation and functional analysis of positive clones

The cDNA library from the 3T3-L1 adipocyte cell line, cloned into pGADGH, 

was transformed into PJ69-4a containing pGB-Lmna379. All of the transformants were 

plated onto media deficient in uracil, leucine and histidine supplemented with 10 mM 3- 

AT and incubated at optimal growth conditions for two weeks. Colonies that grew 

indicated that a specific protein interaction was occurring at the histidine promoter 

between the chimeric protein Lmna379 and a second fusion protein composed of the 

Gal4 activation domain and a protein expressed in adipocytes. Out of an estimated 6 x 

106 transformants, 114 growing yeast colonies were identified.

As previously stated the histidine reporter is less stringent than the adenine 

reporter and permits the growth of clones with weak or incorrect interactions (Section 

5.4). To confirm that these 114 clones were true positive interactions a second reporter 

assay was performed. The 114 isolated clones were streaked onto media identical to that 

used in the initial library selection but, additionally, deficient in adenine. This 

subsequent selective measure identified 20 positive clones, with potentially strong 

interactions, from the initial 114 (Figure 20).

These 20 clones all carried the bait protein and each potentially harboured a 

different plasmid from the 3T3-L1 adipocyte library. It was possible that the random 

transcripts from the adipocyte library when fused to the Gal4 activation domain re

established the DNA binding potential of the modular transcription factor. If these 

chimeric proteins were able to activate transcription without the requirement for 

interaction with the Lmna379 bait protein then a true positive interaction with Lmna379 

would not be the cause of the yeast clone growth. To determine if these chimeric 

proteins, derived from the library plasmid pGADGH, were responsible for activation of 

the reporter genes a negative selection assay was conducted.

At this stage the 20 yeast clones all contained the same bait plasmid pGB- 

Lmna379 and potentially a different prey plasmid, consisting of an unknown cDNA 

insert contained in pGADGH. To investigate if the bait protein Lmna379 was crucial for 

the interaction, it was selectively lost from the yeast clones. The resulting yeast, with 

only library plasmid pGADGH, would be exposed to media selection for positive 

interactions (media lacking histidine and adenine).
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a b

Figure 20. Authentication of positive interacting clones, (a) The 114 yeast clones 
that grew on media deficient in uracil, leucine and histidine (supplemented with 3- 
AT) were streaked onto identical media additionally deficient in adenine. Colony 
growth indicates the 20 positives competent in strong activation of the reporter 
genes, (b) The 20 positives clones identified in a) were re-plated onto similar media 
to confirm their candidacy as bona fide positive interactors.
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The plasmid pGB-Lmna379 was auxotrophically maintained by plating onto 

media lacking uracil, as this plasmid harbours the URA3 gene. Other investigations have 

revealed the URA3 gene can be selected against. In addition to its role in uracil 

synthesis it can also alter the chemical 5-fluoro-orotic acid (5-FOA) to a lethal 

substance [Boeke et al., 1987]. The 20 yeast clones were grown for several generations 

in liquid media lacking leucine only (to specifically select for the library plasmid) and 

supplemented with uracil (to allow the loss of pGB-Lmna379). Subsequently, the yeast 

were plated onto media lacking leucine but supplemented with uracil and 5-FOA. All 20 

yeast clones grew on this media and, thus, each colony was believed to harbour the 

library plasmid only. To determine if the chimeric protein derived from this plasmid 

was capable of auto-activation, yeast colonies were streaked onto media lacking leucine, 

histidine and adenine. No yeast colonies grew and it was concluded that the 

maintenance of these 20 clones was dependent on a genuine interaction between the bait 

and prey proteins to permit growth on selective media.

5.7 Sequence identification of interacting clones

The identification of twenty positive clones, whose interaction properties had 

been confirmed prompted the sequence analysis of the adipocyte cDNA inserts. This 

was achieved using a technique known as plasmid rescue, involving obtaining small 

amounts of plasmid from the yeast strain and the subsequent transformation of these 

plasmids into competent bacteria. After this the DNA can be easily analysed and 

manipulated. The majority of the 20 plasmids were introduced into bacteria (plasmids 

from yeast clones Y2H24 and Y2FI85 were not rescued using this technique). To 

confirm that the correct plasmids were obtained by the plasmid rescue procedure a 

plasmid digest was performed using a frequent cutting restriction enzyme. All 18 

plasmids were digested with Taql and the digests electrophoresed on an agarose gel 

(Figure 21a). Bands of identical size were common in all digests and indicated the 

presence of the vector DNA. Different banding patterns were observed for those with 

different inserts. Interestingly, similar banding patterns were noted in a proportion of 

the samples, suggesting that these vectors had the same, or related, inserts.

Sequencing primers were designed to pGADGH that flanked the cloning sites 

and were directed into the cDNA insert (Figure 21b). The first primer (ADF), designed 

to the Gal4 activation domain on the sense DNA strand, was anticipated to produce the 

coding strand sequence of the cDNA insert. The second primer (T7) was designed to a
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Figure 21. Insert characterisation of the yeast two-hybrid clones, (a) Eighteen of 
the twenty positive lamin A interacting clones were digested using the frequent- 
cleaving enzyme Taql, and electrophoresed on a 1.0% agarose gel resulting in a 
fingerprint for each vector (M -  marker). Vector bands common to all digests were 
identified (arrows) and many digest patterns were recognised several times (e.g. 
Y2H1, 37, 46, 86, 88 and 104) indicating the presence of identical inserts, (b) 
Diagram of the ‘prey’ vector, pGADGH. Red box identifies the Gal4 activation 
domain and the large grey box represents the unknown cDNA insert. The inserts 
were initially sequencing using the ADF and T7 primers (blue arrows).
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commonly used T7 sequence donor site and positioned on the antisense strand after the 

cDNA cloning site so as to produce antisense DNA sequence.

The 18 plasmids which were rescued into bacteria were used as template in 

sequencing reactions using the primers ADF and T7. Thirteen of the 18 plasmids were 

successfully sequenced using both primers. Typically, 400-600 bases of DNA sequence 

were obtained. The identified DNA sequence was, subsequently, used in bioinformatic 

BLAST searches [Altschul et al., 1990] to determine the identity of the cDNA insert. Of 

the 13 clones, four classes of interacting proteins were identified (Table 8). The first 

class was composed of seven sterol regulatory element-binding proteins (SREBP1 and 

SREBP2). The second class contained three lamin A proteins. The third class consisted 

of two cDNA sequences which had no significant homology to any known DNA or 

protein sequences in the databases and were determined to be novel. The final class of 

interacting proteins was composed of one protein only, which had homology to Ran 

binding protein (RanBPM).

The discovery that lamin A was capable of self-interaction was considered a 

‘blind’ internal control and suggested that the yeast two-hybrid screen had been 

performed correctly. Although lamin A had been detected three times from yeast clones 

Y2H22, Y2H29 and Y2H45, only two different clones were identified, as the same 

clone was identified in both Y2H22 and Y2H29. Of these lamin A clones, only partial 

transcripts were found. The 3T3-L1 adipocyte cDNA library had been constructed using 

an oligoncucleotide primer composed of thymine residues only. This would only lead to 

cDNA that was generated from the polyadenylated tail of mRNA. As a consequence, all 

cDNA molecules were likely to be complete at the 3’ end of the gene, but would not 

necessarily extend across the whole of the cDNA sequence up to the 5 ’ terminus. Thus, 

it was feasible that cDNA inserts, truncated before the 5' end, would be identified. The 

sequence of the two lamin A clones was identical at the 3’ end of the insert but differed, 

in length of sequence, at the 5 ’ end. Using BLAST searches it was established that the 

first lamin A clone (Y2H22 and Y2H29) contained amino acids 288 to the poly-A tail 

and the second clone (Y2H45) contained amino acids 253 to the poly-A tail. It was 

concluded that a region in lamin between residues 288 and 665 was responsible for self

interaction with the globular tail domain of lamin A (residues 379-665).

The interaction between lamin A and RanBPM suggested a role for the lamina in 

the nuclear trafficking of macromolecules across the nuclear membrane. RanBPM had 

previously been shown to interact with Ran [Nakamura et al., 1998]. Ran function is



Chapter 5 Yeast two-hvbrid screen 146

Clone Insert

Y2H1 SREBP1 residue 126-end

Y2H8 No sequence

Y2H21 No sequence

Y2H22 Lamin A residue 288-end

Y2H24 Unable to rescue

Y2H29 Lamin A residue 288-end

Y2H37 SREBP1 residue 135-end

Y2H41 No sequence

Y2H45 Lamin A residue 253-end

Y2H46 SREBP1 residue 227-end

Y2H66 RanBPM

Y2H67 Novel gene

Y2H68 No sequence

Y2H77 Novel gene

Y2H85 Unable to rescue

Y2H86 SREBP1 residue 80-end

Y2H88 SREBP1 residue 60-end

Y2H102 SREBP2 residue 5-end

Y2H104 SREBP1 residue 227-end

Y2H109 No sequence

Table 8. Sequence identification of the twenty yeast two-hybrid positive clones. 
Each clone was numbered when isolated from the initial yeast two-hybrid screen 
(114 positives in total). Those that also activated the ADE2 reporter gene are listed 
above. Determination of the insert was achieved using BLAST database searches 
with the ADF and T7 generated sequence.
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associated with nuclear translocation [Vasu and Forbes, 2001]. Although Ran is 

localised to the nucleus, RanBPM was positioned in the centrosome [Nakamura et al.,

1998]. The subcellular localisation of RanBPM did not suggest that it was capable of 

binding lamin A and, hence, it was considered a false positive.

The seven SREBP clones consisted of 6 SREBP1 clones and a single SREBP2 

clone. SREBP1 and SREBP2 are both transcription factors that have been extensively 

studied (Section 1.1.3.3). Initially identified as genes capable of directing cholesterol 

biosynthesis, they have been subsequently implicated in adipogenesis. Furthermore, 

transgenic mice containing transcriptionally active SREBPlc have been developed 

resulting in a murine model of lipodystrophy (Section 1.2.4) [Shimomura et al., 1998]. 

In light of this information, it was of significant biological interest that this protein had 

been identified as an interacting partner of lamin A. Hence, the characterisation of this 

particular interaction was considered pivotal towards elucidation of the molecular 

mechanism of FPLD.

5.8 Functional analysis of the lamin A and SREBP interaction

The seven SREBP clones were sequenced in their entirety using a progressive 

set of nested sequencing primers. This sequencing was performed for three reasons. 

Firstly, the whole cDNA sequences for the murine orthologues of the SREBP genes had 

not been previously characterised as no reference of these sequences were found in the 

literature or on the publicly available databases (www.ncbi.nlm.nih.gov). Secondly, it 

was necessary to find which part of the SREBP protein interacted with lamin A (as 

determined by defining the site of truncation of the cDNA sequence). Finally, it was 

necessary to check that the clones were not composed of chimeric or deleted genes.

The complete sequencing of the Y2H102 clone revealed the cDNA sequence of 

mouse SREBP2. Almost the entire cDNA coding sequence was obtained and it was 

predicted that only the first four amino acids of the protein would be absent from the 

chimeric protein. The other six clones were all identified as SREBP1. Five different 

library clones were identified, the 5’ end of the cDNA sequence was absent in all and, 

thus, it was predicted that the proteins would lack the N-terminal domain of the 

SREBP1 protein. The shortest of these clones was Y2H104 and corresponded to 

SREBP 1 amino acids 220 to 1129. This suggested that the site responsible for 

interaction with lamin A was between these residues in all of the proteins identified in 

the screen. The comparison of these six truncated proteins with the predicted full-length

http://www.ncbi.nlm.nih.gov
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Figure 22. Mouse SREBP clones identified in the yeast two-hybrid screen, (a) Full 
length SREBPIa, annotated with the residues which demarcate specific domains. 
SREBPIa contains an acidic and proline/serine rich domain at the N-terminus. A 
bHLH-Zip is also present (black box) followed by two transmembrane domains 
(grey boxes). Six SREBP clones were identified in the yeast two-hybrid screen and 
all were truncated at the 5 ’ terminus (clone 220 was isolated twice). SREBP2 was 
identified once (horizontal grey line) with only 4 amino acids absent from the 5 ’ 
end. (b) Model of SREBP in the membrane of the endoplasmic reticulum. The two 
larger domains of SREBP reside within the cytoplasm of the cell, whereas the 
small domain between the two transmembrane domains projects into the ER 
lumen. Upon activation, SREBP is cleaved at site 1 and site 2 (red numerals) and 
the bHLH domain translocates to the nucleus.
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protein is diagrammatically represented in Figure 22a. SREBPIa and SREBPlc/ADDl 

are two isoforms of SREBP1 known to exist. They differ at N-terminus; SREBPIa 

contains a unique 29 amino acids, whereas SREBPlc does not possess these amino 

acids but instead has a novel 5 amino acids. In SREBPIa, amino acid 30, and in 

SR EB Plc/A D D l, amino acid 6, are the same and the two proteins are identical from 

this residue onwards. SREBPIa and SREBPlc/A D D l have different patterns of 

expression and biological functions [Shimano et al., 1997a; Shimomura et al., 1997], 

Hence, it would be of interest to determine which isoform interacted with lamin A. 

Unfortunately all of the SREBP clones identified in the yeast two-hybrid screen were 

truncated at the 5’ end of the cDNA sequence. The longest clone was from amino acid 

60 onward and, thus, did not reach the isoform-specific sequence prior to amino acid 30 

(in SREBPIa). However, it was deduced that although neither SREBPIa nor 

SREBPlc/A D D l was identified, both were capable of interacting with lamin A, as the 

sequence which was found to be critical in the interaction (220 to 1129) is present in 

both isoforms.

5.9 Sequence analysis of the novel mouse SREBP clones

The direct sequencing of the SREBP 1 and SREBP2 enabled the prediction of the 

amino acid sequence. This was performed to confirm these clones did not contain any 

deletions and were the true mouse orthologues of the human SREBP genes. The 

comparison of the genes from these two species also indicated domains of conservation 

and variation.

Currently, there are several recognised domains in the human SREBP proteins 

that are known to confer certain properties (Figure 22a) [Sato et al., 1994]. The SREBP 

proteins are tripartite in structure and are bound to membranes of the endoplasmic 

reticulum (ER) in a hairpin orientation (Figure 22b). The N-terminal domain, of 

approximately 480 amino acids, contains a basic helix-loop-helix leucine zipper 

(bHLH-Zip) transcription factor domain. This is followed by a transmembrane segment, 

a short loop of approximately 30 amino acids which projects into the ER lumen, and 

then by a second transmembrane domain. The C-terminal cytoplasmic projection 

consists of approximately 590 amino acids and is involved in the binding of a regulatory 

protein known as SREBP cleavage activation protein (SCAP) [Brown and Goldstein,

1997]. SCAP initiates a sequential two-step cleavage of the SREBP proteins at two 

specific sites by site-1-protease (SIP) and site-2-protease (S2P) [Brown and Goldstein,
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1999]. The result of this cleavage is the release of an active N-terminal transcription 

factor, that translocates to the nucleus and activates transcription of genes involved in 

cholesterol and fatty acid biosysthesis and more interestingly, adipogenesis [Tontonoz 

et al., 1993; Yokoyama et al., 1993].

The amino acid sequence of mouse SREBP 1 (this study) was compared to 

human SREBP 1 [Yokoyama et al., 1993] using a computational algorithm [Thompson 

et al., 1994] and is illustrated in Figure 23 and Figure 25a. This was also performed for 

SREBP2 [Flua et al., 1993] (Figure 24 and Figure 25b). The bHLH-Zip domains are 

highly conserved in both SREBP proteins and the critical residues, as previously 

defined [Hua et al., 1993; Tontonoz et al., 1993; Yokoyama et al., 1993], are 

completely conserved in both SREBP 1 and SREBP2. These include the consensus 

sequence of the bHLH, the leucine residues of the leucine zipper and the tyrosine (at 

residue 325 in human SREBPIa and 342 in human SREBP2), critical in the recognition 

of two regulatory elements in promoters of genes under the transcriptional regulation of 

SREBP [Kim et al., 1995]. The transmembrane domains are highly conserved in 

SREBP2 but in SREBP 1 the amino acids are less conserved, although they do retain 

hydrophobic properties. The two motifs which are cleaved by the two proteases (RSVL 

for S IP  [Duncan et al., 1997], DRSR and NP for S2P [Hua, 1996 #353; Ye, 2000 #20] 

are both conserved. The acidic domains at the extreme N-terminus of the SREBP 

proteins are highly conserved (to a lesser degree in SREBPIa), thus, indicating that their 

roles in transcriptional activation are of importance. The adjacent proline and serine 

domains are the least conserved domains in the proteins. It was suggested that this 

region could be involved in binding of other transcriptional co-activators [Brown and 

Goldstein, 1999]; however, given the low degree of conservation in both SREBP 1 and 

SREBP2, this function may not be as critical as initially thought.

SREBP 1 and SREBP2 are very similar and possess the same domains. The 

distinguishing feature of SREBP2 is the presence of a glutamine rich region proximal to 

the bHLH domain, which is absent in SREBP1. This glutamine rich domain is also 

considered to be involved in binding transcriptional co-activators [Hua et al., 1993]. 

The high, almost identical (98%), conservation between mouse and human SREBP2 

proteins in this segment suggests this domain is of strong functional significance. The 

glutamine rich region is postulated to confer different properties to SREBP2 [Hua et al.,

1993]. Intriguingly, SREBP2 is more highly conserved than SREBP1 (91% and 79%
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Figure 23. SREBP1 am ino acid com parison. Deduced mouse (m) and hum an (h) 
S R E B P la/lc  amino acid sequences are  aligned using Clustal W [Thompson et al., 
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Figure 24. SREBP2 amino acid comparison. Deduced mouse (m) and human (h) 
SREBP2 amino acid sequences are aligned using Clustal W [Thompson et al., 
1994]. Amino acids are written in single letter code (Appendix IV) with the relative 
residue position at the start of each line. Identical amino acids are indicated by 
black boxes and amino acids of similar function by grey boxes. The glutamine rich 
domain is demarcated by the orange box. The basic helix-loop-helix domain is 
shown by the blue line and critical residues coloured (green for the bHLH 
consensus and red for the leucine residues in the leucine zipper consensus). The 
two transmembrane domains are shown by the green boxes.
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Figure 25. Comparison of mouse SREBPIa and SREBP2 with their human 
orthologues. (a) SREBPIa amino acid sequence is compared to human SREBPIa, 
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from the additional presence of the glutamine rich domain.
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respectively). The functional significance of this observation is unknown, but possibly 

related to their relative importance within the cell.

5.10 Yeast two-hybrid analysis of the human lamin A and SREBPIa 

interaction

To confirm that lamin A and SREBP 1 interacted, a direct yeast two-hybrid assay 

was performed using human lamin A and human SREBPIa. Human lamin A (residues 

389-664) was fused to the Gal4 DBD and human SREBPIa was fused to Gal4 

activation domain. These two proteins were introduced into yeast and the interaction 

analysed. Yeast expressing both proteins was streaked onto reporter media lacking 

histidine and adenine. Simultaneously, a negative and positive control was set-up. The 

negative control consisted of yeast containing human lamin A fused to Gal4 DBD and a 

human protein involved in centrosome function, Nek2 [Fry and Nigg, 1995] fused to the 

Gal4 activation domain. These two proteins are considered not to interact. The positive 

control used the lamin A chimeric protein and previously identified lamin A binding 

protein, Narf [Barton and Worman, 1999], which was fused to the Gal4 activation 

domain. To further characterise the specificity for SREBP1 to interact with the A-type 

lamins, a Gal4 DBD fusion protein was created using the tail domain of human lamin C 

(residues 389-572).

Human lamin A failed to interact with Nek2 but did interact with SREBPIa and 

Narf (Figure 26). This confirmed that human lamin A was not ubiquitously interacting 

with proteins fused to the Gal4 activation domain but specifically interacted with Narf 

and SREBPIa. The tail domain of lamin C also failed to interact with SREBPIa using 

the yeast two-hybrid system. This result suggests that SREBPIa binding is unique to the 

lamin A specific region, or the whole of lamin A is necessary for strong interaction with 

SREBPIa.

The observation that lamin A interacted with SREBP 1 from both humans and 

mice substantiated this potential interaction.

5.11 In vitro analysis of the lamin A SREBP1 interaction

To further confirm this novel interaction, a second set of experiments were 

performed using in vitro synthesised and bacterially expressed proteins. A technique 

known to as the GST pull-down was utilised (Figure 27). This technique was developed 

originally to aid in the investigation of transcription initiation complexes [Chen et a l,
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Figure 27. Overview of the GST pull-down. Two plasmids are created, one 
containing a GST tagged cDNA, the other, a cDNA downstream of a T7 promoter. 
The GST-tagged gene is expressed in E. coli and the proteins harvested. 
Glutathione-Sepharose is used to purify the GST protein by combining with the 
total cellular lysate followed by centrifugation. The second protein is in vitro 
translated with [35S] methione (red circle) and combined with the glutathione- 
Sepharose purified GST protein. Further purification steps result in the co
purification of the radiolabelled protein with the GST protein if an interaction 
exists. GST only protein is used as a negative control, to demonstrate that the GST 
tag is not responsible for the ‘pull-down’. The protein samples are resolved using 
SDS-PAGE and subjected to autoradiography to detect the presence of 
radiolabelled protein.
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1994], Eukaryotic gene transcription is initiated by the interaction of many different 

transcription factors and RNA polymerase. Use of the GST pull-down technique 

enabled the further validation of proteins that were believed to specifically interact with 

each other [Chen et al., 1994; Melcher and Johnston, 1995]. More recently, this 

technique has been adapted to confirm protein interactions identified by a yeast two- 

hybrid screen [Pumiglia et al., 1995; Yamada et a l, 1999; Skinner and Saltiel, 2001].

The technique requires the production of a bacterially expressed, engineered 

protein. One of a pair of potentially interacting proteins is expressed in bacteria. Firstly, 

the protein under investigation is fused to the protein GST by creating a hybrid gene and 

this gene is placed under the control of a chemically inducible bacterial promoter. GST 

is a naturally occurring bacterial protein from Schistosoma japonicum  [Smith and 

Johnson, 1988] and is capable of forming strong interactions with glutathione. 

Glutathione can be coupled to sepharose beads. Combining GST protein to the 

glutathione-sepharose complex promotes interactions between the two molecules. 

Subsequent centrifugation results in the purification of the GST protein as it is ‘pulled- 

down’ by the heavy sepharose bead.

A hybrid protein is engineered composed of GST protein and one of the two 

interacting proteins. Bacteria containing the hybrid gene are induced to express the 

chimeric protein. By fusing the protein of interest to the GST protein the chimeric 

protein can be isolated from the whole bacterial lysate of cellular proteins. This is 

achieved using the commercially available beads, glutathione-Sepharose 4B. These 

consist of a sepharose bead attached to glutathione. Glutathione is capable of strong 

interactions with the GST protein and, when mixed with a bacterial protein lysate, the 

sepharose bead will complex with any chimeric GST protein. Subsequent centrifugation 

steps isolate the GST fusion protein as a consequence of the sedimentation properties of 

the dense sepharose bead. After several centrifugation steps and stringency washes the 

sepharose bead pellet will be complexed with the desired chimeric GST protein and 

purified from other cellular proteins.

This purified GST protein can be subsequently incubated with a second protein 

considered as a potential interactor. The second protein is synthesised in vitro using the 

transcription and translation kit (Section 5.4). The radioactive labelling of the protein 

aids in its detection in subsequent steps. The two proteins (the GST protein is left 

attached to the sepharose beads) are incubated at conditions promoting protein 

interaction. If a protein interaction exists between the chimeric GST protein and the
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radiolabelled protein then this would result in a three-component complex consisting of 

the sepharose bead, the GST protein and, finally, the radiolabelled protein. Following 

incubation the samples are centrifuged and subjected to several stringency washes. The 

pellet, thus obtained, should only contain the sepharose bead, the GST protein and any 

other protein capable of interacting with the GST fusion protein. If the radiolabelled 

protein does not interact with the GST protein then it would be washed away in the 

supernatant. The protein samples attached to the sepharose beads are then subjected to 

PAGE and the resulting gels exposed to X-ray film. Any radioactive proteins found in 

the protein pellet will be detected on an autoradiograph.

This technique was used to investigate the iti vitro binding of lamin A and 

SREBPla. Lamin A residues 389-664 were fused to the GST protein. Both GST alone 

and GST-lamin A were induced in E. coli BL21 (a strain deficient in proteases) [Shin et 

al., 1997]. The two proteins were subsequently purified using the sepharose beads. To 

both samples radiolabelled SR EB Pla was added. The experiment was also duplicated 

using radiolabelled lamin A in the place of SREBPla. All of the samples were 

incubated to facilitate protein interactions. The samples were washed, centrifuged and 

the proteins eluted from the sepharose beads. Proteins were electrophoresed on a 

polyacrylamide gel, then stained using a standard protein detection method (Figure 

28a). Figure 28a shows the presence of GST protein and also the GST lamin A fusion 

protein (accompanied by degradation products). The exposure of this stained gel to X- 

ray film resulted in the detection of radioactive SREBPla and lamin A in the ‘pulled- 

down’ protein pellets (Figure 28b) confirming the yeast two-hybrid analyses.

As discussed, the SREBPs exist as ER membrane bound proteins which, upon 

activation, are proteolytically cleaved to form a mature peptide that translocates to the 

nucleus. Lamin A/C is located primarily in the nuclear lamina at the periphery of the 

nuclear compartment, although some reports have described its presence in the ER. The 

site of interaction between lamin A and SREBP1 was considered to be at either the 

endoplasmic ER or the nuclear lamina. To investigate this, further GST pull-downs 

were performed using truncated SREBP1 proteins. Firstly, a truncated SREBPla protein 

was created which terminated prior to the first transmembrane domain (residues 1-487). 

SREBPlc, the shorter SREBPlc isoform, was also generated and terminated at the same 

site as SR EB Pla truncated protein (residues 1-463). These two proteins were equivalent 

to the mature SREBP1 proteins, consisting of the bHLH-Zip domain, previously known 

to directly translocate to the nucleus [Brown and Goldstein, 1999].
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Figure 28. GST pull-down of SREBPla with GST-lamin. (a) SDS-polyacrylamide 
gel stained with coomassie blue. Molecular weight marker (M) is shown with 
corresponding sizes. GST protein of 26 kDa is shown (arrowhead) and GST fused 
to lamin A (residues 389-664) of predicted Mw *54 kDa is shown (arrow). IVT 
synthesised SREBPla was ‘pulled-down’ with GST alone (lane 2) or GST-lamin 
(lane 3). SREBPla IVT (10% of that used in the GST pull-down) was loaded 
directly on the gel (lane 1). This was repeated using IVT lamin A substituted for 
SREBPla (lanes 4, 5, 6). (b) X-ray Film was overlaid onto to the gel presented in a) 
and subsequently developed. Radiolabelled SREBPla (*125 kDa) is present in 
lanes 1 and 3, and radiolabelled lamin A (*70 kDa) is present in lanes 4 and 6.
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The finding that the shortest of the SREBP cDNAs, isolated from the yeast two- 

hybrid screen, still interacted with lamin A implied that a region from residue 220 to the 

end of the protein was capable of binding lamin A. Residue 220 in the mouse SREBP 1 

corresponded to residue 227 in human SR EB Pla (Figure 23). A truncated protein was 

also generated consisting of human SREBP 1 residues 227 to 487 (terminated at the 

same position as the previous two constructs). This protein still possessed the bHLH- 

Zip motif but lacked the first 226 amino acids (the acidic and serine/proline-rich 

domains).

The three SREBP proteins, SREBPla, SREBPlc and SREBP1-227, were 

radiolabelled and incubated with GST-lamin (Figure 29). The GST pull-down indicated 

that all three proteins were capable of interacting with lamin A. This suggested that the 

mature transcriptionally active SREBPs interacted with lamin A and, thus, it was 

proposed that the nuclear lamina is the site of interaction. The lamin binding domain of 

SREBP1 was mapped to 260 residues common to both SREBPla and SREBPlc. 

Interestingly, this site contains the bHLH-Zip domain and is the most highly conserved 

between humans and mice (Figure 23 and Figure 25a).

5.12 In vivo analysis of the lamin A SREBP1 interaction

The lamin A/SREBP1 interaction had been proven in yeast, with the mouse and 

human proteins and in vitro. To explore its true biological significance, this interaction 

was therefore analysed in vivo. This was performed using tissue culture cells and a 

technique known as co-immunoprecipitation (Co-IP). Co-IP is similar to the GST-pull

down, in so far as one protein is used to pull-down a second, mediated by the 

centrifugation of sepharose beads. The two proteins considered to interact are 

transfected into tissue culture cells. Following expression of these proteins and growth 

of the cells the cellular proteins are harvested. Firstly, an antibody is used which binds 

the lamin protein. A second antibody (coupled to a sepharose bead) is also added which 

specifically interacts with the first antibody. Subsequent centrifugation will result in the 

pull-down of the complex of proteins attached to the sepharose beads. If any proteins 

interact with lamin A then they will also be purified. The proteins present in the 

sepharose complex can be detected using western blot analyses.

A Co-IP was performed using protein extracts from cells transfected with 

SREBPla and lamin A (Figure 30). SR EB Pla co-immunoprecipitated with lamin A, 

thus, confirming that the interaction occurred in vivo.
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Figure 29. GST lamin pull-down of different SREBP1 truncations. SREBPla full- 
length, SREBPla 1-487, SREBPlc 1-463 and SREBP1 227-487 were in vitro 
translated and 10% of the amount used in the pull-down was subjected to SDS- 
PAGE and autoradiography. The pull-down with lamin A successfully indicated 
that all four proteins interacted.
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Figure 30. Co-immunoprecipitation of SREBPla and lamin A. 293T cells were 
transiently transfected with combinations of myc-tagged lamin A and/or SREBPla  
mammalian expression vectors using Fugene 6 reagent (Roche. Basel, 
Switzerland). Protein extracts were obtained by incubation of confluent cell 
monolayers on ice with 600 pi of lysis buffer (50 mM HEPES, 1% Triton X-100, 
150 mM NaCl, 1 mM PMSF and Complete™  protease inhibitors [Roche. Basel, 
Switzerland]). Cell debris was removed by centrifugation and a 50 pi sample 
removed for direct analysis by immunoblotting (upper and middle blots). The 
remaining supernatant was pre-cleared by incubation at 4°C with protein A- 
Sepharose beads (Amersham-Pharmacia Biotech. Little Chalfont, UK), followed 
by centrifugation. The supernatant was incubated at 4°C for 2 hours with 2 pg of 
9E10 anti-myc antibody (Zymed. San Francisco, USA). Protein A-sepharose beads 
were then added and the incubation continued for a further 1 hour. The beads 
were washed with lysis buffer and solubilised in 2X protein sample buffer. Samples 
were boiled for 5 min prior to separation on 7.5% acrylamide gel and 
immunoblotting. The membrane was probed with anti-SREBPl antibodies (H160; 
Santa Cruz Biotechnologies), followed by alkaline phosphatase-conjugated anti
rabbit antibodies (Promega. M adison, USA). The myc antibody 9E10 
immunoprecipitated myc tagged lamin A and co-immunoprecipitated SREBPla  
(lane 3).
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5.13 Discussion

The finding of site-specific missense mutations in LMNA, responsible for FPLD, 

highlighted the role of the A-type lamins and nuclear lamina in adipocyte development 

and function. Given the near-ubiquitous expression of lamin A/C in almost all cell types 

suggested a lamin A/C function specific to adipocytes [Broers et a l, 1997]. Extreme 

clustering of mutations in the tail domain of lamin A (Figure 16), with localisation to 

the surface of the protein [S. Shoelson, pers comm] (Figure 17), provided evidence for 

an interface for a protein interaction.

The results of a successful yeast two-hybrid screen identified four lamin A 

interacting proteins expressed in adipocytes. These included lamin A clones, a RanBPM 

clone, a number of SREBP clones and clones representing an uncharacterised gene.

The identification of lamin A clones indicated that lamin A self interacts. Lamin 

A is capable of dimerisation and polymerisation [Stuurman et al., 1998] and, thus, its 

isolation in the yeast two-hybrid screen suggested that the screen had been performed 

correctly. Three clones were identified (of which two were identical) and all 

corresponded to the end of the a-helical domain 2, plus the whole of the tail domain. 

Several significant conclusions may be extrapolated from this. The identification of two 

identical clones indicated that the yeast two-hybrid screen was saturated and all 

interacting proteins from the library had been identified. Furthermore, the lamin A tail 

domain (residues 389-664) was capable of forming interactions with a second lamin A. 

It is well established that lamin self-interactions are mediated through the a-helical 

domain (residues 1-388) [Stuurman et al., 1998] and the tail domains are adjacent to 

each other. The finding of lamin tail self-interactions provides evidence for the role of 

the globular tail in dimerisation. Equally, given the head-to-tail interaction of dimers, 

the tail domain could bind the head domain of an adjacent lamin molecule. However, 

the absence of lamin head domains in the isolated interacting cDNA clones fails to 

support this latter hypothesis. Therefore, the lamin A tail domain alone is sufficient to 

promote lamin A dimerisation. The ability of lamin A and lamin C to heterodimerise is 

unknown. The three clones identified from the yeast two-hybrid screen were all lamin 

A. Two explanations can be proposed for this observation. Firstly, it could indicate that 

dimerisation mediated by the lamin A tail domain only permits homodimerisation. 

Secondly, it could represent the relative abundance of lamin A and lamin C isoforms in 

adipocytes. Thus, if lamin A is the only A-type lamin expressed in adipocytes then the
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lamin A used as bait would not identify lamin A-lamin C interactions. The ability of 

lamin A and lamin C to form heterodimers, mediated by the a-helical domain, was not 

investigated.

The functional significance of lamin A self-interaction in adipocytes, with 

respect to FPLD, does not provide a basis for the derivation of a putative disease 

mechanism. The near-ubiquitous expression of lamin A/C suggests that this interaction 

occurs in all cell types. Thus, it cannot be envisaged how site-specific mutations 

selectively affect adipocyte dysfunction by perturbation of the lamin A interaction.

The identification of seven SREBP clones which interact with the tail domain of 

lamin may provide an explanation for the selective adipocyte degeneration in FPLD 

individuals. SREBP is a transcription factor capable of directing expression of genes 

involved in adipocyte differentiation and cholesterol biosynthesis (Section 1.1.3.3). 

Three different isoforms of SREBP exist: SREBPla, SREBPlc (also known as ADD1) 

and SREBP2. SREBPla and SREBPlc/ADDl are transcribed from a single gene and 

differ in their extreme amino terminus. SREBP2 is transcribed from a different gene. 

The SREBP proteins exist as ER membrane bound precursors and upon activation, the 

bHLH-Zip domain translocates to the nucleus.

Northern blot analyses have shown that SREBP1 is expressed exclusively in the 

liver and adipose tissue (both brown and white adipocytes) [Tontonoz et al., 1993; 

Yokoyama et al., 1993]. In contrast, SREBP2 exhibits a ubiquitous expression pattern 

[Hua et al., 1993]. The different SREBP1 isoforms have different patterns of expression 

[Shimomura et al., 1997]. SREBPla possesses a longer acidic activation domain than 

SREBPlc. In those tissues that express SREBP1, a higher level of SREBPlc was 

detected in both humans and mice. The difference in SREBP 1 and SREBP2 expression 

indicates their importance. It can be concluded that SREBP2 function is necessary in all 

cell types, whereas SREBP 1 confers a function specific to the liver and adipocytes. The 

differences between SREBP isoforms at the protein level has been proposed to provide 

a wider range of transcriptional regulation [Flier and Hollenberg, 1999]. SREBP2 is 

more associated with cholesterol biosynthesis and metabolism [Shimano et al., 1997b] 

and SREBP1 is more strongly associated with control of genes involved in fatty acid 

biosynthesis.

The bHLH-Zip domain of the SREBP proteins is capable of binding two 

different regulatory elements in gene promoters [Kim et al., 1995; Brown and 

Goldstein, 1997]. The first is termed the sterol response element (SRE; 5’-
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TCACCCCCCAC-3’) and is present in the promoters of genes involved in cholesterol 

biosythesis, including the low density lipoprotein (LDL) receptor and 3-hydroxy-3- 

methylglutaryl CoA (HMG-CoA) [Smith et al., 1988; Smith et al., 1990]. SREBPs can 

also bind at an E-box motif (5’-CACGTG-3’) present in the promoters of genes 

involved in fatty acid synthesis, including fatty acid synthase (FAS) and acetyl CoA 

carboxylase (ACC) [Tontonoz et al., 1993]. The ability of SREBPlc/ADDl in 

promoting adipogenesis has been extensively studied [Kim and Spiegelman, 1996] 

(Section 1.1.3.3). SREBPlc/ADDl induces genes involved in adipogenesis including 

PPARy, FAS and LPL. SREBPla has not been investigated as an adipogenic 

transcription factor.

Many different transgenic mice have been generated, as a result of 

manipulations with the SREBP genes. Transgenic mice were made that expressed the 

transcriptionally active SREBP proteins in the liver, TgSREBPla, TgSREBPlc and 

TgSREBP2. TgSREBPla mice have massively enlargened livers, engorged with 

cholesterol and triglyceride [Shimano et al., 1996]. These mice also showed signs of a 

progressive decrease in adipose tissue, considered to be a consequence of ‘triglyceride 

steal’ by the liver. TgSREBPlc mice had no increase in cholesterol levels, but 

significantly elevated levels of triglyceride [Shimano et al., 1997a]. TgSREBP2 mice 

possessed enlargened livers, similar to TgSREBPla mice, but with less triglyceride 

accumulation [Horton et al., 1998]. As predicted, SREBP2 has a more significant role in 

cholesterol synthesis than SREBP 1 isoforms. Interestingly, these transgenic studies 

provided a functional difference for the SREBP 1 isoforms, as a consequence of the 

difference in acidic activation domain length.

Mice possessing targeted disruptions of SREBP 1 [Shimano et al., 1997b] and 

SREBP2 [J. Horton et al., unpublished] have been generated. Mice deficient in SREBP1 

proteins were phenotypically normal. This was thought to be a consequence of elevated 

levels of SREBP2 and, as a consequence, cholesterol levels were elevated compared to 

wild-type mice. SREBP2 deficient mice were embyonic lethal. These data provide 

evidence for the absolute requirement for SREBP2 and its ability to compensate for 

reduced SREBP 1 levels.

To further the investigation of SREBP1 role in adipocytes, transgenic mice were 

developed which expressed the transcriptionally active SREBPlc protein specifically in 

adipocytes. The resultant phenotype in these mice bore a remarkable resemblance to 

that of lipodystrophy in humans (Section 1.2.4).
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Considering the biological role of SREBP 1, its interaction with lamin A was 

considered to be of great biological significance. Identification of six SREBP 1 cDNA 

clones that interact with lamin suggested their ‘non-coincidental’ isolation. In addition 

to the two identical lamin A clones identified, two identical SREBP clones were also 

isolated, confirming the clone saturation of the yeast two-hybrid screen. The co

isolation of a single SREBP2 clone confirmed the validity of the screen and excluded 

the concept that the SREBP1 interaction may be incorrect. The relative frequency of 

SREBP 1 versus SREBP2 clones could indicate the preferential interaction of lamin A 

with SREBP1, as both are highly expressed in adipocytes. The reconstitution of this 

interaction with the human orthologues further validated this interaction. In vitro and in 

vivo analyses provided unequivocal evidence for lamin A and SREBP 1 interaction and 

demonstrated that both of the SREBP 1 isoforms were capable of this interaction. The 

use of the GST pull-down technique enabled the mapping of the domain responsible for 

binding lamin A. This domain is between residues 227 and 487 in human SREBPla 

(corresponding to 203 and 463 in SREBPlc) and encompasses the bHLH-Zip domain as 

well as the region proximal to the first ER transmembrane domain.

Thus, transcriptionally active SREBP1 is capable of interacting with the tail 

domain of lamin A, known to contain all of the FPLD missense mutations. This, 

therefore, raises the question of how this interaction is biologically relevant in 

adipocytes and the effect, if any, of FPLD mutations. Furthermore, the tail domain of 

lamin C fails to interact with SREBPla. It is possible that only lamin A interacts with 

SR EB Pla and possesses features at the C-terminus which contribute to SREBPla 

binding. Mutations which cause FPLD would therefore be in the common lamin A/C 

tail and the lamin A specific carboxyl terminus.

As determined by the in vitro analyses, SREBP 1 potentially interacts with lamin 

A at the nuclear envelope. It is possible that the interaction occurs during nuclear 

import, whilst SREBP1 is translocated through the nuclear pores. Nuclear pores consist 

of a multitude of proteins. Spanning the nuclear membranes are the nucleoporins (Nups) 

[Vasu and Forbes, 2001], which form a large multimeric structure contributing to the 

body of the nuclear pore. At the nuclear face, the nucleoporins are attached to the 

lamina, mediated by Nupl53 and lamin B3 [Smythe et al., 2000]. The in vivo, 

orthoganol appearance of the lamina is considered to be responsible for the regular 

placement of pores in the nuclear envelope [Aebi et al., 1986]. Proteins termed importin 

a  and importin (3 are situated at the cytoplasmic face of the nuclear pore. Importin a  is
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known to bind the nuclear localisation signal present in many nuclear targeted proteins 

(consensus KRKK) [Dingwall and Laskey, 1991]. Upon complex formation, importin a  

binds importin P and the complex translocates through the nuclear pore. Thus, the 

nuclear targeting of SREBP 1 implicates the nuclear import machinery in lamina 

binding. Active SREBP proteins do not possess a nuclear localisation signal and their 

passage to the nucleus was considered uncertain. Nagoshi and colleagues focussed on 

the nuclear import mechanism of SREBP2 [Nagoshi et al., 1999]. Their investigations 

revealed that SREBP2 did not bind importin a  (the cargo-importin p mediary protein), 

instead bound directly to importin p. Presumably, the functional significance of this is 

to permit the operation of the ER retention signal without competition with an importin 

a  NLS. Hence, lamin A and SREBP may interact as a result of complex formation of 

several proteins in the nuclear pore.

In support the concept of a lamin A complex at the nuclear pore was the 

identification of the fourth class of interacting clones, RanBPM. As previously stated, 

RanBPM was localised to the centrosome [Nakamura et al., 1998] and was, thus, 

considered to be a false-positive isolated in the yeast two-hybrid screen. Concomitant 

with the writing of this thesis was the publication of a second RanBPM report, written 

by the same group [Nishitani et al., 2001]. Their new findings disproved the previous 

localisation of RanBPM at the centrosome, as the protein was found to be 

predominantly situated at the nuclear periphery. This recent report indicates that the 

lamin/RanBPM interaction may be correct. RanBPM interacts with Ran, a small 

GTPase involved in nucleoplasmic trafficking [Vasu and Forbes, 2001]. Ran interacts 

with importin (3 at the nuclear face of the nuclear pore and upon binding importin (3, 

releases its cargo which has passed through the nuclear pore. Therefore, a whole set of 

cellular proteins can be envisaged at the nuclear pore, in association with lamin A and 

SREBP. SREBP binds importin p, which binds Ran, to which RanBPM binds. In 

addition, lamin A is capable of interacting with SREBP and RanBPM.

This concept appears valid and SREBP association with the lamina has recently 

been proposed [Hegele, 2001]. However, given that many proteins translocate through 

the nuclear pore, the question of why SREBP was specifically identified as a lamin A 

interactor remains. Explanations for this could be that SREBP is the only protein cargo 

capable of binding importin P directly. Alternatively, the lamin A and SREBP 

interaction may not be a result of complex formation at the nuclear pore.
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It is equally possible that the lamin A and SREBP interaction occurs within the 

nucleus. Other transcription factors have been shown to co-localise with the nuclear 

lamina [Mancini et al., 1994; Ozaki et al., 1994; Rafiq et al., 1998; Cohen et al., 2001]. 

SREBP 1 could be ‘shuttled’ to the lamina (lamin A), immediately after nuclear entry 

and the lamina may be involved in the dispersal of SREBP around the nucleus.

The mouse model of lipodystrophy was generated by increasing the nuclear 

levels of SREBPlc. It is feasible that a transcription factor involved in promoting 

adipogenesis, when over-expressed, would increase adipogenesis and fat accumulation. 

Surprisingly, over-expression of SREBPlc in adipose tissue resulted in lipodystrophy, 

in opposition to the expected phenotype. Shimomura et al. proposed mechanisms for the 

lipodystrophy. The most plausible was the action of the over-expressed SREBPlc in 

sequestration of SRE and E-box sites in the promoters of adipogenic genes. Thus, the 

more potent SREBP isoforms, SREBPla and SREBP2, were not able to exert their 

transcriptional effects at these promoters. However, although SREBPlc possesses a 

smaller acidic activation domain, it is still able to direct the synthesis of genes involved 

in fatty acid biosynthesis and adipogenesis and, hence, fails to explain the complete 

absence of adipose tissue.

The discovery that these two proteins are associated with lipodystrophy in 

humans and mice, strongly suggests that the interaction between them may underlie the 

molecular mechanism of FPLD.
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6 CHARACTERISATION OF THE NOVEL LAMIN A 

BINDING PROTEIN

6.1 Introduction

The identification of lamin A as the defective gene in FPLD and the evidence of 

interaction with an adipogenic transcription factor, SREBP 1, suggested a role for these 

proteins in the development and maintenance of adipocytes. No functional biological 

assays are presently available to investigate the effect of LMNA mutations on the lamin 

A/SREBP1 interaction. Hence, the contribution of this pathway to the generation of the 

FPLD phenotype cannot be fully clarified. Additional studies were also performed to 

characterise the novel gene identified in the yeast two-hybrid screen. Since the novel 

gene had not been previously characterised, its function was unknown and the 

possibility existed that it could offer a second mechanism for adipose tissue 

degeneration in FPLD patients.

Because of its identification as a lamin interacting protein, obtained from an 

adipocyte library the term LIPA was used to refer to the protein (mouse cDNA is 

referred to as Lipa).

6.2 Yeast two-hybrid identification of Lipa

Of thirteen sequenced lamin A interacting clones, two were identified to be a 

novel transcript. Both were identical in length and sequence as revealed by DNA 

sequencing, initially using the ADF and T7 vector primers (Figure 21b), followed by a 

progressive set of nested primers. A DNA sequence of 4058 bases was identified 

(Figure 31) and confirmed by sequencing both sense and antisense DNA strands. 

Sequence translation revealed a single open reading frame (ORF). An initiation ATG 

codon was located 38 bases downstream of the EcoRI cloning site, positioned within a 

translation initiation consensus sequence. The general consensus sequence is 5’- 

CACCATGG-3’ where ATG is the initiation methionine codon [Kozak, 1984]. The 

putative translation start site in the Lipa cDNA sequence is 5’-GAACATGG-3\ where 

only the underlined bases differ. To confirm that this was the true initiation start site it 

was necessary to confirm that no other ATG sequences existed upstream of this putative 

start site. To investigate if this was the correct start site, the Lipa cDNA sequence was 

used to screen EST databases [Altschul et al., 1990]. Several
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1 OAATTCGGCACGAGGCGAGGCAGCATGGTCTGAGACGGTGAAC
Met Asp Phe Ser Arg Leu His Thr Tyr Thr Pro Pro Gin Cys Val Pro Glu Asn Thr Gly Tyr Thr Tyr Ala Leu Ser Ser 27

44 ATG GAC TTT TCT CGG CTG CAC ACG TAC ACC CCA CCC CAG TGT GTG CCG GAG AAC ACT GGC TAC ACT TAC GCA CTC AGT TCT
Ser Tyr Ser Ser Asp Ala Leu Asp Phe Glu Thr Glu His Lys Leu Glu Pro Val Phe Asp Ser Pro Arg Met Ser Arg Arg 54

125 AGT TAC TCG TCG GAT GCT CTG GAT TTT GAA ACT GAG CAC AAG TTG GAA CCT GTA TTT GAC TCT CCA AGG ATG TCC CGC CGC
Ser Leu Arg Leu Val Thr Thr Ala Ser Tyr Ser Ser Gly Asp Ser Gin Ala lie Asp Ser His lie Ser Thr Ser Arg Ala 81

206 AGC TTG CGT CTG GTC ACA ACA GCT TCG TAC AGC AGT GGG GAC AGC CAG GCT ATT GAT TCG CAC ATT AGC ACC AGC AGG GCC
Thr Pro Ala Lys Gly Arg Glu Thr Arg Thr Val Lys Gin Arg Arg Ser Ala Ser Lys Pro Ala Phe Ser lie Asn His Leu 108

287 ACC CCC GCC AAG GGG AGA GAA ACC AGG ACA GTC AAA CAG AGA AGA AGT GCA AGC AAG CCA GCT TTT AGT ATC AAC CAC CTG
Ser Gly Lys Gly Leu Ser Ser Ser Thr Ser His Asp Ser Ser Cys Ser Leu Arg Ser Ala Thr Val Leu Arg His Pro Val 135

368 TCA GGG AAG GGC TTG TCC TCG AGC ACA AGC CAT GAC AGC TCT TGC AGC CTG CGG AGT GCC ACG GTG CTG CGG CAC CCT GTG
Leu Asp Glu Ser Leu H e Arg Glu Gin Thr Lys Val Asp His Phe Trp Gly Leu Asp Asp Asp Gly Asp Leu Lys Gly Gly 162

449 CTA GAT GAG TCC CTG ATT CGT GAG CAG ACC AAA GTG GAC CAC TTC TGG GGT CTC GAT GAT GAT GGT GAC CTT AAA GGT GGA
Asn Lys Ala Ala Thr Gin Gly Asn Gly Glu Leu Ala Ala Glu Val Ala Ser Ser Asn Gly Tyr Thr Cys Arg Asp Cys Arg 189

530 AAT AAA GCT GCC ACT CAG GGA AAT GGT GAA CTG GCA GCA GAG GTG GCG AGC AGC AAT GGA TAC ACT TGC CGT GAC TGC AGG
Met Leu Ser Ala Arg Thr Asp Ala Leu Thr Ala His Ser Ala lie His Gly Thr Thr Ser Arg Val Tyr Ser Arg Asp Arg 216

611 ATG CTC TCA GCG CGC ACT GAC GCA CTC ACA GCC CAC TCT GCC ATC CAC GGG ACC ACC TCC AGG GTG TAC TCC AGA GAC AGG
Thr Leu Lys Pro Arg Gly Val Ser Phe Tyr Leu Asp Arg Thr Leu Trp Leu Ala Lys Ser Thr Ser Ser Ser Phe Ala Ser 243

692 ACT CTC AAA CCA CGC GGA GTG TCC TTT TAC CTG GAT AGG ACT CTG TGG CTG GCC AAG TCC ACC TCC TCA TCC TTT GCA TCA
Phe lie Val Gin Leu Phe Gin Val Val Leu Met Lys Leu Asn Phe Glu Thr Tyr Lys Leu Lys Gly Tyr Glu Ser Arg Ala 270

773 TTT ATA GTT CAA CTT TTC CAA GTG GTT TTA ATG AAG CTC AAT TTT GAA ACT TAC AAA TTG AAA GGC TAT GAA TCC AGA GCT
Tyr Glu Ser Gin Ser Tyr Glu Thr Lys Ser His Glu Ser Glu Ala His Leu Gly His Cys Gly Arg Met Thr Ala Gly Glu 297

854 TAT GAA TCA CAG AGC TAT GAG ACA AAG AGC CAT GAG TCA GAA GCC CAT CTC GGT CAC TGT GGG AGG ATG ACT GCC GGA GAA
Leu Ser Arg Val Asp Gly Glu Ser Leu Cys Asp Asp Cys Lys Gly Lys Lys His Leu Glu lie His Thr Ala Thr His Ser 324

935 CTT TCC AGA GTG GAC GGG GAG TCC CTG TGC GAT GAC TGT AAG GGG AAG AAG CAC CTT GAG ATA CAC ACA GCC ACC CAC TCG
Gin Leu Pro Gin Pro His Arg Val Ala Gly Ala Met Gly Arg Leu Cys lie Tyr Thr Gly Asp Leu Leu Val Gin Ala Leu 351

1016 CAA CTG CCC CAG CCA CAC AGG GTG GCC GGG GCC ATG GGG CGC CTC TGC ATC TAT ACA GGT GAC CTC TTG GTT CAA GCA CTG
Arg Arg Thr Arg Ala Ala Gly Trp Ser Val Ala Glu Ala Val Trp Ser Val Leu Trp Leu Ala Val Ser Ala Pro Gly Lys 378

1097 CGA AGG ACT AGA GCT GCC GGG TGG TCT GTG GCC GAG GCC GTG TGG TCG GTG CTC TGG CTG GCT GTC TCT GCT CCA GGG AAG
Ala Ala Ser Gly Thr Phe Trp Trp Leu Gly Ser Gly Trp Tyr Gin Phe Val Thr Leu lie Ser Trp Leu Asn Val Phe Leu 405

1178 GCA GCC TCG GGA ACC TTC TGG TGG CTA GGG AGC GGC TGG TAC CAA TTT GTT ACT TTG ATT TCT TGG CTG AAT GTC TTT CTT
Leu Thr Arg Cys Leu Arg Asn lie Cys Lys Val Phe Val Leu Leu Leu Pro Leu Leu Leu Leu Leu Gly Ala Gly Val Ser 432

1259 CTT ACC AGG TGC CTT CGA AAT ATT TGC AAG GTT TTT GTC TTG CTC CTC CCA CTC CTA CTT TTA CTA GGT GCT GGT GTC TCC
Leu Trp Gly Gin Gly Asn Phe Phe Ser Leu Leu Pro Val Leu Asn Trp Thr Ala Met Gin Pro Thr Gin Arg Val Asp Asp 459

1340 CTG TGG GGC CAG GGA AAC TTC TTC TCA CTC CTA CCA GTG CTG AAC TGG ACG GCC ATG CAG CCA ACA CAG AGG GTG GAC GAT
Ser Lys Gly Met His Arg Pro Gly Pro Leu Pro Pro Ser Pro Pro Pro Lys Val Asp His Lys Ala Ser Gin Trp Pro Gin 486

1421 TCC AAG GGC ATG CAT AGA CCT GGC CCT CTT CCC CCG AGC CCA CCT CCA AAG GTT GAT CAC AAG GCT TCC CAG TGG CCT CAG
Glu Ser Asp Met Gly Gin Lys Val Ala Ser Leu Ser Ala Gin Cys His Asn His Asp Glu Arg Leu Ala Glu Leu Thr Val 513

1502 GAG AGT GAC ATG GGG CAG AAG GTA GCT TCT TTG AGT GCG CAG TGC CAC AAC CAT GAT GAG AGA CTT GCA GAG CTG ACA GTC
Leu Leu Gin Lys Leu Gin lie Arg Val Asp Gin Val Asp Asp Gly Arg Glu Gly Leu Ser Leu Trp Val Lys Asn Val Val 540

1583 CTG CTT CAG AAA CTA CAG ATA CGG GTA GAC CAA GTG GAT GAC GGC AGG GAA GGG CTG TCA CTG TGG GTC AAG AAT GTG GTT
Gly Gin His Leu Gin Glu Met Gly Thr lie Glu Pro Pro Asp Ala Lys Thr Asp Phe Met Thr Phe His His Asp His Glu 567

1664 GGA CAG CAC CTG CAG GAG ATG GGC ACC ATA GAA CCA CCT GAT GCT AAG ACT GAC TTC ATG ACT TTC CAC CAT GAC CAT GAA
Val Arg Leu Ser Asn Leu Glu Asp Val Leu Arg Lys Leu Thr Glu Lys Ser Glu Ala lie Gin Lys Glu Leu Glu Glu Thr 594

1745 GTG CGT CTC TCC AAC TTG GAA GAT GTT CTT AGA AAA CTG ACA GAA AAA TCT GAG GCT ATC CAG AAG GAG CTG GAA GAA ACC
Lye Leu Lys Ala Gly Ser Arg Asp Glu Glu Gin Pro Leu Leu Asp Arg Val Gin His Leu Glu Leu Glu Leu Asn Leu Leu 621

1826 AAG CTG AAA GCA GGC AGC AGG GAT GAA GAG CAG CCC CTC CTT GAC CGT GTG CAG CAC CTA GAA CTG GAA CTG AAC CTG TTG
Lys Ser Gin Leu Ser Asp Trp Gin His Leu Lys Thr Ser Cys Glu Gin Ala Gly Ala Arg lie Gin Glu Thr Val Gin Leu 648

19J7 AAG TCA CAG CTG TCA GAC TGG CAG CAT CTG AAG ACC AGC TGT GAG CAG GCT GGG GCC CGC ATC CAG GAG ACT GTG CAG CTC
Met Phe Ser Glu Asp Gin Gin Gly Gly Ser Leu Glu Trp Leu Leu Glu Lys Leu Ser Ser Arg Phe Val Ser Lys Asp Glu 675

1988 ATG TTC TCT GAG GAT CAG CAG GGC GGT TCC CTC GAG TGG CTA TTA GAG AAG CTT TCT TCT CGG TTC GTG AGC AAG GAT GAG
Leu Gin Val Leu Leu His Asp Leu Glu Leu Lys Leu Leu Gin Asn lie Thr His His lie Thr Val Thr Gly Gin Ala Pro 702

2069 CTG CAG GTG CTC TTA CAT GAC CTT GAG CTG AAA CTG CTG CAG AAT ATC ACA CAC CAC ATC ACC GTG ACA GGA CAG GCC CCG
Thr Ser Glu Ala lie Val Ser Ala Val Asn Gin Ala Gly lie Ser Gly lie Thr Glu Ala Gin Ala His lie lie Val Asn 729

2150 ACA TCC GAG GCT ATT GTG TCT GCC GTG AAT CAG GCA GGG ATT TCA GGA ATC ACA GAA GCG CAA GCA CAT ATC ATT GTG AAC
Asn Ala Leu Lys Leu Tyr Ser Gin Asp Lys Thr Gly Met Val Asp Phe Ala Leu Glu Ser Gly Gly Gly Ser lie Leu Ser 756

2231 AAT GCT CTG AAG CTG TAC TCC CAA GAC AAG ACG GGG ATG GTG GAC TTT GCT CTG GAG TCT GGA GGT GGC AGC ATC CTA AGC
Thr Arg Cys Ser Glu Thr Tyr Glu Thr Lys Thr Ala Leu Leu Ser Leu Phe Gly Val Pro Leu Trp Tyr Phe Ser Gin Ser 783

2312 ACT CGG TGC TCT GAG ACC TAT GAG ACC AAG ACG GCA CTG CTG AGC CTG TTT GGG GTC CCA CTG TGG TAC TTC TCA CAG TCA
Pro Arg Val Val lie Gin Pro Asp lie Tyr Pro Gly Asn Cys Trp Ala Phe Lys Gly Ser Gin Gly Tyr Leu Val Val Arg 810

2393 CCT CGA GTG GTG ATC CAG CCC GAC ATC TAC CCA GGG AAT TGC TGG GCG TTC AAA GGT TCC CAG GGG TAC CTG GTG GTG CGG
Leu Ser Met Lys lie Tyr Pro Thr Thr Phe Thr Met Glu His lie Pro Lys Thr Leu Ser Pro Thr Gly Asn lie Ser Ser 837

2474 TTG TCC ATG AAG ATC TAC CCA ACC ACA TTC ACC ATG GAA CAC ATT CCA AAG ACA CTA TCA CCC ACT GGT AAC ATC TCC AGT
Ala Pro Lys Asp Phe Ala Val Tyr Gly Leu Glu Thr Glu Tyr Gin Glu Glu Gly Gin Pro Leu Gly Arg Phe Thr Tyr Asp 864

2555 GCC CCC AAA GAC TTT GCA GTC TAT GGA CTG GAA ACG GAG TAT CAA GAA GAG GGG CAG CCT CTG GGA CGG TTC ACC TAT GAC
Gin Glu Gly Asp Ser Leu Gin Met Phe His Thr Leu Glu Arg Pro Asp Gin Ala Phe Gin lie Val Glu Leu Arg Val Leu 891

2636 CAG GAA GGA GAC TCA CTC CAG ATG TTC CAC ACA CTG GAA AGA CCT GAC CAA GCC TTC CAG ATA GTA GAG CTC CGG GTC CTG
Ser Asn Trp Gly His Pro Glu Tyr Thr Cys Leu Tyr Arg Phe Arg Val His Gly Glu Pro lie Gin Stop 913

2717 TCC AAC TGG GGC CAC CCT GAG TAC ACT TGC CTC TAC CGG TTC CGA GTC CAC GGA GAG CCC ATC CAG TAG AGCACTCCAGCCATG
2801 TACATGTCTGTATATACC AAGACGCCATAACACTGGAACTCATTGAGAAAGAGAGC ACGTGAGCATAGGAACTTGTCAGCCACCCTTCAATAAATGTGCTGTGGTCC
2908 TGAGGACGTGCTGAGTCCTCTGAGGCTGTGCGTGTGTTCTCAAAGCCCAAAAGCCGGGGAGGCTTTTTTAATTCATTTGAATGTATGATTCTCGGACACTCCTTTTG
3015 ACTTAGGGATTTGCTTGAATGCATAAAGTCAAGAAGCAGATAGGCTGGCAGGTTTCCAGGCTCCTGACATAAAGGCTGAGAGCTCTGCATTGGCCATCCTCTGGATG
3122 TCAAGAAGGCAAAGTCCCATCTGCTAAACCCACGTTTCTTTCAGGGAAAACTGTTGCTCTGTCTTCAGTCTGACCCCTTCCAGGTTCCCTGGTGGGGAGAGGCTATG 
3229 TCATAGACTGTCTGCTTTGAGCTGGGACTCCTCTGATTCCCCAGGGGAGTAGATCGGGCTTTGCAGAAGAGCAGTGGGGTGTGCACACCATGAATGGTGCTCTTGGG 
3336 TCTCAGCCAGGCCGTTCCTGGCAGATCACAGAATGGACAGGAACCTTGAGAAGGGATGCTCTGCTGTCCTTGAGCTATGAGTCTCTGCTGAAGGGGGAACACTAAGG 
3443 TGGTGCTAGTGGCTGCCACTCTTGGTCTTTATCACAGCAGCATTCTGTGCTGCCCTTGGGTTTGCCTCTACACCATTATCAGCCCTTCTCACTGATTCAAATTTGGG 
3550 TATATTTAATATTTAGACTTTTGTGAGTAGACTTTATAACTGATACATCATCTGGACACTTAAAAGTGTTTAGATGTCTTACCTAAAGAATTGTTAAGTTTCATTGG 
3657 TTAGACAGCCTTGGCAGAATACAAAGCTCACCTGCTGGGGCTCAGAGTTCTGGGATTTCTCGCATGTTGCAAGCAGCCCTTAAGACAGTGGCCCAAAGCACATCCCA 
3764 CTCCATAGGGTTAGAGCCACTGCCTGTGTGGCCAGGTTGTGTGGGATGCACACATTTTGCATACTCAAGGTTACATGCAGAAGTCAGAATTTCCTATATTAAACTAA
3871 ATTGGGGAATTGGGGGTGG AGATATTTC AAATATTTATTTTTAAAGATGC AAGATAGGACTTTGTGC AATGTATTTTTGTAAATGCTTTTC AAAAC ACTTGTCTTTG 
3978 GTAGTGCTTCTACTGCCACTAAATTAAGATGCTATTGAGATGTTTAAATAAAAGAGTTAATTTTTAAAAAAAAAAAAAAAACTCGAG

Figure 31. Lipa cDNA sequence. The DNA sequence of Lipa was revealed by 
sequencing the yeast two-hybrid positive clone Y2H67. The cloning sites EcoRl 
and A7ioI are shown in bold. The putative ORF of 2739 bases is divided into 
codons, and above each codon is the corresponding amino acid. The 3’-UTR and 
5’-UTR is shown by the continuous DNA sequence. Two putative poly-adenylation 
signals are underlined. The DNA sequence is numbered down the left-hand side 
and the amino acid sequence is numbered down the right-hand side.
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EST sequences were identified that extended the 5’ Lipa sequence. In these clones stop 

codons were located upstream of the putative start site, in all three frames. Hence, it was 

concluded that this ATG was, indeed, the correct translation initiation codon.

The ORF extends to 2739 bases, resulting in a peptide consisting of 913 amino 

acids. The stop codon (TAG) is then followed by an extended 3’ untranslated region 

(3’-UTR) of over 900 bases. At the extreme 3’-UTR, the poly-A tail was identified 

before the Xhol cloning site. The poly-A tail is added by a polymerase that recognises a 

specific sequence in the 3’-UTR [Takagaki et al., 1988]. This site is referred to as the 

poly-A recognition site (AAUAAA) and is located 11-30 bases upstream from the start 

of the poly-A tail. In the 3’-UTR of Lipa, the poly-A recognition site is located 13 bases 

upstream from the start on the poly-A tail. Interestingly, a second poly-A recognition 

site was identified. This was at the beginning of the 3’-UTR, only 100 bases 

downstream from the stop codon. The functional significance of the second site is 

unknown.

6.3 Confirmation of LIPA interaction with lamin A

To investigate the validity of the interaction between LIPA and lamin A, GST 

pull-down assays were performed (described in Section 5.11). The full-length Lipa 

cDNA was subcloned into a T7 vector. Firstly, an in vitro translation was carried out 

using this plasmid and the resulting protein analysed by SDS-PAGE and 

autoradiography. A radioactive protein was detected and estimated to be 100 kDa 

(Figure 32). This molecular weight is consistent with the predicted molecular weight of 

101 kDa for the 913 amino acid protein. This indicated that Lipa encodes a protein of 

approximately 100 kDa. The GST pull-down performed with GST-lamin A was used to 

detect a specific interaction with LIPA (Figure 32) and it was concluded that lamin A 

binds LIPA in vitro.

6.4 Identification of putative functional domains

The amino acid sequence was further analysed using a range of bioinformatic 

programs and databases. Properties of other lamin binding proteins included the 

presence of a transmembrane domain spanning the inner nuclear membrane (emerin, 

LAP1, LAP2, LBR). Thus, the presence of transmembrane domains in LIPA was 

investigated. The 913 amino acids were analysed using SOSUI [Hirokawa et al., 1998]. 

Two transmembrane domains were identified (Figure 33a), located in the middle
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Figure 32. In vitro analysis of the lamin A/LIPA interaction. Autoradiograpgh 
reveals the pull-down of SREBPla and LIPA by GST tagged lamin A. 
Radiolabelled lamin A («70 kDa) is present in lanes 1 and 3, and radiolabelled 
LIPA («100 kDa) is present in lanes 4 and 6.
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Figure 33. LIPA putative dom ains, (a) Amino acid sequence of LIPA, illustrating 
the zinc finger and  NLS (black shading), the transm em brane domains predicted 
using SOSUI (outlined) and T M pred (grey shading) a re  shown, (b) TM pred 
hydrophobicity plot of LIPA, high peaks suggest the presence of transm em brane 
dom ains, (c) Com parison of LIPA zinc finger with zinc fingers 1, 4 and 8 of 
Xenopus TFIIIA , critical residues (black boxes), conserved residues (grey boxes).
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portion of the protein, separated by only 24 amino acids. This is reminiscent of the 

transmembrane domain localisation in SREBP and could imply that LIPA also forms a 

hairpin conformation spanning a membrane. To validate the transmembrane domain 

prediction using SOSUI a second transmembrane domain program was used, TMpred 

[Hofmann and Stoffel, 1993]. However, TMpred failed to identify the same domains as 

SOSUI. The output from TMpred is viewed as a hydrophobicity plot (Figure 33b), 

representing the degree of hydrophobicity for a ‘moving window’ of residues (~ 20 

amino acids), over the entire amino acid sequence. High hydrophobicity peaks suggest 

the location of transmembrane domains. The LIPA hydrophobicity plot indicated the 

presence of four transmembrane domains, of which two are likely to be definite 

transmembrane domains (suggested by the high peaks). The localisation of these 

TMpred domains was compared to the position of the SOSUI domains (Figure 33a). 

There is slight overlap of these domains predicted between programs. It was concluded 

that between two and four transmembrane domains are present in the mid portion of 

LIPA.

Proteins localised to the nucleus often contain a nuclear localisation signal 

(NLS) [Dingwall and Laskey, 1991]. In general, there is no clear consensus sequence 

but basic residues such as lysine and arginine are common. One such motif, KGKK, 

was identified in LIPA at residue 311. This sequence is similar to the NLS found in 

lamin A/C protein sequence. Proline residues are often positioned proximal to this 

sequence, to disrupt the structure of an a-helix (if present). No proline residues were 

identified near this NLS in LIPA. Therefore, this NLS may or may not act to import 

LIPA into the nucleus.

Using a number of protein prediction programs available on the Internet 

[Hofmann et al., 1999; Bateman et al., 2000], a zinc finger binding domain was 

identified in LIPA. Figure 33c illustrates the consensus sequence found in other zinc- 

finger proteins and compares it to the zinc-finger domain found in LIPA. The most 

common zinc finger motifs are called the C2H2 fingers, possessing the general 

consensus CX2C X i2_i6HX3H (where X is any amino acid) [Laity et al., 2001]. The zinc- 

finger motif in LIPA exactly matches this consensus sequence. Further amino acids 

surrounding the cysteine and histidine residues have also been implicated in the 

function of the zinc finger [Wolfe et al., 2000]. These other consensus sequences 

consist of (F/Y)XCX2.5CX3(F/Y)X5¥X 2HX 3-5H (where X is any amino acid and ¥  is any
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hydrophobic residue). Again, the LIPA zinc finger motif exhibits high homology to this 

sequence (the second F/Y is the only residue not conserved in LIPA).

The zinc finger was initially identified in the Xenopus transcription factor 

TFIIIA [Miller et al., 1985b], which contained 9 such zinc fingers. Since then many 

other zinc finger proteins have been identified and it is predicted that 0.7% of all human 

genes will contain these motifs [Hoovers et al., 1992]. These sequences fold in the 

presence of a single zinc ion which is sandwiched between two antiparalled (3-sheets 

and an a-helix (P pa) [Wolfe et al., 2000] The two cysteines and two histidine are 

tetrahedrally co-ordinated around the zinc atom. Zinc fingers are well known for their 

ability to bind DNA and act as transcription factors. However DNA recognition usually 

requires two or more tandemly repeated zinc fingers [Wolfe et al., 2000]. Many other 

zinc finger proteins have now been identified which do not bind DNA [Laity et al., 

2001] Additionally, other functions include RNA packaging, protein interactions, 

membrane attachment and lipid binding. An example of a zinc finger protein implicated 

in protein interactions is Ikaros. Ikaros is involved in lymphoid development and has the 

ability to form homodimers through the association of the zinc finger motifs [Sun et al., 

1996].

The presence of the single zinc-finger motif in LIPA appears genuine, as 

revealed by consensus sequence comparisons. The role of the C2H 2 finger is unknown 

but may be involved in DNA or protein interactions.

Several other proteins have been found to localise at the nuclear lamina. Three 

of these, LAP2, emerin and MAN1 contain a conserved LEM domain found only in 

these proteins [Lin et al., 2000]. The LEM domain is a unique 43 amino acid motif and 

is hypothesised to mediate interactions with DNA [Shumaker et al., 2001]. By 

performing comparative analysis of these proteins with LIPA, it was determined that 

LIPA is not a LEM domain protein.

In conclusion, three putative domains were recognised in LIPA: a NLS, a zinc 

finger motif and evidence for several transmembrane domains.

6.5 Comparison to other proteins

Although LIPA appears novel, there were several proteins in the NCBI database 

exhibiting homology to this protein. BLAST protein searches were performed with the 

LIPA amino acid sequence. Five proteins with significant homology were identified: 

three human proteins KIAA0810, SUN1 and SUN2; UNC-84, a protein from the
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nematode Caenorhabditis elegans and Sadi, a protein from fission yeast 

Schizosaccharomyces pombe. The amino acid sequences were aligned using CLUSTAL 

W [Thompson et al., 1994] (Figure 34, illustrated in Figure 35a). LIPA was 

homologous to KIAA0810 over the entire length of the protein, albeit with a low degree 

of conservation. Of interest, KIAA0810 lacked some residues critical for zinc finger 

formation. All of the five proteins exhibited homology with LIPA at the extreme C- 

terminal end of the protein. A small domain of 194 amino acids (residues 727-913) is 

present in these proteins (SUN A domain); a second domain (SUN B domain) of similar 

size (residues 487-726) is present in LIPA and the three human proteins only. All of the 

five proteins are predicted to possess transmembrane domains.

Four of the five proteins have previously been compared based on their 

homology [Malone et al., 1999]. Malone and co-workers studied UNC-84 in C. elegans 

and determined that UNC-84 is critical for nuclear migration. Nuclear migration occurs 

in all eukaryotic cells for a variety of interphase functions, including stages of 

embryogenesis in Drosophila melanogaster and to ensure the budding yeast S. 

cerevisiae obtains copies of chromosomes in both mother and daughter cells. It was 

previously unknown how the nuclei are capable of migrating within the interphase cell 

[Raff, 1999]. Malone et al. demonstrated that UNC-84 was necessary for nuclear 

migration. A GFP fusion of UNC-84 localised the protein to the nuclear envelope. It 

was, thus, concluded that UNC-84 was involved in attachment of microtubules which 

enabled the process of nuclear migration. Homology searches revealed that UNC-84 

shared its C-terminal domain with S ad i, a protein from S. pombe. This protein was 

associated with spindle architecture in yeast and located at the nuclear membrane 

[Hagan and Yanagida, 1995]. Two other human proteins with homology to UNC-84 

were identified using BLAST searches and referred to as S ad i-UNC-84 proteins, SUN1 

and SUN2.

The fifth protein, KIAA0810, with homology to LIPA had been isolated by a 

group randomly sequencing cDNA clones [Nagase et al., 2000]. No functional analysis 

data was available on this protein.

LIPA homology to these proteins would be indicative of a role in nuclear 

migration and nuclei positioning within the cell.
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Figure 34. Amino acid comparison of LIPA with other proteins using Clustal W 
[Thompson et al., 1994]. Amino acids are written in single letter code (Appendix IV), 
and the relative residue position at the start of each line. Identical amino acids are 
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t h e  S U N ,  U N C - 8 4  a n d  S a d i  p r o t e i n s .  T h e  S U N - A  d o m a i n  i s  p r e s e n t  i n  a l l  s i x  

p r o t e i n s  ( d a r k  g r e y  b o x ) ,  a n d  t h e  S U N - B  I  i s  p r e s e n t  i n  t h e  h u m a n  a n d  m o u s e  

p r o t e i n s  o n l y  ( l i g h t  g r e y  b o x ) .  A  s e r i n e  r i c h  d o m a i n  a n d  a  z i n c  f i n g e r  w a s  

i d e n t i f i e d  i n  L I P A ,  b u t  a b s e n t  f r o m  a l l  o t h e r  p r o t e i n s .  A m i n o  a c i d  i d e n t i t y  w i t h  

L I P A  i s  g i v e n  u n d e r  e a c h  p r o t e i n ,  ( b )  F o u r  p o s s i b l e  l o c a t i o n s  o f  L I P A  w i t h i n  t h e  

c e l l ,  ( i )  o u t e r  n u c l e a r  m e m b r a n e  w i t h / w i t h o u t  a s s o c i a t i o n  w i t h  t h e  n u c l e a r  p o r e  

( a r r o w ) ,  ( i i )  i n n e r  n u c l e a r  m e m b r a n e ,  w i t h / w i t h o u t  a s s o c i a t i o n  w i t h  t h e  n u c l e a r  

p o r e s  ( a r r o w ) ,  ( i i i )  s p a n n i n g  t h e  p e r i n u c l e a r  s p a c e ,  ( i v )  a t  o t h e r  c e l l u l a r  

m e m b r a n e s .
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6.6 Discussion

The lamina in eukaryotic cells has been identified as a structure that underlies 

the inner nuclear envelope conferring a set of biological functions [Hutchison et a l, 

2001]. Virtually all of these processes are mediated by interacting proteins that associate 

with the nuclear lamina [Gotzmann and Foisner, 1999]. These have included other inner 

nuclear membrane proteins (emerin, LAP1, LAP2, LBR, MAN1) involved in the 

assembly, positioning and anchoring of the nuclear lamina at the inner nuclear 

membrane. These proteins also function to aid in chromatin association within the 

lamina. Several transcription factors (Rb and IPF-1) have more recently been shown to 

co-localise with the lamina [Cohen et al., 2001], thus, indicating its likely importance in 

the context of gene expression. In addition, the lamina is considered to be critical for the 

placement of nuclear pores that span the outer and inner nuclear membranes [Aebi et 

al., 1986] and the identification of lamin and nucleoporin complexes [Radu et al., 1995; 

Smythe et al., 2000] has substantiated the role of the lamina function in 

nycleocytoplasmic transport.

The identification of LIPA as an additional lamina associated protein that binds 

directly to the tail domain of lamin A implies that the lamina is a platform for the 

docking of many cellular proteins. LIPA could function in lamin formation, attachment, 

DNA interactions, gene expression, or nucleocytoplasmic transport. It is also 

conceivable that LIPA could have a novel role in the cell, uncommon to the other 

lamina associated proteins. The finding of the putative structural domains in the 

sequence of LIPA may aid in deducing a possible role. The NLS implies LIPA is at 

least localised to the nuclear compartment enabling its interaction with lamin A, 

although it is not known whether KGKK is a functional NLS in LIPA. Interestingly, the 

majority of the other lamina binding proteins involved in either chromatin binding or 

the anchoring of the lamina possess transmembrane domains (LAP1, LAP2(3, emerin, 

MAN1, LBR, nurim). Therefore, the presence of two or more transmembrane domains 

in LIPA is consistent with other lamina proteins and suggests LIPA localisation at the 

inner nuclear membrane.

The presence of a single zinc finger in LIPA is intriguing as most DNA binding 

zinc finger proteins contain tandemly repeated fingers [Wolfe et a l, 2000]. Therefore, it 

could have DNA binding and/or gene expression properties. New roles are now being 

assigned to zinc finger containing proteins, including protein-protein interactions, lipid



Chapter 6______________ Characterisation of the novel gene______________________ 180

binding and membrane attachment [Laity et al., 2001]; LIPA could, potentially, 

function in any one of these ways. Interestingly, the nuclear pore protein Nupl53 

interacts with lamin B3 and contains several zinc finger domains [Smythe et al., 2000]. 

It has been suggested that N upl53 functions to export mRNA from the nucleus to the 

cytoplasm. The presence of the zinc finger in LIPA could, therefore, be involved in 

nucleoplasmic transport.

The finding of homology between the C-terminus of LIPA, UNC-84 and the 

UNC-84-related proteins [Malone et al., 1999] implies a role for LIPA in nuclear 

migration. Subcellular localisation experiments were performed with UNC-84, 

positioning the protein at the nuclear envelope. It was assumed that the protein was 

present at the outer nuclear membrane, in view of its role in the nuclear migration 

process. Given LIPA exhibits strong homology to the SUN domains present in these 

nuclear migration proteins, the obvious location for LIPA would also be at the outer 

nuclear membrane. Thus, it is difficult to envisage how and when LIPA would interact 

with lamin A. However, it has recently been suggested that UNC-84 is an inner nuclear 

membrane protein [Cohen et al., 2001] (Figure 6). Several possibilities of LIPA 

localisation are illustrated in Figure 35b. Theoretically, LIPA could bind at firstly, the 

inner nuclear membrane (either interacting with just the lamina or the lamina and the 

nuclear pores); secondly, the outer nuclear membrane (its interaction with lamin A 

incorrect); third, the inner and outer membranes spanning the perinuclear space 

(explaining lamin A binding and SUN domain homology); or alternatively, a different' 

membrane within the cell (the binding of lamin A would, thus, be a further function, 

analogous to lamin A-SREBP1 interaction).

The role of LIPA in the lamin A/C diseases is not known. It is possible that the 

effects of lamin A/C mutations are mediated through this interaction with LIPA. As 

nuclear migration is considered to have a role in the development of cells and tissues 

[Raff, 1999], it cannot be excluded that the UNC-84-like LIPA protein is involved in 

adipocyte and/or myocyte development and maintenance
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7 GENERAL DISCUSSION

7.1 LMNA mutation causes partial lipodystrophy and muscle 

disorders

Several strategies exist for the detection of causative genes for human disorders. 

Positional cloning is a robust method that uses families suffering from the disorder for 

recombination-based analyses (Section 1.4.1) to identify a chromosomal region 

inherited with the disease. Subsequent studies refine the genetic interval, generate a 

physical map and position genes and ESTs in the disease gene interval. Ultimately, 

candidate genes are analysed in patients for sequence alterations. FPLD was linked to 

chromosome lq21 using whole-genome scans (Section 3.1.2), which specifically 

localised the gene to a 5.3 cM interval. Haplotype analyses in the UK cohort reduced 

this further to a genetic distance of 3.8 cM (Section 3.1.6), for which a physical map 

was constructed (Section 3.2.). Cao and Hegele reported a missense mutation in the 

LMNA gene, that segregated in FPLD families [Cao and Hegele, 2000]. This was 

surprising, as although LMNA had been placed on the UK lq21 physical map it had 

been not previously been considered a candidate on account of its mutation in EDMD- 

AD. However, Cao and Hegele considered the lipodystrophy in FPLD to be analogous 

to muscular dystrophy in EDMD-AD. The location of the LMNA gene at lq21, close to 

a highly associated marker, prompted investigation of the gene in all UK FPLD 

families. Missense mutations were identified in all FPLD patients. The selection of- 

LMNA by Cao and Hegele, although obscure with regard to its functional candidacy in 

FPLD, served to isolate the causative gene. It is of interest that LMNA was one of 

approximately 30 known lq21 genes, each implicated as the possible disease gene, as a 

result o f a systematic positional cloning approach.

All FPLD mutations are missense and localised to two specific regions in 

LM NA , exon 8 and exon 11 (Section 4.2, 4.4 and 4.7.4). Many different types of 

mutations, within the LMNA gene, had been previously identified in three other muscle 

and heart disorders. These include missense, frame-shift, splice-site, null and amino 

acid in-frame deletion mutations located over the entire gene, predominantly identified 

in EDMD-AD patients. Of particular interest is a null mutation at the extreme 5 prime 

end of the gene, G6X, which would be predicted to produce no functional protein 

product. Thus, only 50% the normal levels of the LMNA gene product -  lamin A/C,
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would be present in all cells. Lamin A/C is involved in structural maintenance of the 

nuclear envelope and functions as a scaffold for other proteins located to the nuclear 

periphery [Gerace and Burke, 1988; Stuurman et al., 1998; Gotzmann and Foisner, 

1999]. Among patients harbouring the G6X mutation it is intriguing to query the effect 

of this extreme protein truncation. Possible consequences include a reduction in lamina 

strength and/or a perturbation of the anchoring of other proteins and chromatin within 

the nucleus. The finding that EDMD-X is caused by emerin dysfunction suggests that 

the lamin A/C-emerin interaction is defective in all EDM D patients. Emerin is 

aberrantly targeted in EDMD-X patients and in lamin A/C knockout mice [Fairley et al., 

1999; Sullivan et al., 1999]. As a result, the lamin A/C G6X mutation could reduce the 

level of emerin at the nuclear envelope. However, this would not explain the selective 

loss of myocytes in these patients, as emerin and lamin A/C are widely expressed 

[Bione et al., 1994; Broers et al., 1997]. It is of interest that lamin B1 is not expressed in 

myocytes, whereas it is expressed in most other cell types. Therefore lamin B2 and 50% 

of normal lamin A/C levels would be the only lamin proteins present in the lamina of 

myocytes in patients harbouring a G6X mutation. Thus, structural integrity of the 

lamina could be compromised and, together with the elevated contractile forces within 

the myocyte, the weakened lamina may not function adequately. In a similar manner the 

other identified EDMD-AD mutations could potentially disrupt the lamin A/C structure 

and prevent incorporation into the lamina.

The two other disorders (LGMD1B and CMD1 A) caused by LMNA mutation are 

both related at the phenotypic level to EDMD. LGMD1B is similar with regard to 

muscle degeneration; furthermore, EDMD patients often die as a consequence of 

cardiac difficulties, which are common in CMD1A. Hence, these three disorders may in 

fact represent variations of a common phenotype. This was supported by the 

identification of a frameshift mutation in a family in which four individuals each 

suffered from distinct muscle and cardiac abnormalities, which collectively resembled 

EDMD-AD, LGMD1B and CMD1A [Brodsky et al., 2000]. This finding underscores 

the relatedness of these three disorders at the molecular level.

It is intriguing that FPLD, an apparently unrelated phenotype, also arises 

through LMNA mutation. Specifically adipocyte function is the major cell-type that is 

perturbed in FPLD, as opposed to myocyte abnormalities in the muscle-related 

phenotypes.
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The two sites of FPLD mutation map to the globular tail domain of lamin A/C. 

The exon 8 mutations are present in both lamin A and lamin C, whereas the exon 11 

mutations only result in amino acid substitution in lamin A. All FPLD mutations are 

missense and those in exon 8 are located on the protein exterior. The most frequently 

observed FPLD mutations are located within exon 8 leading to substitutions of amino 

acids, R482 and K486 (89% of all FPLD mutations) with either uncharged or 

hydrophobic amino acids. Interestingly, the exon 11 mutations which result in the 

amino acid substitutions R582H and R584H, are considered to cause a less severe form 

of lipodystrophy. This is also reflected at the molecular level as, although these two 

residues are basic, FPLD mutation in these cases results in their alteration to histidine, 

another basic amino acid. Thus, it would appear that lamin A/C contribution to the 

lamina is essential in myocytes and cardiomyocytes whereas the FPLD mutated residues 

potentially possess significant and potentially specific function in adipocytes, which 

may be dependent on the charge of these amino acids suggesting a protein-protein 

interaction is involved

7.2 Towards understanding the molecular mechanism of partial 

lipodystrophy

The use of a yeast two-hybrid screen with lamin A as bait identified four 

different interacting proteins (Section 5.7). The finding that lamin A self-interacts, 

specifically mediated by the globular tail domain, raises the possibility that the FPLD 

mutations could disrupt this association. However, this would not explain why FPLD 

mutations specifically affect adipocytes.

A more plausible candidate for the mediator of lamin A function/dysfunction in 

adipocytes is the adipocyte differentiation factor, SREBP1, which was also identified in 

the yeast two-hybrid interaction screen. This interaction is modulated at the tail domain 

of lamin A. Interestingly, SREBPla did not interact with lamin C as revealed by 

preliminary yeast two-hybrid analysis. This suggests that either the lamin A specific 

domain (residues 567-664) interacts with SREBP1 or that two SREBP1 binding sites 

are necessary in the lamin A globular domain, only one of which is present in lamin C. 

It is tempting to speculate that the latter proposal is correct, due to the identification of 

two widely spaced sites of mutation in LMNA in FPLD individuals, one present in both 

lamin A and lamin C, the other in lamin A only. However, it is not yet been shown that 

SREBP1 interacts with lamin A at these sites. The finding that lamin A interacts with
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SREBP1 and SREBP2 provides compelling evidence that the interaction is genuine, 

especially considering that SREBPla and SREBP2 are only 47% identical at the amino 

acid level.

The SREBPs have been recognised to mediate different functions within the 

cell. SREBP1 exists as a longer la  isoform and a shorter lc isoform; the latter has 

strongly been implicated in lipodystrophy, as revealed from transgenic mouse studies 

(Section 1.2.4). Thus, its interaction with the lamin A tail domain in both humans and 

mice is a significant biological finding. Although lamin A and SREBP1 involvement 

has been identified in lipodystrophy and an interaction revealed between these two 

proteins, a specific molecular mechanism has not been uncovered. Furthermore, the 

effect of FPLD mutations has not been addressed with regard to the lamin A-SREBP1 

interaction. One of three events may occur, each with distinct putative molecular 

outcomes: 1) no effect; 2) a decrease in interaction; 3) an increase in interaction.

If FPLD mutations do not affect the lamin A-SREBP1 interaction, then it is 

possible that the lamin A-SREBP1 association is not disrupted in FPLD patients and 

this interaction is not significant in the aetiology of lipodystrophy.

A decrease in interaction of these proteins could prevent the nuclear targeting of 

SREBP1. The A-type lamins may be involved in the import of SREBP1 through the 

nuclear pores and FPLD mutation possibly reduces the nuclear entry of SREBP1; hence 

SREBP1 would not be able to act as an adipogenic transcription factor and 

lipodystrophy could result. If the interaction is not involved in the nuclear import of 

SREBP1, then this interaction must occur at the other sites within the nucleus such as 

the entire nuclear periphery (not just the peripheral sites associated with NPCs) and 

intra-nuclear lamin A/C foci. Thus hypothetically, adipogenic genes may be positioned 

close to these sites; a decrease in SREBP1 concentration as a result of reduced 

interaction with lamin A/C may result in reduced exposure of specific genes to 

transcriptionally active SREBP1.

A final, potential consequence of lamin A1C mutation could be the increased 

interaction of these proteins. If the interaction affected the nuclear import, elevated 

nuclear SREBP1 levels would result. The scenario of increased SREBP1 in the nucleus 

mimics the over-expression of SREBP1 in transgenic mice (Section 1.2.4). In this event 

lipodystrophy may be caused by an elevation of SREBP1 in the nucleus. Conversely, if 

the interaction does not occur during nuclear import, but at the general nuclear 

periphery, the increased association of SREBP1 with lamin A would prevent the
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accessibility of the transcription factor to adipogenic loci. In this event, lamin A would 

be predicted to lose its function to release SREBP1 upon demand. This hypothesis is 

supported by the observation that another transcription factor, the insulin promoter 

factor-1 (IPF-1), localises to the nuclear periphery [Rafiq et al., 1998]. However, when 

activated using low concentrations of glucose, IPF-1 is rapidly redistributed from the 

nuclear periphery to the nucleoplasm, where it can exert its transcriptional effects.

Hence, the lamina could be involved in transcriptional regulation mediated by 

the binding of transcription factors. Furthermore, FPLD mutations could perturb these 

interactions and affect the binding of an adipocyte specific factor, of which SREBP1 is 

a strong potential candidate.

In support of a lamin A-SREBP1 interaction contributing to the FPLD 

phenotype the report by Caron and colleagues [Caron et al., 2001] appears of interest. 

The protease inhibitor, indinavir, used to treat patients with HIV has a frequent side 

effect in the development of lipodystrophy. SREBP1 maturation is dependent on two 

site-specific proteases (Section 5.9). Caron et al. demonstrated that the use of indinavir 

prevents SREBP1 maturation and as a consequence, its nuclear targeting. These results 

imply that protease inhibitor-induced lipodystrophy may be associated with a lack of 

SREBP1 within the nucleus and by analogy, FPLD patients may also exhibit reduced 

nuclear SREBP1 levels. Whether lamin A mutation affects nuclear import or results in 

SREBP1 sequestration at the nuclear periphery requires further investigation.

The thiazoladinediones have been recognised as synthetic ligands that can 

activate the central adipogenic transcription factor, PPARy (Section 1.1.3.3). Once 

activated, PPARy promotes adipogenesis by the cascade activation of other adipogenic 

genes. Two elaborate experiments demonstrated that SREBP1 directs adipogenesis by 

providing endogenous ligand for PPARy [Kim et al., 1998]. Thus if the lamin 

A/SREBP1 interaction is defective in FPLD individuals, it could be circumvented using 

the TZD ligands to enable PPARy activation and adipogenesis. In support of this is a 

report of several FPLD patients treated with TZDs [Cheng, 2001]. In addition to the 

improvement in metabolic deviations, body fat was shown to increase by 3%. 

Interestingly, this adipose tissue accumulation occurred specifically in subcutaneous 

depots, not in intra-abdominal and visceral sites.

In summary it can be hypothesised that the effect of lamin A mutation in FPLD 

differs from those effects in the muscle and heart disorders. Lamin A has been
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demonstrated to interact with SREBP1 in a yeast two-hybrid screen, in vitro and in vivo, 

using both mouse and human genes. Potentially, this interaction reveals the molecular 

mechanism of lipodystrophy and implicates the A-type lamins in the adipogenic 

program.

7.3 Future directions

The nuclear lamina and A-type lamins may now be considered as crucial 

components for the development and maintenance of fat and muscle cells. Specifically, 

lamin A/C and emerin are two critical proteins at these sites. The structural integrity of 

the lamina, mediated through the lamins and lamin binding proteins, provides rigidity at 

the inner nuclear membrane. It is currently hypothesised that the reduced strength of the 

lamina in EDMD-AD, LGMD1B and CMD1A patients is capable of maintaining most 

cells, yet makes muscle nuclei susceptible to mechanical stress. Preliminary 

investigations have shown that the lamina is not securely positioned at the inner nuclear 

membrane [Fidzianska et al., 1998]. Further experiments are necessary to delineate the 

contribution of this molecular defect to the development of disease in these patients. 

Analyses will need to be performed to assess the load-bearing capacity of the nucleus, 

in nuclei from normals and from cells harbouring lamin A/C or emerin mutations. Such 

an investigation may entail the use of transfected tissue culture cells and the application 

of pressure to the cells. The nuclear envelope and lamina could then be analysed for 

abnormalities in mutated cells compared to wild-type cells. More elaborate experiments 

would involve the generation of transgenic animals. Transgenic mice with a knock-in 

EDMD mutation could be generated. Muscle filaments can be isolated from the 

transgenic animal and subjected to rapid contraction by administering electric shocks, in 

order to assess rupture of the nuclear envelope compared to wild-type cells.

The unique nature of the FPLD mutations suggested a different disease 

mechanism and the features of the mutations indicated that a protein-protein interaction 

was involved. The work performed for this thesis has developed this hypothesis and has 

identified an intriguing lamin A/C interacting protein, SREBP1, with direct relevance to 

the aetiology of FPLD. However, the detection of a lamin A-SREBP1 interaction, is not 

definitive proof of an FPLD disease mechanism. Further studies will be required to 

confirm direct interaction, localise the site of binding and demonstrate the impact of 

LMNA mutations on SREBP1 function.
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Firstly, it is necessary to map the domain of interaction for both proteins. Studies 

to date suggest SR EB Pla binds to the lamin A globular tail domain. However, there is 

no evidence of interaction with lamin C. It would be important to map those sites in 

lamin that specifically interact with SR EB Pla and to determine whether the full-length 

tail, present only in lamin A, is necessary for this interaction. Publication of the crystal 

structure of the lamin A globular domain will enable precise mapping of the exon 11 

mutations, and localisation of these residues relative to exon 8 mutation cluster. It 

would be significant if these residues all map to the same surface of the protein, 

providing further evidence for a crucial protein interaction. The lamin A binding site in 

SR EB Pla has been mapped to the region 227 to 487, a 260 residue domain. This 

domain contains the bHLH-Zip domain and has been shown to interact with importin P 

[Nagoshi et al., 1999]. Nagoshi and colleagues used GST pull-down experiments to 

prove this interaction and map the importin P binding domain to residues 343 to 403 in 

SREBP2. This study showed that the bHLH-Zip domain specifically was capable of 

permitting nuclear import. Thus it is of interest, given the lamin binding domain may 

also map to this interval, to determine the exact interactions which occur between lamin 

A, SREBP and the nucleoplasmic import machinery. One possibility is that the lamin 

A/SREBP1 interaction is mediated by importin P, or vice versa’, nonetheless, this 

interaction is biologically significant with regard to the FPLD phenotype. Equally, a 

number of different proteins could complex at the nuclear pore, acting synergistically to 

enable SREBP 1 nuclear import. In support of this, the Ran binding protein RanBPM, 

has also been shown to potentially interact with lamin A (Section 5.13). Attempts to 

uncover the true cellular interactions in this potential complex could be directed towards 

utilising co-immunoprecipitation experiments to detect all possible lamin A interacting 

proteins, especially in adipocytes (such as the 3T3-L1 cells; Section 1.1.1.5). To 

specifically detect proteins that directly interact, in vitro GST pull-downs could be 

performed using only the two purified proteins. Currently, the whole lysate from the 

TNT® kit is used in the pull-down, thus accessory proteins potentially involved in 

mediating the lamin A /SREBPla may be present. Using chemicals which disrupt 

functions of the other proteins (e.g. GMP-PNP inhibits importin P interactions [Smythe 

et al., 2000]) or specifically using the two purified proteins of interest may provide 

insight as to the precise molecular mechanism of the lamin A and SREBP1 interaction.
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Upon activation, SREBP1 adopts a dispersed nucleoplasmic distribution. Given 

that the 260 residue domain (residues 227-487) interacts with lamin A, it may alone 

localise to the nuclear periphery. It has already been shown that lamin A harbouring an 

R482Q mutation is correctly localised to the nuclear periphery in adipocytes [Holt et al., 

2001], thus it would be interesting to investigate the precise nuclear positioning of 

SREBP 1 in mutated cells compared to wild-type cells.

Regardless of the plethora of investigations possible to investigate the lamin 

A/SREBP1 interaction, it is the biological consequences of FPLD mutation that need be 

addressed. The generation of a transgenic knock-in mouse harbouring an FPLD 

mutation would confirm lamin A involvement in lipodystrophy. With this resource a 

range of cell biological-functional assays could be achieved, which would not be 

possible in human FPLD subjects. In addition to this lengthy investigation, tissue 

culture experiments could be performed to investigate the downstream effects of lamin 

A/C mutation. If the lamin A/SREBP1 interaction is relevant in FPLD, then transfection 

of an FPLD mutant could disrupt SREBP 1-directed gene expression and/or the 

availability of endogenous ligands for PPARy. Luciferase gene assays can be developed 

with the use of E-boxes, SRE-1 boxes or PPARy responsive elements (ARE; Section 

1.1.3.2). Using this system, a quantitative approach would be utilised to investigate the 

effect of FPLD mutations, which may be critical, as lipodystrophy could be a 

consequence of a subtle defect.

Although the lamin A/SREBP1 interaction is attractive in the pathogenesis of 

lipodystrophy, it cannot be excluded that other molecular mechanisms are also relevant 

to the FPLD phenotype. Nonetheless, given the features of the FPLD mutations, it is 

likely that the defect involves an interacting protein. Bearing this in mind, the 

interaction of lamin A with the novel protein, LIPA, requires further investigation. Two 

essential experiments appear obvious. The first is the cellular localisation of LIPA and 

the second is its expression pattern in various tissues. If LIPA localises to the nuclear 

periphery, then this would suggest that its interaction with lamin A is bona fide. 

Furthermore, if LIPA exhibits tissue specific expression, then this interaction may have 

a biological role unique to that tissue. Several transcription factors, including Rb and 

IPF-1, have been demonstrated to associate with the nuclear lamina. Thus, the role of 

the zinc finger in LIPA must be determined. Either it is capable of binding DNA and 

acting as a transcription factor, or possesses a different biological function within the 

nucleus.
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Emerin is a serine-rich, lamin A interacting protein and LIPA possesses both of 

these two qualities. Thus it may be possible that mutation in LIPA results in other 

muscular dystrophy phenotypes. The genes for several other muscular dystrophies have 

evaded identification, thus the mapping of the LIPA gene would potentially aid in these 

studies.

The observed interaction of lamin A and SREBP1 provide little insight in regard 

of two recognised features of the FPLD phenotype: a) why do FPLD subjects possess 

normal or elevated adipose tissue levels in the face and neck; and, b) why is FPLD 

absent at birth, yet develops during puberty? A comparative analysis of neck adipose 

tissue and other adipose tissue is necessary. The relative expression of lamin A/C, other 

lamins, lamin binding proteins, all SREBP isoforms and all other adipogenic markers is 

required, toward understanding the molecular differences, if any, which exist between 

adipose tissue from these two sites. Secondly, the onset of lipodystrophy during early 

adolescence implies the involvement of hormones in the initiation of adipocyte 

degeneration. Interestingly, a retinoic acid responsive element has recently been 

mapped to the lamin A/C promoter [Okumura et al., 2000], thus lamin A/C expression 

may correlate with the range of hormonal changes which occur during puberty.

7.4 Conclusion

The positional cloning of the gene responsible for familial partial lipodystrophy 

has revealed an important role for A-type lamins and the nuclear lamina in adipocyte 

biology. Furthermore, the finding that lamin A/C and other lamina components, when 

mutated, cause a range of muscle and heart disorders, emphasises the function of the 

nuclear lamina. The molecular mechanisms of these diseases, with regard to lamin A/C 

dysfunction, are beginning to be exposed. Several lamin A binding proteins present in 

adipocytes have the potential to modulate the effects of the FPLD mutations. A strong 

candidate involved in this putative mechanism is SREBP1, an adipogenic transcription 

factor. Further studies are now required to substantiate this interaction and its relevance 

in FPLD. Ultimately, functional biological assays will determine the role of the lamin A 

and SREBP 1 interaction in contribution to the lipodystrophy phenotype.

The results of these and future studies, through an improved understanding of 

the molecular mechanisms underlying the FPLD phenotype, are likely to contribute to 

the development of improved therapies for this distressing and disabling disorder.
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Appendix I 
STSs used for primary physical map screen

Pooh Other name
stSG 24 stSG24
stSG 449 stSG449
stSG 824 stD1S305
stS G 12 1 1 stD1S506
stS G 1526 stSG1526
stS G 1725R stSG1725R
s tS G l8 1 5 R stS G l815R
stS G 2578 stSG2578
stS G 2587 stSG2587
stS G 2606 stSG2606
stS G 3119 stSG 3119
stS G 3266 stSG3266
stS G 3515 stSG 3515
stS G 3698 stSG3698
stSG 3869 stSG3869
stSG 4048 stSG4048
stSG 4066 stSG4066
stSG 4094 stSG4094
stSG 4749 stSG4749
stSG 4977 stSG4977
stSG 4979 stSG4979
stS G 8006 stSG8006
stS G 8620 stSG8620
stS G 8645 stSG8645
stS G 8670 stSG 8670

Pool2 Other name
stSG9965 stSG9965
stSG 10251 stSG 10251
stSG10313 stSG10313
stSG 10425 stCHLC.GATA43A04
stSG 10457 stSG 10457
stSG 12743 stSG 12743
stSG 13548 stA002N39
stSG 13640 stD 1S2118
stSG 13720 stD1 S2463
stSG13812 stD1 S3443
stSG13819 stD1 S3312
stSG 13844 stD1S3359
stSG 13908 stD1S3249
stSG 13929 stW I-11851
stSG 13965 stW I-12606
stSG 13981 stlB1737
stSG 14035 stD1S2405
stSG 14226 stA002G08
stSG 14328 stD1S2624
stSG 14338 stD1S2635
stSG 14530 stAFMa082wc1
stSG16134 stSG16134
stSG16412 stSG16412
stSG 16430 stSG 16430
stSG21768 stSG21768

Pool4 Other name
stSG28956 stSG28956
stSG29147 stSG29147
stSG 32504FS stSG32504FS
stSG32631 FS stSG32631 FS
stSG32669FS stSG32669FS
stSG 32775FS stSG32775FS
stSG33220FS stSG 33220FS
stSG 33635FS stSG33635FS
stSG34236 stSG34236
stSG34524 stSG34524
stSG39079 stSG39079
stSG 41436 stSG41436
stSG 42997 stSG42997
stSG44607 stSG44607
stSG 44780 stSG44780
stSG 44996 stSG44996
stSG 45134 stSG45134
stSG 46135 stSG46135
stSG47418 stSG47418
stSG 47972 stSG47972
stSG 48828 stSHG C-11135
stSG 49739 stSG49739
stSG 50247 stSG50247
stSG 50477 stSG50477
stSG 50849 stSG50849
stS G 52115 stSG 52115

Pool3 Other name
stS G 22819 stSG C34568
stS G 22855 stW I-14846
stSG22901 stW I-15073
stSG 22919 stW I-17762
stSG23021 stW I-15733
stSG 23070 stSHGC-34121
stSG 23210 stGDB:181583
stSG 23225 stD1S176
stSG 23245 stD1S262E
stSG 23298 stG DB:193110
stS G 23379 stD1S362E
stSG 23502 stGDB:375812
stS G 23517 stGDB:437124
stSG 23518 stGDB:437910
stS G 23600 stD1S1908E
stSG 23632 stD1S1945E
stSG23701 stD1S2025E
stSG24021 stD1S3139
stSG 24106 stD1S3272
stSG 24168 stD1S3503
stSG 24185 stD1S3522
stSG27661 stSG27661
stSG 27664 stSG27664
stSG 28025 stSG28025
stSG 28128 stSG28128
stSG 28237 stSG28237
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Sense 5' - 3' Antisense 51 - 3'
157A11T7 CACCTG TTCA ATCC ATCC TA GTTGTTCTTGAATCTTCATGGGC

157A11SP6 GCCGCCACTGAGCACACACC AGTCCAAGGAGAAGC TAGC C

73C10T7 GGAATGGC TGGAAGTACAAA CACAAGTGTGGCTGCCATCTAAG

73C10SP6 CTCATGTTTCCCATGCTGG AAGGCGCATGACTGTAATCCC

16P22T7 CAGCCAGACACATGGCAGAC GCCTGGCTGCATATTAGTGCC

244C8T7F GTCGCCCAGGCTGGAGTGCAA GTTCCCTTGGGTCAGGGGTTT

244C8SP6 GCAGAGTACCAATAAACTGA ATTTGGTATGTGGGGTTTGCC

415L1SP6 GTCAAGCCTGTTATTGTTTGC GAGACAAGTGGACGTCAGCAC

138H22T7 GCTCAGGCTGGAGTGCAGTG GAGTTCGAGACTAGCCTGG

140 A22T7 AGAAGTTCAAGACCAGCTTG GTGGCATTGCTCATTGTAGC

121L15SP6 TCAGATGCAGCCTTCGTATC TGGGACTAGAATCCTGCTC

144B19T7 GGCCACAGGTACTGATGAC AGC GAATGAGTTAAC AC ATG

16P22SP6 CTGATGGACTAGAGGCTATCG ATAAGGGATC C GAC TTAC C

98G7T7 CCCTTGTGAGGAGGTATG TTGTCCTGTTAGGCCTCACG

10M7T7 TAGC TGC C AC ATAC TGAC TGC CCACACAGAGGCGTGGGCAC

10M7SP6 GC TGC CAGTAC C TCAGC TGG CCTAGAGTAGGTCTGGCAC

54H19T7 GCGGTGAGGTCTAGGACAGG CATGCTGTTCACAGTGCCTCAG

54H19SP6 TCAGAAGCAGAGCACCTGTG GC TAGGCTGGACTCAAACTC

114H16T7 G ACAGTTCCTCTAAGCTCC CAGAGTAGGAGCAGTGGATG

114H16SP6 AGCATCCCTGACACAGTAAG AAACACTAGGCAAATCTAAC

21N7T7 GGAGCTCCAGAGCCCGAGCTG TAC AGATAGATGAGGC C C C

21N7SP6 TTCAGAGTCATGAGAAGGAG TAAACCAGGTTCACATCCACC

101J8T7 C TGGC GGACATTAGTTAGGAG AGCACCTGCCTGGAGTCAAGC

101J8SP6 GTCTTATGTGAGTTCTGAG CTTC CTTG CCTCTATTC CTTG C

157D17T7 C AC TAGAGC AC TGGGTAC ATC CCATTGGAAGCATGTGCTGG

157D17SP6 AATGTGAGTGGCTGGAGCAG GATGGAAGCTGCCTGAGTCAT

196D4T7 CATATTG CACCCCTTG TTAG C TGCATACCTGGAAGATCGGC

196D4SP6 TATTTGAAGC AGTAAGGC C AA GTGCAGC TAGGAGGGTGGAC

35P22T7 CATCTGTGCTCCGGGAGT AATC C AAC C C C AAAC TC TTC

35P22SP6 GGGCAGAATTAATGC C TGAC T GTTTCAGTGAGGGGAGAGGA

69N22T7 G CCAAG TCATTCCCACCTCT CCCTG CTG TATTTG TCTG TG

69N22SP6 G TTCCC ACTTA TTCTC TACC CA GGTTCTTGCCCTGTGTGT

262A11T7 TGTTATCAGGCCATCAG ACGTTGCTTTGCACAGTC

262A11SP GGCACTTGATAATAATGCACAG GTATGTCCATGGTTAAGGGAAC

21G11T7 CAGTAAGAATTTACAGGTG ACTCACAGCACTCACAAG

17706T7 TGTTGTGTGAGCTGGAATCTC ACCAG TCCAG TTTTTCTCACTG

317L8T7 C ACTACATAG G TTTCTTTC AAGATGG TAATTTTAC CAC

317L8SP6 ATGGTGAATTGGTAAGC TAC GTTGAGCCATTGTAAGTTGG

263K19T7 CACAACGGATAGTGCATTACC GCGTCTGTAGGGTTTGGAG

263K19SP6 C C C ATAGATAATTAAGTAG ACATTTGGGCTTACAGATG

101O6T7 GACCACATTGAGATCATCCCT TTAGAACAGCCATCAGGGAC

101O6SP6 TTCTCTTCTTCAG ACTCACC CTCAGGACAGCTGTAGTGG
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Appendix ill
Calculation to determine the quantity of 3T3-L1 adipocyte library DNA 
required to obtain 6 x 106 yeast transformants

Transformation efficiency (Figure 19)

A 1 x  scale transformation using:

0.1 pg of DNA results in 2.5 x
0.2 pg of DNA results in 2.1 x
0.5 pg of DNA results in 1.8 x
1.0 pg of DNA results in 1.3 x

i w  u a i . o . u i m a m o /  p y

105 transformants/ pg

/.T he  highest transformation efficiency is achieved using 0.1 pg in a 1 x  scale 
transformation.
If the total desired number of transformants is to be 6 x 106, then 24 pg of 3T3- 
L1 library DNA must be used.

24 pg x  2.5 x 105 transformants/ pg = 6 x 106 total transformants

However,
to use 24 pg of library DNA the reaction must be scaled up 240 x as only 

0.1 pg was used in the 1 x reaction, thus,

0.1 pg (DNA used in 1 x  transformation) x 240 = 24pg total library DNA

To scale the 1 x transformation up 240 x this would require the prior growth of a 
liquid culture too large to conveniently handle (approximately 1.2 litres).

Transformation using 1 u a  in a 1 x  transformation

Using 1 pg of library DNA in a 1 x  transformation still results in comparatively 
high transformation efficiency. Using the transformation conditions of 1 pg in a 
1 x  transformation then 60 pg of DNA would be necessary in a 60 x scale up 
reaction.

60 pg x >1.0 x 105 transformants/ pg = >6 x 106 total transformants

Although this method is less efficient and uses 2.5x more DNA it was 
considered preferable as the culture volume could be kept to a minimum
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2nd base

r

®  -CO /oo<
-Q  \

V

T C A G
TTT Phe (F) TCT Ser (S) TAT Tyr (Y) TGT Cys (C) T

T TTC Phe (F) TCC Ser (S) TAC Tyr (Y) TGC Cys (C) C
1 TTA Leu (L) TCA Ser (S) TAA STOP TGA STOP A

TTG Leu (L) TCG Ser (S) TAG STOP TGG Trp (W) G
CTT Leu (L) CCT Pro (P) CAT His (H) CGT Arg (R) T

p CTC Leu (L) CCC Pro (P) CAC His (H) CGC Arg (R) C
U CTA Leu (L) CCA Pro (P) CAA Gin (Q) CGA Arg (R) A

CTG Leu (L) CCG Pro (P) CAG Gin (Q) CGG Arg (R) G
ATT lie (1) ACT Thr (T) AAT Asn (N) AGT Ser (S) T

A ATC lie (1) ACC Thr (T) AAC Asn (N) AGC Ser (S) C
A ATA lie (1) ACA Thr (T) AAA Lys (K) AGA Arg (R) A

ATG Met (M) ACG Thr (T) AAG Lys (K) AGG Arg (R) G
GTT Val (V) GCT Ala (A) GAT Asp (D) GGT Gly (G) T

r* GTC Val (V) GCC Ala (A) GAC Asp (D) GGC Gly (G) C
v a GTA Val (V) GCA Ala (A) GAA Glu (E) GGA Gly (G) A

GTG Val (V) GCG Ala (A) GAG Glu (E) GGG Gly (G) G

*\

CO
CL

V O’ > 0)/ co 0

Nucleotides are indicated in the grey boxes. The first , second and third bases 
of the codon are positioned on the left, top and right, respectively. Each of the 
64 codons are presented in the centre, accompanied by the relevant amino acid 
in three letter code and single letter code (in brackets).
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Appendix V.
Amino acid characteristics

coo
HoN-C-H

COO
HoM-C-H

1 CH^I CH
h3c  c h J

A lan in e V aline

COO" 
H^M-C-H H

c h 2 
c h 2
S
CH^j 

M eth io n in e

V

COO
M-C-H

COO
H^N-C-H

C 0 0 ‘
HoN-C-H

COO
HN-C-H

CH2 
CH 

c h 3

L e u c in e  
L

COO
HoM-C-H

H3 C-CH
CH'
ch!

s o le u c in e
I

CH

M
Phenylalanine

TC

JCW

Tryptophan
W

COO

G lycine
G

COO"
COO COO

h 3 M-C-H HoM-C-H•%
HC-OH c h 2

c h 3 SH
T h r e o n in e

T
C y s te in e  

C____

2 HC ^ch2 
c h 2

P rolin e
P

COO
M-C-H Hot -C-Ha c h 2

QH
S e r in e

S

COO
COO" H3 M-C-H H^M-C-H

M-C-H t w 2 £ H2
c h 2 c h 2 A

A A V
0  n h 9 0  MH? OH

A sp a r a g in e  H G lu tam in e Q T yT osine V
COO' COO'

c h 2
CH2
C

A sp a rtic
A cid

D

G lutam ic
Acid

E

COO' 
H3 M-C-H

COO

c h 2 9 H2
c h 3 c h 2
c h 5 9 H2
c h 2 HH1
h h 3 ♦ A  

2hm mh2

L y s in e  
K

COO
H'tH-C-H

HC=C

H istid ine  
H

The amino acids all vary in their side chains (inner boxes). The eight amino 
acids in the upper area are nonpolar and hydrophobic. The other amino acids 
are polar and hydrophilic ("water loving"). The two amino acids in the bottom-left 
box are acidic ("carboxy" group in the side chain).The three amino acids in the 
bottom-right box are basic ("amine" group in the side chain). Reproduced with 
permission from www.people.virqinia.edu/~rih9u/humbiol.html

http://www.people.virqinia.edu/~rih9u/humbiol.html
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Appendix VI
Internet addresses used as bioinformatic databases and for 
computational analyses

N am e Function HTTP://
BLAST Comparison of DNA and protein 

sequence against the NCBI 
database

www.ncbi.nlm.nih.2 0 v/BLAST

BLAST2 Comparison of two sequences 
(DNA or protein) with each other

www.ncbi.nlm.nih.2 ov/blast/bl2 seq/bl
2

Box Shade Utilises CLUSTAL W output of a 
protein sequence to shade the 
identical residues

www.ch.en1bnet.or2/software/BOX fo
rm.html

CHLC Database of tetranucleotide 
microsatellite markers

www.chlc.0 r2

Chromosome 
1 webace

Database of all chromosome 1 
mapping data

www.san2 er.ac.uk

CLUSTAL W Comparative alignment of two 
protein sequences against each 
other

www.ebi.ac.uk/clustalw

GDB General database of genes and 
markers

www.2 db.or2

Genethon Database of (CA)n microsatellite 
markers

www.2 eneth0 n.fr

HGMP General database of genome 
resources available in the UK, 
including IMAGE clones

www.h2 mp.mrc.ac.uk

ISREC pfscan 
server

Home to four protein databases, 
which can be scanned for domain 
and motif homology

www.isrec.isb-
sib.ch/software/PFSCAN form.html

NCBI Comprehensive database 
containing all known information 
associated with genes and 
genomes

www.ncbi.nlm.nih.2 0 v

OMIM Factual database, reviewing all 
known genes and inherited 
diseases

www.ncbi.nlm.nih.2 0 v/OMIM

Primer 3 Internet program that generates 
primer sequences to a target 
sequence

www-2 enome.wi.mit.edu/c2 i-
bin/Drimer/primer3 www.c2i

SOSUI Program developed to predict 
transmembrane domains in a 
protein sequence

sosui.Droteome.bio.tuat.ac.iD/c2 i-
bin/sosui.c2 i?/sosui submit.html

TIGR Database of BAC end sequence 
from several genomic libraries

www.ti2 r.or2 /tdb/hum2 en/bac end se
arch/bac end search.html

TMpred Program developed to predict 
transmembrane domains in a 
protein sequence

www.ch.embnet.0 r2 /s0 ftware/TMPRE
D form.html

http://www.ch.en1bnet.or2/software/BOX
http://www.san2er.ac.uk
http://www.ebi.ac.uk/clustalw
http://www.2db.or2
http://www.2eneth0n.fr
http://www.h2mp.mrc.ac.uk
http://www.c2i
http://www.ti2r.or2/tdb/hum2en/bac
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Appendix VII 
Publications
(*  denotes joint authorship)

Shackleton, S.*, D..J. Lloyd*, S.N. Jackson, R. Evans, M.F. Niermeijer, B.M. Singh,

H. Schmidt, G. Brabant, S. Kumar, P.N. Durrington, S. Gregory, S. O'Rahilly, and 

R.C. Trembath. 2000. LMNA, encoding lamin A/C, is mutated in partial lipodystrophy. 

Nat Genet 24: 153-6.

Behrens, G.M., D. Lloyd. H.H. Schmidt, R.E. Schmidt, and R.C. Trembath. 2000. 

Lessons from lipodystrophy: LM NA , encoding lamin A/C, in HIV therapy-associated 

lipodystrophy. AIDS 14: 1854-5.

Vigouroux, C., J. Magre, M.C. Vantyghem, C. Bourut, O. Lascols, S. Shackleton,

D..I. Llovd. B. Guerci, G. Padova, P. Valensi, A. Grimaldi, R. Piquemal, P. 

Touraine, R.C. Trembath, and J. Capeau. 2000. Lamin A/C gene: sex-determined 

expression of mutations in Dunnigan-type familial partial lipodystrophy and absence of 

coding mutations in congenital and acquired generalized lipoatrophy. Diabetes 49: 

1958-62.

Llovd, D.J., R.C. Trembath, and S. Shackleton. 2001. A novel interaction between 

lamin A and SREBP1: Implications for the laminopathies. Submitted fo r  publication



letter

LMNA, encoding lamin A/C, is mutated 
in partial lipodystrophy

Sue S h ack le ton 1*, D avid  J, L loyd1*, Stephen N.J. Jackson1, Richard Evans2, M artinus F. N ierm eijer3, 
Baldev M . S in g h 4, H artm u t S ch m id t5, G eorg Brabant6, Sudesh Kumar7, Paul N . D urrin gton 8, 
Sim on  G regory2, S tep h en  O ’Rahilly9 & Richard C. T rem bath1
'These authors contributed equally to this work.

The lipodystrophies are a group of disorders characterized by 
the absence or reduction of subcutaneous adipose tissue. Par
tial lipodystrophy (PLD; M IM  151660) is an inherited condition 
in which a regional (trunk and limbs) loss of fat occurs during 
the peri-pubertal phase1,2. Additionally, variable degrees of 
resistance to  insulin action, together w ith  a hyperlipidaemic 
state, may occur and simulate the metabolic features com
monly associated w ith  predisposition to  atherosclerotic 
disease3. The PLD locus has been mapped to chromosome 1q 
w ith  no evidence o f genetic heterogeneity4. We, and others, 
have refined the  location to  a 5.3-cM interval between markers 
D15305  and D1S1600  (refs 5,6). Through a positional cloning 
approach w e have identified five d ifferent missense mutations 
in LMNA  am ong ten kindreds and three individuals w ith  PLD. 
The protein product o f LMNA  is lamin A/C, which is a compo
nent of the nuclear envelope. Heterozygous mutations in 
LMNA  have recently been identified in kindreds w ith  the vari
ant form o f muscular dystrophy (M D) known as autosomal 
dom inant Emery-Dreifuss M D (EDMD-AD; ref. 7) and dilated  
cardiomyopathy and conduction-system disease8 (CMD1A). As 
LMNA  is ubiquitously expressed, the finding of site-specific 
amino acid substitutions in PLD, EDM D-AD and CMD1A reveals 
distinct functional domains o f the lamin A/C protein required 
for the maintenance and integrity o f different cell types.

We have recently described the clinical and genetic features o f  
autosom al dom inant PLD (Dunnigan-K obberling type) in two 
PLD fam ilies ascertained in the United K ingdom 2. Nuclear 
m agnetic resonance im aging confirm ed the absence o f  subcuta
neous adipose tissue in a site-specific m anner affecting the 
trunk and lim bs, but with retention o f  intra-cavity fat deposits. 
A relative increase in adiposity was observed in the head and 
neck2,9. In a genetic linkage study, we located the PLD gene at 
lq l l - q 2 3  w ith evidence o f  a com m on founder haplotype5. 
Regional fine-m apping, using a panel o f  10 markers typed in an 
additional seven independently ascertained kindreds w ith PLD, 
detected several disease-specific haplotypes (Fig. 1). We saw 
two chrom osom e recom bination events in two affected ind ivid
uals in PLD fam ily 7 and PLD family 8 (Fig. 1), suggesting that 
the disease gene is located in a 3.9-cM  interval between markers 
D1S2346  (centrom eric boundary) and D1S2624  (telom eric  
boundary). Using radiation-hybrid-m apping data (http://w w w . 
sanger.ac .uk), we selected  102 STSs from  th is interval to 
construct a bacterial artificial chrom osom e (BAC) contig cov
ering approxim ately 90% o f  the estim ated 3 Mb that include the 
PLD interval (Fig. 2). We identified 36 ESTs, clustered as 26 
potential transcriptional units, including the follow ing charac
terized hum an genes: NPR1, S100A13, DAP3 , SCAM P3, INSRR 
and LMNA.

3.9 cM

markers
recombinants 

fam 7 fam 8
fam 1 

UK
fam 2 

UK
fam 4

UK
fam 8 

D
fam 7 

NL
fam 9 

NL
fam 3 

UK
fam 5 

UK
fam 6v 

UK

D1S2346 ■ 99 99 93 99 89 99 93 93 99

D1S305 ■  ■ 162 162 160 170 162 162 170 166 170

D1S2715 ■  ■ 162 162 162 162 160 160 162 150 162

D1S303 ■  ■ 183 183 179 179 179 179 177 183 177

D1S2777 ■  ■ 269 269 269 267 265 265 267 265 267

D1S2714 ■  ■ 183 183 183 183 191 191 183/7 187 183

D1S2140 ■  ■ 254 254 254 254 246 246 262 250 250

D1S3757 ■  ■ 241 241 265 N/D 265 265 ! 251 265 245

D1S2721 ■  ■ 242 242 234 234 244 244 242 234 244

D1S2624 ■ 203 203 205 205 205 205 209 207 207

Fig. 1 Sites o f  re c o m b in a t io n  an d  PLD fam ily h ap lo ty p es  fo r  1q21. O pen  boxes iden tify  reco m b in an t m arkers  fo r d isease  hap lo ty p es  in indiv iduals fro m  PLD fam 
ilies 7 an d  8, w h ich  re d u c e  th e  PLD critical in terval a t  b o th  th e  proxim al an d  d ista l en d s  o f  th e  reg ion . S eg reg a tin g  PLD disease  h ap lo ty p es  fo r  each  fam ily are  
sh o w n  o n  th e  rig h t, to g e th e r  w ith  th e  co u n try  o f  o rig in  o f th e  g ra n d p a re n ts  (NL, N ethe rlands; D, G erm any). Shad ing  illustra tes th e  d istinc t PLD h a p lo ty p es  asso
c ia ted  w ith  th e  r e c u rre n t R482W  m u ta tio n .
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107016* 317L8*
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Fig. 2 Physical m ap o f  th e  PLD 
interval a t  1 q 2 1 and  genom ic 
o rgan iza tion  o f LMNA. a , Position 
o f m icrosatellite m arkers (bold) 
and  know n genes  on tw o  contigs, 
80 and  44, spann ing  th e  interval. 
Contig 80 also contains clones 
from  a published  m ap d e n o te d  by 
th e  horizon ta l d o tte d  line20. The 
size o f th e  gap  b e tw e en  th e  con
tigs is currently  unknow n, b. Mini
m um  tiling p a th  o f PACs (♦ ) ,  
BACs (*) and  o n e  cosmid (cP0780), 
w ith  each clone iden tifier given 
above, c. Sequenced BAC clone 
54H19, illustrating position  o f 
LMNA (shaded box) alongside th e  
m arkers (black lines) D1S2721 an d  
novel m icrosatellite D1S3757, 45 
kb and  100 bp  3 ' to  exon 12, 
respectively, d, G enom ic s truc tu re  
o f LMNA show ing exons (open  
boxes) and  app rox im ate  sizes o f 
th e  in trons (horizon tal lines).

We focused on LMNA following the description of a single, 
large, multigenerational family in which a missense mutation 
(R482Q) was identified and seen to co-segregate with the PLD 
phenotype (R. Hegele, pers. comm.). The A-type lamins 
(lamins A and C) are two alternatively transcribed products of 
LMNA and are members of the intermediate filament (IF) fam
ily of proteins, which form components of the nuclear lamina, a 
fibrous, proteinaceous meshwork underlying the inner nuclear 
membrane10,11. Heterozygous mutation of LMNA has recently 
been reported in EDMD-AD (ref. 7) and CMDIA (ref. 8). The 
EDMD-AD phenotype, although variable both within and 
between families, is characterized by a myopathic process asso
ciated with muscle contractures and cardiac conduction 
defects. CMDIA is characterized by age-related onset of cardiac 
ventricular dilatation leading to impaired cardiac function, and 
is frequently associated with abnormal cardiac conduction. The

a
n
control

482 486
Arg/Arg Lys/Lys

norm al t  a  c c s  6  t  t c  c c a c  c a  a  a  o t  t  e
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Y y v w v ,
Arg/Leu

PLD fam 5  T * c c b / t  g  t t c c c a c  c a a a b t t c

4  4 4 4 4 \^ r ^ ^ ^
Lys/Asn

PLD fam 6  t a c c b b t t c c c a c c a  a  a  b / c  t  t  c
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molecular basis of the relative tissue specificity of EDMD-AD 
and CMDIA is poorly understood7,8,12.

LMNA had been localized to lq21.2 in an interval containing 
the markers D1S2624 and D1S2125 by radiation-hybrid map
ping7. We positioned LMNA on the BAC physical map of the PLD 
disease interval, flanked by markers D1S2140 an4 D1S2721, and 
identified a novel dinucleotide repeat marker, D1S3757, 100 bp 
downstream of LMNA (Fig. 2). We searched for mutation of 
LMNA in a cohort of ten families and three singletons with the 
PLD phenotype. We designed intronic primers to PCR amplify 
the 12 exons of LMNA, and analysed them by automated 
sequencing in both affected and unaffected members of each 
PLD family. Affected individuals of all families were found to 
carry heterozygous mutations in exon 8 of LMNA (Fig 3). Six 
families (PLD families 1, 2,4, 7, 8 and 9) as well as the three sin
gletons carried a C—»T transition in codon 482, resulting in an 
arginine (CGG)-to-tryptophan (TGG) substitution (R482W). In 
PLD family 3, a G-»A transition in codon 482 resulted in substi
tution of arginine for glutamine (CAG; R482Q). In PLD family 5, 
a G—»T transversion led to a third mutation in codon 482, substi
tuting arginine for leucine (CTG; R482L). Sequencing of PLD 
family 6 revealed a G—>C transition in codon 486, resulting in 
substitution of lysine (AAG) for asparagine (AAC; K486N). PLD 
family 10 carried a G-»T transversion in codon 486, again substi
tuting lysine for asparagine (AAT).

Restriction endonuclease digestion or sequence analysis of 
affected and unaffected first-degree relatives confirmed co-segre
gation of the observed mutation with the disease phenotype in 
each of the ten families studied (Fig. 4, and data not shown).

PLD fam 10

b
Thr Tyr

482
Arg Phe Pro Pro

486
Lys Phe Thr Leu Number

WT ACT TAC CGG TTC CCA CCA AAG TTC ACC CTG observed
R482W T. . 9
R482Q .A . 1
R482L .T . 1
K486N ..C 2
K486N . .T 1

F ig . 3 M u ta tions  iden tified  in exon 8 o f LMNA in PLD p a tien ts , a , DNA sequence  analysis ex tend ing  from  codon  481 to  487, show ing o n e  norm al individual (top  
ch ro m ato g ram ) an d  PLD p a tien ts  carrying th e  five in d e p e n d e n t he te ro zy g o u s LMNA  m uta tions. U nderlined  sequences h igh ligh t th e  w ild-type codon  in th e  
norm al con tro l an d  th e  hete ro zy g o u s m u ta tio n  in each  family. The co rrespond ing  am ino  acid change  is show n above th e  codon, b, Range o f m u ta tions  
observed  in PLD p a tien ts . The fa r le ft co lum n indicates th e  am ino  acid changes. The fa r r igh t colum n show s th e  n u m b er o f in d ep en d en tly  asce rta ined  k indreds 
possessing each  m u ta tio n .
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Fig. 4  C o -se g re g a tio n  o f  LM N A  m u ta tio n s  
w ith  th e  PLD p h e n o ty p e . R estric tion -d igest 
analysis o f  PLD fam ilie s  2, 3 a n d  5. A rrow s indi
c a te  th e  sizes o f  t h e  o b s e rv e d  H pall f ra g m e n ts  
(167-bp  b a n d  re p re s e n ts  h e te ro z y g o u s  p re s 
e n c e  o f  t h e  m u ta t io n s  in c o d o n  482, ea ch  o f  
w h ich  resu lts  in th e  loss o f  a H pall site ). D o tte d  
lines in PLD fam ily  2 in d ic a te  a  co m m o n  an c es
to r  th r e e  g e n e ra t io n s  p rev iously . T he  d iagnosis  
o f PLD in in d iv idua l 2 (a g e  10) o f  PLD fam ily  5 
w as  co n s id e re d  e q u iv o ca l a t  t h e  tim e  o f  ascer
ta in m e n t. S eq u e n c e  ana ly sis  o f  PLD fam ily  6 
w as  p e rfo rm e d  as th e  K486N m u ta tio n  d id  n o t 
c re a te  o r  d e s tro y  a  re s tr ic tio n  site .

PLD fam 3
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Each o f  these m issense m utations substitutes a highly conserved, 
positively charged am ino  acid, arginine at position  482 and lysine 
at position  486 (Fig. 5). Together with the absence o f  the m uta
tions from healthy, unrelated individuals (100 norm al chrom o
som es, data not sh ow n ), these observations provide evidence  
that the m utations cause disease. Detailed analysis o f  the lq21  
haplotypes, includ ing the novel polym orphic m icrosatellite  
marker D 1S3757 , was used to further investigate the origin o f  the 
com m on R482W  m utation observed in n ine PLD fam ilies (Fig. 
3b). We saw the C—»T transition at codon  482 on three distinct 
haplotypes (PLD fam ilies 1 and 2, PLD fam ilies 7 and 9, and PLD 
fam ilies 4 and 8; Fig. 1), suggesting that this is a site o f  recurrent 
m utation. We have so far been unable to ascertain any geneologi- 
cal links betw een the fam ilies in either group. The m olecular  
basis for recurrent m utation  at this location  o f  LM NA  is likely to 
reflect the deam ination  o f  C —>T at a CpG site. The m utations 
observed in E D M D -A D  include three m issense m utations in 
exons 7 and 9 and one nonsense m utation, predicting a truncated 
lam in A /C  o f  on ly  five am ino acids7. In C M D IA , five m issense  
m utations in exons 1, 3 and 10 have been reported8. In contrast, 
all five independent PLD m utations observed here were m issense  
and restricted to a 15-bp region o f  exon 8.

Available evidence indicates a role for lam ins in DNA replica
tion , chrom atin organization, spatial arrangem ents o f  nuclear 
pore com plexes, nuclear growth and anchorage o f  nuclear enve
lope proteins (for review, see ref. 13). Lamin A, and the splice- 
variant lam in C, are expressed late in em bryonic developm ent 
and are found in all som atic tissues w ith the exception o f  ery
throcytes14. Lam ins, sim ilar to other IF proteins, consist o f  a

central a -helica l rod dom ain flanked by a n on -a -h e lica l head  
and a globular carboxy-term inal tail dom ain. It rem ains unclear 
whether the PLD m utations, which affect the C -term inal 
dom ain, alter any o f  these functions o f  lam in. In a targeted d is
ruption o f  m ouse Lmna, hom ozygous null m ice have a p h en o
type similar to both EDM D and C M D IA  (ref. 15). T issue- 
specific changes in nuclear structure and num ber in skeletal 
and cardiac m uscle were observed, in addition to  a redistribu
tion  o f  a further com ponent o f  the nuclear envelope, em er in 15. 
The m utations in PLD identified here are site-specific. In co n 
trast, LM NA  m utations in EDM D and C M D IA  are distributed  
across several exons. These data suggest that the region en co m 
passing codons 482 and 486, w ithin  the globular dom ain  o f  
lam in A/C , determ ines specific functions in the adipocyte. 
C onfirm ation will require detailed investigation o f  the expres
sion and distribution o f  lam in A /C  in the different tissue types  
and, in particular, analysis o f  their interactions w ith  other  
nuclear com ponents.

Identification o f  m ultiple independent, but tightly clustered, 
m utations in LM NA  provides evidence that this gene is associ
ated with a range o f  disease phenotypes and is the first gene  
know n to be altered in the inherited lipodystrophies. Our data 
broaden the range o f  disorders for which com ponents o f  the  
nuclear envelope m ay be considered as putative candidates. The  
known functions o f  lam in A /C provide little insight into the  
m olecular m echanism s o f  tissue specificity or into the m etabolic  
disturbances, including insulin resistance and hyperlipaem ia, 
which occur in PLD. LM NA, however, now  represents a candi
date gene in studies aim ed at disentangling the genetic hetero

hum an
500

m ouse
500

rat

482 486

I I
lam in A/C 465 GNWQIKRQNGDDPLLTYRFPPKFTLKAGQWTIWAA

lam in A /C  465 GNWQIRRQNGDDPLMT YRF P PKFTLKAGQW TI WAS

lam in A/C  465 GNWQ IRRQNGDD PLMTYRF PPKFTLKAGQW TI WAS

Fig . 5 A lig n m en t o f  th e  a m in o  acid se 
q u en c e  o f  lam in A/C fro m  h u m a n  a n d  o th e r  
species, illu s tra ting  th e  h ig h  d e g re e  o f  c o n 
servation  across th is  reg io n . T he a m in o  acids 
A rg482 an d  Lys486, w hich  a re  m u ta te d  in 
PLD p a tien ts , a re  sh o w n  in b o ld . S haded  
boxes sh o w  conservative  su b s t itu t io n  o f  
th e se  am in o  acids in X e n o p u s  laevis.
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geneity that characterizes com m on metabolic disorders, includ
ing type II diabetes mellitus.

Note added in proof. The data o f Hegele et al. m entioned in the 
text have now been published21.

Methods
Patients. Following informed consent (Leicestershire Health Ethics Com
mittee), we performed clinical assessment on 55 PLD patients and their 
unaffected first-degree relatives as described2,5. Families were ascertained 
from the UK, Germany and Holland. The PLD phenotype was considered 
distinct from both EDMD and dilated cardiomyopathy. Specifically, no 
affected patient had clinical evidence of skeletal or cardiac muscle disease 
or contractures, and in two subjects serum creatine kinase levels were mea
sured and were within the normal range. Affection status was considered as 
unknown in all individuals under the age of eight years.

Haplotype analysis. We genotyped all family members using genomic DNA 
isolated from peripheral blood lymphocytes and used fluorescently labelled 
PCR primers (sequences obtained from Genethon and CHLC) to amplify 

'each microsatellite marker as described16. The novel marker D1S3757 was 
amplified using the following primers: 5-AATGAGCAGGAGGAT- 
GCAGT-3' and 5'-GGTTTTGGCAAACGCTAAAG-3'. We separated 
products on an ABI377 fluorescent DNA sequencer and analysed the results 
using Genotyper 2.0 software (Perkin Elmer). This allowed haplotypes to be 
constructed and compared across families.

Construction of a BAC contig. On the basis o f Sanger Centre radiation 
hybrid mapping data, we used 102 STSs positioned within the PLD critical 
interval to screen the RPCI 11 male genomic BAC library17. We generated 
radioactive probes for each STS by PCR and pooled them before screening. 
Positive clones were identified and used in subsequent screens using each 
STS individually. Positives clones for each STS were recorded onto the 
Sanger Centre Chromosome 1 database (http://www.sanger.ac.uk). BACs

were then fluorescently fingerprinted18 and these data were used to order 
the BACs into two contigs. Gap closure between these contigs has been 
achieved by BAC-end-clone walking by creating STSs from end-clone 
sequence (http://www.tigr.org). Maps of contigs are available on the Sanger 
Centre database.

Mutation detection. We designed PCR primers for all exons of LMNA 
(sequences available on request; ref. 19) and used them to amplify genomic 
DNA from both affected and unaffected members o f each family. Primers 
used for amplification of exon 8 (together with exon 9) were as follows: 
5 -TCAATTGCAGGCAGGCAG AG-3' and 5'-CCTCCGATGTTGGC- 
CATCAG-3'. We carried out automated sequencing analysis using the ABI 
Big Dye terminator mix and with both forward and reverse PCR primers. 
Reactions were run on an ABI 377 sequencer and analysed with Sequence 
Analysis 3.2 software (Perkin Elmer).

Restriction endonuclease digestion. Exon 8 was PCR amplified using the 
following primers: 5 -TCAATTGCAGGCAGGCAGAG-3' and 5 -GCTC- 
CCATCGACACCCAAGG-3'. We digested an aliquot (10 pi) overnight at 
37 °C with Hpall (10 U; Gibco) and separated the digested fragments on a 
4% agarose gel.
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Lessons from lipodystrophy: LMNA, encoding lamin A/C, in HIV therapy-associated lipodystrophy

The treatment o f  HIV-1 infection is frequently asso
ciated with the development o f  acquired regional fat 
loss (lipodystrophy) and metabolic disturbances. In this 
study, w e characterized 16 H IV -1-infected patients 
with therapy-associated lipodystrophy for missense mu
tations in the LM NA  gene recendy found in indivi
duals with inherited partial lipodystrophy.

A wide range o f  body habitus abnormalities and 
com plex metabolic alterations have been observed in 
patients receiving highly active antiretroviral therapy 
(HAART) [1,2). The most obvious clinical feature 
developing in HIV-1-infected individuals receiving 
H A A R T  consists o f  lipodystrophy, which denotes a 
regional or generalized lack or loss o f  subcutaneous fat. 
The pathogenetic reasons for these therapy-related 
abnormalities remain unknown. The inhibition by 
protease inhibitors o f  several host-cell proteins involved 
in lipid and carbohydrate metabolism and mitochon
drial toxicity o f  nucleoside-analogue reverse transcrip
tase inhibitors has been proposed. In non-HIV-infected  
individuals, the lipodystrophy syndrome is rare. The 
various syndromes that have been reported can be 
either familial or acquired, and are classified as loca
lized, partial or generalized. Inherited lipodystrophy 
includes (familial) partial lipodystrophy (PLD) with the 
regional loss o f  trunk and limbs, variable degrees o f  
insulin resistance and hyperlipidaemia leading to the 
predisposition to atherosclerotic disease. PLD, fre
quently combined with alterations o f  glucose and lipid 
metabolism, shows a close similarity to H A A R T- 
related lipodystrophy syndrome. PLD has been mapped 
to chromosome lq  with no evidence o f  genetic 
heterogeneity. Recently, five different missense muta
tions in LM NA, encoding lamin A /C , have been 
identified in patients with PLD and their families [2).

W e analysed 16 H IV -l-infected patients (two women, 
14 men, aged 32—72 years) with HAART-related 
lipodystrophy syndrome for possible mutations o f  the 
LM NA  gene. Body shape alterations after the initiation 
o f  H A A R T had variable severity and presented mainly 
as peripheral subcutaneous fat loss (mean body mass 
index 23.3 k g /n r ). Clinical assessments were performed 
by patients’ reports and were confirmed by physical

examination. All patients were on protease inhibitor 
treatment combined with two nucleoside-analogue 
reverse transcriptase inhibitors. Metabolic variables were 
determined after 12 h lasting. Genotyping and analysis 
o f  the LM NA  gene were performed using primers and 
conditions as previously described |3).

Patients with lipodystrophy presented with insulin 
resistance indicated by significant increased fasting 
insulin [mean 115.13 pmol/1 (7 .0-26.0), P = 0 .0 1 ) ,  
proinsulin [mean 27.7 pmol/1 (8-106), P =  0.003), 
and C-peptide [mean 3.36 pg/1 (1.55-6.77), 
P =  0.002) in comparison with 17 protease inhibitor- 
naive H IV -1-infected individuals (two women, 15 
men, aged 2 3 -6 0  years) without peripheral fat loss. 
Basal glucose was in the same range in both groups 
[mean 6.0 mmol/1 (4 .0-13 .4) versus control group 
4.8 mmol/1 (3 .3-5 .5), P =  0.511. Seven (54%) out o f  
13 lipodystrophy-positive HIV-1 patients evaluated in 
an oral glucose tolerance test were defined as having 
impaired glucose tolerance; in two patients diabetes 
was diagnosed. HAART-related peripheral fat wasting 
was accompanied by significant hyperlipidaemia 
compared with the control group with an increased 
serum concentration for LDL-lipoprotein cholesterol 
[mean 5.5 mmol/1 (3.7—7.14), P =  0.00001; normal 
<  4.2 mmol/1), VLDL-cholesterol [mean 2.12 (0 .43-  
4.54), P =  0.0003; normal <  1.0 mmol/1], apolipopro
tein B (mean 1.49 g/1 (1.11-1 .93), P =  0.0002; normal 
0 .55 -1 .3 5  g/1], and apolipoprotein E [mean 0.83 g/1 
(0 .4 -1 .7 ), P =  0.002; normal 0 .2 -0 .6  g/1).

Lamin A and the splice variant lamin C is ubiquitously 
expressed. Lamins have a dynamic role in D N A  replica
tion, chromatin organization, and nuclear growth. 
However, its exact functional role has yet to be 
determined. Heterozygous mutations in LMNA  have 
recently been identified as cause o f  a variant form o f  
muscular dystrophy known as autosomal dominant 
Emery-Dreifuss muscular dystrophy [4] and dilated 
cardiomyopathy and conduction system disease [5]. The 
mechanism by which lamin A /C  mutations induce 
these different diseases is unknown. Although we 
excluded germline mutations o f  LMNA  in exon 8, we 
now  suggest that lamin A /C  and its related proteins
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represent important candidate pathways for involvment 
in H A ART-induced lipodystrophy. For example, nu
clear lamins contribute to the maintenance and integrity 
o f  the nuclear envelope in various cell types. The 
alteration o f  lamin-dependent nuclear functions because 
o f  genetically determined or pharmacologically induced 
inhibition in dividing cells may result in cell death. 
However, w e found no homology o f  the amino acid 
sequences between lamin A /C  and HIV-1 protease, 
providing no evidence for the direct inhibition o f  lamins 
by HIV-1 protease inhibitors. Extending our knowledge 
on the interaction o f  intermediate filaments such as 
lamins and other nuclear factors in the pathogenesis o f  
complex metabolic and tissue-related disorders will 
provide new strategies to elucidate HAART-associated 
lipodystrophy and drug-related adverse events.

Georg M.N. Behrens*, David Lloydb, Hartmut H.-J. 
Schmidtc, Reinhold E. Schmidt* and Richard C. 
Trembathb, aDivision o f  Clinical Immunology, Depart
ment for Internal Medicine, Hannover Medical School, 
Germany; bDivision o f Medical Genetics, Departments

of Medicine and Genetics, University of Leicester, UK; 
and c IV. Medische Klinik, Charite Campus Mitte, Berlin, 
Germany.

Received: 7 March 2000; accepted: 16 March 2000.

References
1. C arr A, S am aras K, T horisdottir A, K aufm ann GR, C h isho lm  DJ,

C o o p er DA. D iagnosis, prediction, and natural course o f HIV-1
protease-inhibitor-associated  lipodystrophy, hyperlipidaem ia, and  
diabetes mellitus: a cohort study. Lancet 1999, 3 5 3 :2 0 9 3 -2 0 9 9 .

2. B ehrens G , D ejam  A, S chm id t H, e t al. Impaired g lu cose
tolerance, beta cell function and lipid m etabolism  in HIV-patients 
under treatm ent with p rotease inhibitors. AIDS  1999 , 13:
F 6 3 -F 7 0 .

3. S hacke lton  S, Lloyd DJ, Jackson SN, ef al. LMNA, en cod in g  lamin  
A/C , is m utated in partial lipodystrophy. Nat G enet 200 0 , 
2 4 :1 5 3 -1 5 6 .

4. B onne G, Di Barletta MR, V arnous S, e f  al. M utations in the gen e  
en cod in g  lamin A /C cau se autosom al dom inant E m ery-D reifuss 
m uscular dystrophy. Nat G enet 1999 , 2 1 :2 8 5 -2 8 8 .

5. Fatkin D, M acR ae C, Sasaki T, e t al. M issense m utations in the rod 
dom ain o f the lamin A/C gen e as causes o f dilated cardiom yo
pathy and conduction  system  d isease. N  Engl J M ed  1999, 
3 4 1 :1 7 1 5 -1 7 2 4 .

Respiratory chain dysfunction associated  with m ultiple m itochondrial DNA deletions in antiretroviral 
therapy-related lipodystrophy________________________________________________________________________
Highly-active antiretroviral therapy (HAART) can in
duce a characteristic lipodystrophy syndrome character
ized by peripheral fat wasting and central adiposity, 
usually associated with hyperlipidaemia and insulin 
resistance [1,2]. Indirect data have led some authors to 
propose that mitochondrial dysfunction could play a 
role in this syndrome [3,4].T o date, as recendy oudined 
by Kakuda et al. [5]in this journal, HIV-infected pa
tients developing lipodystrophy have not been studied 
for mitochondrial changes or respiratory chain capacity.

We studied a 67-year-old woman with an unremark
able past history except for HIV infection diagnosed 5 
years earlier, without previous opportunistic infections. 
During the 4 months before the current evaluation, she 
developed central and peripheral lipodystrophy asso
ciated with raised serum triglyceride levels (from 130 to 
543 mg/dl) and no changes in cholesterolaemia or 
glycaemia. The total CD4 lymphocyte count was 401/ 
mm3, and viral load was 790 copies/m m 3. She had 
previously received zidovudine (total cumulative dose;

Fig. 1. Skeletal muscle from HIV patient with highly-active antiretroviral therapy-related lipodystrophy. Oil-red 0 staining shows 
abundant neutral lipids (up; original magnification: 200X). Lipid droplets are also evident in semithin sections (down, original 
magnification: 800X).
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Lamin A/C Gene
Sex-Detennined Expression of Mutations in 
Dunnigan-TVpe Familial Partial Lipodystrophy and 
Absence of Coding Mutations in Congenital 
and Acquired Generalized Lipoatrophy
C o r in n e  V ig o u r o u x , J o c e ly n e  M agre, M a r ie -C h r is t in e  V an tygh em , C h a r lo tte  B o u ru t, O liv ier  L a sc o ls , 
S u e  S h a c k le to n , D a v id  J . L loyd , B ru n o  G u erc i, G iu se p p in a  P a d o v a , P a u l V a len si, A n d re  G rim ald i, 
R eg is  P iq u e m a l, P h ilip p e  T o u ra in e , R ich ard  C. TVem bath, an d  J a c q u e lin e  C a p ea u

M isse n se  m u ta t io n s  o f  th e  lam in  A/C g e n e , LMNA, h ave  
b een  r e c e n t ly  id e n t if ie d  in  D u n n ig a n -ty p e  fa m ilia l p ar
t ia l lip o d y str o p h y  (F P L D ), w h ich  b e lo n g s  to  a h e te r o 
g en e o u s  g rou p  o f  rare d iso rd er s  a ffe c tin g  a d ip o se  t is su e  
d is tr ib u t io n  an d  m e ta b o lism . In th is  stu d y , w e  
se q u e n c e d  th e  LMNA co d in g  re g io n  from  p a tie n ts  p r e 
se n tin g  w ith  FPLD  o r  o th e r  form s o f  lip od ystrop h y . We 
id e n tif ie d  tw o  h e te r o z y g o u s  m u ta tio n s  in  e x o n  8 , 
R482W  and  R 482Q . in  FPLD p a t ie n ts  ( s ix  fa m ilie s  and  
o n e  in d iv id u a l)  w ith  v a r io u s  c lin ic a l p r e s e n ta t io n s . In  
a d d it io n , w e  fo u n d  a n o v e l h e te r o z y g o u s  m u ta tio n  
(R 5 8 4 H ) in  e x o n  11, e n c o d in g  sp e c if ic a lly  th e  lam in  A  
iso fo rm , in  a  p a t ie n t  w ith  ty p ic a l FPLD. C lin ica l and  
b io ch em ic a l in v e s t ig a t io n s  in  FPLD p a t ie n ts  re v e a le d  
th a t th e  e x p r e s s io n  an d  th e  se v e r ity  o f  th e  p h e n o ty p e  
w ere  m a rk ed ly  d e p e n d e n t  on  s e x ,  w ith  fem a le  p a t ie n ts  
b ein g  m ore m a rk ed ly  a ffe c te d . In su b je c ts  w ith  g e n e r 
a lized  lip o a tro p h y , e i th e r  c o n g e n ita l (1 3  c a s e  s u b je c ts )  
or acq u ired  ( 1 4  c a s e  s u b je c ts ) ,  o r  B arraquer-S im on  sy n 
d rom e ( 2  c a s e  s u b j e c t s ) ,  th e  e n t ir e  LMNA c o d in g  
s e q u e n c e  w a s  n o rm a l. A lth o u g h  FPLD m u ta tio n s  a re  
p red o m in a n tly  lo c a liz e d  in  e x o n  8  o f  LMNA , th e  fin d in g  
o f  a  n o v e l m u ta t io n  a t  co d o n  5 8 4 , to g e th e r  w ith  th e  
R 582H  h e te r o z y g o u s  s u b s t itu t io n  r e c e n t ly  d esc r ib e d ,  
c o n fir m s th a t  th e  C -te r m in a l r e g io n  s p e c if ic  to  th e
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CMD1A, dilated cardiom yopathy and conduction-system  disease; 
EDMD, Emery-Dreifuss muscular dystrophy; FPLD, familial partial lipody
strophy o f  the Dunnigan type; PCR, polym erase chain reaction.

lam in  A iso fo rm  is  a se co n d  s u s c e p t ib ility  reg io n  fo r  
m u ta tio n s  in  FPLD. D iabetes  4 9 :1 9 5 8 -1 9 6 2 , 2 0 0 0

Lipodystrophies represent a  h eterogen eou s group  
o f  d iseases characterized by alterations in body fat 
distribution and, in m ost cases, insulin resistance. 
The other cardinal sign s are acan thosis nigricans, 
hyperandrogenism  in fem ales, m uscular hypertrophy, 

hepatom egaly, altered g lu cose tolerance, and hypertriglyc
eridem ia (1). Am ong them , the familial partial lipodystrophy  
o f  the Dunnigan type (FPLD), dom inantly inherited, is char
acterized by a lack o f  ad ipose tissu e in the lim bs, buttocks, 
and trunk w ith  fat accum ulation in the n eck  and face, and 
resu lts from  h eterozygou s m issen se  m utations o f  LMNA 
(2 -5 ). Lamin A and C, en cod ed  by this gene, are ubiquitous 
structural proteins that polym erize in the nuclear lamina, a  
m eshw ork underlying the inner nuclear m em brane, in w hich  
they interact w ith  integral proteins and chrom atin (6).

In the presen t study, w e  searched for m utations in LMNA 
in patients a ffected  w ith  FPLD or other lipodystrophies and 
analyzed the different clinical presentations.

C oncerning FPLD, w e  sequ en ced  the cod in g  region o f  
LMNA in the probands from  six  fam ilies and tw o  individuals. 
Previous haplotype analysis at the FPLD locu s (chrom osom e  
lq ) confirm ed that th ese  Caucasian fam ilies w ere not related  
(data not sh ow n ). A heterozygous CGG—>TGG transition at 
codon  482 (exon  8), leading to an arginine to tryptophane sub
stitution  (R482W ) w as found in probands from  fam ilies DE, 
DR, G, K, H, and P. At the sam e codon, patient J.M. displayed  
a  h eterozygou s CGG—>CAG transition, w h ich  p red icts an  
arginine to  glutam ine substitution (R482Q). T h ese m utations 
have b een  previously reported in FPLD (2 -5 ).

In patient PI, w e  found a  heterozygous CGC—>CAC transi
tion at cod on  584 (exon  11), leading to an arginine to  histidine 
su b stitu tion  (R584H). This DNA variation, w h ich  has not 
b een  previously  reported, w as absent in 100 unrelated con 
trol su b jects screen ed  using a D m  HI restriction  polym or
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phism  (see  r e s e a r c h  d e s i g n  a n d  m e t h o d s ) ,  therefore repre
senting a n ew  LMNA mutation.

The dominant transmission o f  FPLD w as evident in each of  
the fam ilies (Fig. 1) and w as considered likely in individuals 
J.M. and P.I., because lipodystrophy w as observed in their 
mothers, one o f  w hom  presented with acute pancreatitis.

All the other LMNA nucleotide variations that w e detected  
in these patients w ere silent polym orphism s either exon ic

(S17 [AGC->AGT], A287 [GCT->GCC], D446 [GAT—»GAC] 
and H566 [CAC—>CAT]), or intronic (intron 4: nt+13 [G—>T]; 
intron 8: nt-41 [C-»T] and intron 9: nt-5 [A->G]).

We also  sequenced the 12 exons o f  LMNA in patients pre
senting w ith other form s o f  lipodystrophy as follow s: 13 
patients affected by a congenital and 14 by an acquired form  
o f  generalized lipoatrophy, and 2 patients by a Barraquer- 
Sim on syndrom e characterized by cephalothoracic lipoatro-

fam  P

200 bp 
100 bp

183 bp

fam  DE

M 1 2 3 4

200 bp 
100 bp

fam DR

6 r O  6 rO

M  1 2 3 4

183 bp -183 bp

n r ®

fam  K fam G

m-j O

2 3
-183 bp -183 bp

fam H

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

200 bp 
100 bp

183 bp

FIG. 1. D om inant inheritance o f  an R482W heterozygous m utation  in FPLD fam ilies. C-»T tran sition  at codon 482 ab olish es an M sp l  restr ic tion  
s it e  in  th e  exon  8-PCR fragm ent o f  229 bp. M sp l  d igestion  o f  the w ild-type a lle le  gen erates three fragm ents ( o f  114, 69, and 46 bp), w hereas  
d ig estio n  o f  the R482W a lle le  revea ls a 183-bp band ( -» ) .  P henotypes o f  p a tien ts  are sym bolized as follow s: ( • ,  ■ )  p a tien ts a ffected  by FPLD. 
(®, H ) p a tien ts probably a ffected  by FPLD, and (O , □ )  n onclin ically  a ffec ted  individuals. M, m olecular-w eight marker.
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phy and accum ulation  o f  fat in the low er part o f  the body. We 
did n ot find any alteration  in LMNA cod ing sequ en ce in any  
o f  th e se  p atients. Furtherm ore, 5 o f  10 congen ital lipoat- 
rophic patients b o m  from  con san guin eou s unions w ere h et
erozygous for several intragenic polym orphism s, suggesting  
that d e fec ts  at th e LMNA locu s are n ot responsible for this  
rare au tosom al re ce ss iv e  d isease  (7).

The evaluation  o f  the main clinical and biological charac
teristics o f  individuals bearing LMNA m utations revealed that 
the d isease expressiv ity  w as variable, especially betw een  m en  
and w om en  (Table 1). In w om en, limb and trunk lipoatrophy  
with m uscular hypertrophy w as generally present and associ
ated with fat accum ulation in face and neck, giving a cushingoid  
appearance. H ow ever, this classical phenotype w as not uni
versally evident, especia lly  in lean patients, in w hom  lipoat- 
rophic s ig n s cou ld  b e  predom inant. S igns o f  hyperandro- 
genism  w ere generally  present in affected  w om en, albeit o f  
varying severity. In m en, the clinical diagnosis o f  FPLD w as  
m ore problem atic b ecau se  o f  the ab sen ce o f  the characteris
tic lipodystrophy in m ost cases, a s reported previously (8). 
Insulin resistan ce and hypertriglyceridem ia w ere a lso  gener

ally m ore severe in wom en. Three individuals, all lean w om en  
(DE I, K3, JM), presented with severe d iabetes poorly con
trolled despite high d ose insulin therapy (>100 U per day), 
w hereas their affected m ale relatives had either a normal glu
co se  tolerance (K5) or m ilder form s o f  diabetes, easily con
trolled by oral hypoglycem ic agents (DE2 and 3). In the sam e  
way, s ix  patients (all w om en ) had striking hypertriglyc
eridem ia that led to acute pancreatitis in tw o  o f  them  (G3 and 
K3).

In m ost cases, the lipodystrophy appeared progressively  
after puberty and w as secondary to the first b iological signs, 
either hyperinsulinem ia or hypertriglyceridem ia, w hen eval
uated. TWo prepubertal children, H13 and H I5, w ere bearing  
the m utation w ithout any phenotypic features o f  FPLD. At 22 
years o f  age, subject DE4 still has a norm al clinical and bio
logical phenotype, suggesting either incom plete penetrance  
or a delayed form  o f  the d isease.

B ecau se  m utations in LMNA are a lso  resp on sib le for 
E m eiy-D reifuss m uscular dystrophy (EDM D) (9,10) and  
dilated  cardiom yopathy and con d uction -system  d isease  
(CMD1A) (11,12), w e  searched for clinical features o f  sk ele

TABLE 1
Clinical and biological characteristics of the patients with mutations in the lamin A/C gene

Patient

Age at 
investigation  

(years)
BMI

(kg/m2)
Clinical

lipodystrophy

Diabetes (D) 
or severe insulin 
resistance (IR)*

Plasma 
triglycerides 
>2.5 mmol/1

Antecedent of acute pancreatitis 
or plasma triglycerides 

>10 mmol/1

Women
DEI 53 23 FPLD D + +
DE4 22 18.4 NO — — -

DR1 20 27.3 FPLD IR + -
DR2 23 20.7 LA IR + +
DR3 21 20.8 LA IR + —

G3 18 23.5 FPLD D + +
H4 17 23.9 FPLD IR + -

H7 32 24 FPLD IR + -

H10 42 NA IR - -
K2 50 22.5 FPLD D - -

K3 19 19.9 LA D + +
PI 52 24.6 FPLD D NA \ -

P5 19 22.2 FPLD NA N A
P6 47 24.5 FPLD D + -

P7 27 22.7 FPLD D - -

P8 39 27.3 FPLD D + +
JM 34 21.2 LA D + +
PI 21 36.7 FPLD IR - -

M en
DE2 22 19 LA D + -
DE3 54 NO D - -

G1 46 NO D + -

HI 45 NO IR - -

H9 15 25 NO - - -

H ll 38 NO - - -

H13 12 NO - - -

H15 7 NO - - -

K5 24 22 NO - + -

P2 27 26.7 NO - - -

P10 36 30 FPLD NA NA -

All patients bear an R482W heterozygous mutation in LMNA, except JM and PI, who carry an R482Q and an R584H heterozygous 
mutation, respectively. *Severe insulin resistance is defined by severe hyperinsulinemia (>140 pmol/1 in the fasting state 
and/or >700 pmol/12 h after a 75-g oral glucose tolerance test) in the absence of diabetes. FPLD, lipoatrophy of limbs and trunk with 
fat accumulation in neck and face; LA, predominant lipoatrophy; NO, not obvious; NA, not available; +, present; - ,  absent.
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tal or cardiac m uscular dysfunction in our patients. With 
only one exception, FPLD patients had no history o f  m uscu
lar w eakness and/or contractions. Most o f  them  displayed a  
characteristic m uscular hypertrophy with athletic appear
ance, whereas muscular atrophy is a typical feature o f EDMD. 
In patient H 10, a proxim al m yopathy that did not fit the diag
nostic criteria for EDMD (13) w as noted. The level o f  serum  
creatine-kinase w as found within the normal range in all the  
patients tested . Electrocardiography perform ed in eight 
patients did not reveal any rhythm or conduction abnormal
ity. No history o f  cardiac rhythm disturbance or cases o f  sud
den death in patients’ relatives were reported.

In FPLD, all o f  the previously reported mutations except one 
w ere clustered within exon 8, coding for a proxim al C-termi- 
nal domain o f  lamin A/C, and concerned only three codons  
(465,482, and 486) (2-5). In our patients, the LMNA mutation  
affected codon 482 in all o f the cases but one, confirming that 
exon 8,>and in particular codon 482, is indeed a mutational hot 
spot for FPLD. This is in contrast with what is seen  in EDMD 
and CMD1A, in w hich m ost alterations reported to date are 
located either in the central rod dimerization or in the tail 
domain o f lamin A/C, with only one reported m utation local
ized to exon  8 o f  the gene (I469T) (9-12).

Interestingly, w e found in a typical FPLD patient a  novel 
m utation located  at codon 584, in the distal part o f  the cod
ing sequence, within a highly conserved region o f  the C-ter- 
m inal dom ain specific for the lamin A isoform . Recently, a  
R582H heterozygous substitution has been reported in FPLD, 
although in a le ss clinically pronounced form (4). It has been  
observed in vitro that the lamin A -specific C-terminal dom ain  
acts as a binding site for nuclear actin, w ith these tw o  com 
ponents being implicated in the organization o f nuclear chro
m atin dom ains. Therefore, it is p ossib le that th ese  lam in  
A -specific mutations, through alterations in the nuclear 1am- 
ina-chromatin relations, could m odify the expression  o f  adi
p ose tissu e-sp ecific  genes (5,14).

Molecular screening for LMNA mutations in FPLD may not 
be lim ited to the exon  8 o f  the gene. It is important to distin
guish FPLD from other forms o f lipodystrophies, especially  
acquired generalized lipoatrophy, in w hich clinical presenta
tion could  be very similar and to ensure the d iagnosis in  
men, in w hom  the clinical and biochem ical features m ay be  
le ss  marked.

RESEARCH  D E SIG N  AND M ETHODS
P a tien ts. All patients and their families gave their informed consent for 
genetic studies, which were approved by an institutional review committee.

The biological and clinical characteristics of patients DEI and K3 have been 
previously reported (15,16). Patients DEI and 2 were also affected by famil
ial benign hypercalcemia caused by a heterozygous mutation in the calcium- 
sensing receptor gene (17). Most patients with congenital and acquired gen
eralized lipoatrophy have been previously presented (18,19).
G en etic  s tu d ies. Genomic DNA was obtained from peripheral white blood 
cells by standard procedures (20). LMNA exons 1 to 12 and the surrounding 
intronic sequences were amplified by polymerase chain reaction (PCR) using 
primers and conditions previously described (3,9). After purification on Qia- 
gen columns, the PCR products were directly sequenced using the ABI Dye ter
minator mix. Reactions were run on an ABI 377 sequencer and analyzed with 
Sequence Analysis 3.2 software (Perkin Elmer).

A rapid genotyping assay was used to screen for the mutations in exons 8 
and 11 of LMNA. After amplification with specific primers (8F: 5'-CCAAGAG 
CCTGGGTGAGCCTC-3', 8R: 5'-GACACTTACCCCAGCGCTCC-3' or 11F: 5'-TG 
GTCAGTCCCAGACTCGCC-3', 11R: 5' -GCCTGC AGG ATTTGG AAG A-3'), PCR 
products (15 pi) were digested with 10 U of the specific restriction enzymes 
(New England BioLabs, Beverly, MA). After a 3-h incubation at 37°C, the frag

ments were separated on a 3% agarose gel and visualized after staining with 
ethidium bromide. The C to T transition at codon 482 abolishes an Mspl 
restriction site in the exon 8-PCR fragment of 229 bp, leading to a 183 bp addi
tional DNA fragment (Fig. 1). The G to A transition at codon 584 creates a 
unique Dra III restriction site in the exon 11-PCR product (360 bp), which gen
erates two DNA fragments of 259 and 101 bp.
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