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Summary

von Willebrand disease (VWD) is the most prevalent inherited mucocutaneous bleeding disorder in humans, and results from either quantitative or qualitative defects in circulating levels of the multimeric plasma glycoprotein, von Willebrand factor (VWF). Type 1 VWD, a partial quantitative deficiency of VWF, occurs in 50-70% of affected individuals. The genetic mechanisms involved in the pathogenesis of type 1 VWD were investigated in a European Union cohort study, with no candidate mutation identified in 30% of 150 index cases recruited. A proportion of these patients may be heterozygous for exon deletions of VWF. However, standard DNA sequencing methods undertaken in the original study can mask the presence of copy number variation (CNV) within VWF due to the presence of a wild-type allele. Recent validation of the P011-A1/P012-A1 (MLPA) VWF probe kit enabled analysis of VWF for the presence of heterozygous deletions or duplications (CNV).

CNV analysis in this study led to the identification of two novel heterozygous in-frame deletions, which, along with previous deletion identification during optimisation identified 6 deletions in total. This suggested that heterozygous deletions are a significant contributor to the pathogenesis of type 1 VWD. Furthermore, identification, characterisation and in silico analysis of the deletions was undertaken to map the intronic breakpoint locations and understand the pathogenetic mechanisms of deletion formation in VWF. Additional analysis on historical VWF deletions was also undertaken and indicated that VWF was enriched for Alu repetitive elements and these repetitive element sequences are the predominant pathogenetic mechanism in generation of large deletions in VWF.

In vitro expression analysis of the in-frame deletion mutants revealed a significant secretion defect of VWF into conditioned media. Furthermore, in some instances, in-frame deletions have a dominant-negative mechanism on VWF secretion, multimerisation and intracellular storage.  The phenotypes of patients identified with the heterozygous deletions were found to correlate with the in vitro expression results for all deletions expressed. This provided novel insight into the effects of heterozygous deletions in type 1 VWD. 
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[bookmark: _Toc368247369]1. Introduction
[bookmark: _Toc368247370]1.1. Haemostasis and VWF

[bookmark: _Toc282088863][bookmark: _Toc349824159]Haemostasis is a defence mechanism which has existed for 450 million years and has been identified in early teleost fish through to mammals (Davidson et al. 2003, Kim et al. 2009). The aim of haemostasis is to prevent excess blood loss after tissue/vessel damage, whilst in the absence of vessel wall injury, maintaining blood in a fluid state. There are two components to haemostasis, primary haemostasis and secondary haemostasis.

Primary haemostasis is the initial response of the vessel to injury. After vessel wall injury, sub-endothelial collagen is exposed which enables von Willebrand factor (VWF) to bind to the exposed collagen. This enables tethering of circulating platelets and after prolonged tethering, platelet activation leads to downstream signalling cascades and the formation of an unstable platelet plug.

Secondary haemostasis involves the response of the coagulation cascade to vessel wall injury and results in stabilisation of the initial primary platelet plug through interaction with fibrin leading to a localised thrombus formation at the site of vessel injury. Secondary haemostasis can be divided into two distinct pathways for initiating the generation of fibrin, which then combine to form a common cascade pathway.

The first pathway is the extrinsic pathway where, upon endothelial cell damage, factor VII (FVII) binds to exposed tissue factor (TF), allowing the formation of a TF and activated FVII (FVIIa) complex. The second pathway is the intrinsic coagulation pathway, where contact activation through FXII binding to collagen leads to the formation of activated FXII (FXIIa). FXIIa converts non-activated FXI to activated FXI (FXIa), initiating the activation of FIX to activated FIX (FIXa).

FVIII is cleaved from VWF by thrombin to form activated FVIII (FVIIIa). Activated FIX along with its cofactor FVIIIa from the intrinsic pathway and FVIIa from the extrinsic pathway result in activation of FX. Activated FX (FXa) along with its cofactor FV initiates generation of thrombin through cleavage of prothrombin. Thrombin then converts soluble fibrinogen to insoluble strands of fibrin. Fibrin strands cross-link at the platelet plug to form a stable fibrin-platelet plug (Figure 1.1). 
 
[image: ]Figure 1.1 Schematic representation of the coagulation pathway, consisting of the extrinsic, intrinsic and common coagulation pathways.

[bookmark: _Toc368247371]Inherited or de novo mutations in coagulation cascade proteins, platelet receptors and in VWF can lead to bleeding. Of the haemostatic proteins illustrated in Figure 1.1, FVIII and FIX disorders have the highest proportion of published mutations within the gene sequence which led to the onset of haemophilia A and B, respectively (Goodeve et al. 2012). The occurrence of mutations in other haemostatic pathway proteins and receptors is less commonly documented than for FVIII and FIX, however, the next most common are mutations in the von Willebrand factor (VWF) gene, leading to the onset of von Willebrand disease.

[bookmark: _Toc368247372]1.2. von Willebrand Disease 

[bookmark: _Toc277248359][bookmark: _Toc277248399][bookmark: _Toc278465998][bookmark: _Toc279996767][bookmark: _Toc282088864]In 1926 Dr Erik von Willebrand originally described the inherited bleeding disorder that now bears his name. von Willebrand identified a bleeding disorder that was clinically and genotypically distinct from haemophilia A; the observations were made in members of a large family on the Scandinavian Åland Islands (Berntorp 2007). After analysis of the family pedigree and clinical manifestations, the evidence suggested that the disease affected both males and females equally, showing autosomal dominant inheritance. von Willebrand concluded that the bleeding disease presenting in this family was a novel form of haemophilia and termed the disease hereditary pseudo-haemophilia (Berntorp 2007).

von Willebrand disease (VWD) is a genetically inherited bleeding disorder caused by quantitative and qualitative defects in the circulating multimeric glycoprotein, von Willebrand factor (VWF), usually arising as a result of mutations within the von Willebrand factor gene (VWF). The disease can lead to inherent symptoms involving mucocutaneous bleeding, bleeding of the gums and increase in the frequency of epistaxis (Sadler et al. 2006, Goodeve 2010). Additionally, women can present with menorrhagia and are at risk of delayed post-partum haemorrhage after childbirth. Symptoms depend on severity of the disease, with some patients presenting with mild bleeding and others presenting with severe bleeding.

[bookmark: _Toc349824161][bookmark: _Toc368247373]1.3. VWF gene

Whilst VWD was first described in 1926, it was not until 1985 that a number of groups simultaneously identified the coding region of VWF through a variety of cloning techniques (Ginsburg et al. 1985, Sadler et al. 1985, Verweij et al. 1985). VWF is located on the short arm of chromosome 12 at the distal position 12p13.3. The gene spans 178kb of genomic DNA and produces an exonic mRNA transcript of 8.8kb, containing 52 exons.  Figure 1.2 illustrates the relative size of VWF and of the exonic cDNA transcript.

Furthermore, a partial VWF pseudogene (VWFP) was identified by Mancuso et al., (1991). VWFP is located on chromosome 22 at position 22q11.22-11.23, which shows only 3% sequence variation to a portion of VWF, from exon 23 to exon 34 (Mancuso et al. 1991). As a result of this high degree of sequence similarity, analysis of VWF in these locations can be problematic.

[image: ]
Figure 1.2 Schematic representations of the VWF gene structure and cDNA structure.
A) VWF encompasses 178kb of genomic DNA and contains 52 exons. B) The VWF cDNA structure is 8.8kb in size and is made up of 52 exons. However, the first exon of VWF is absent from the translated protein.


[bookmark: _Toc368247374]1.4. VWF protein structure and synthesis

Synthesis of VWF occurs in endothelial and megakaryocyte cells; if synthesis occurs in the former, mature, multimerised VWF is stored in Weibel-Palade bodies and in the latter, the VWF is stored in α-granules of platelets (Wagner 1990). The exonic mRNA product is translated to give a pre-pro-peptide of VWF containing 2813 amino acid residues, of which 22 amino acids account for the N-terminal signal peptide, 741 amino acids make up the VWF pro-peptide and 2050 account for the mature VWF subunit; this translational product is termed pre-pro VWF (Sadler 1998, Goodeve 2010). 

Historically, the VWF protein structure was annotated as having many repeated domains, which have similar homology with a large number of other proteins. The primary translation sequence of the protein is arranged D1-D2-D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK (Verweij et al. 1986, Sadler 1998). 

Recently, an updated VWF protein structure has been determined (Zhou et al. 2012). The new structural domain representations are taken from in silico alignment to similar domains, in vitro expression in HEK293 and electron microscopy. All VWF domain structures were reassessed to broaden understanding of the VWF domain structure, since the historical domain structures were defined shortly after identification of the VWF cDNA (Verweij et al. 1986). The only domains not assessed in detail were the A domains, since these are well characterised throughout the literature. Findings suggested that each of the historical D domain structures are made of smaller sub-domain structures, comprising VWD, C8, TIL and E sub-domains. However, the D4 domain region lacks the E sub-domain structure (Zhou et al. 2012). In addition, the B domains in the historical protein structure have been replaced with 6 repeating C domains (C1-C6). Furthermore, Zhou et al., (2012) indicate that the boundaries of the C domain structures were difficult to assess, due to the likely interactions between C1-C2, C3-C4 and C5-C6. The updated structure of VWF is arranged VWD1,C8-1,TIL-1,E1,VWD2,C8-2,TIL-2,E2,TIL’,E’,VWD3,C8-3,TIL-3,A1,A2,A3,VWD4,C8-4,TIL4,C1,C2,C3,C4,C5, C6,CK as shown in Figure 1.3.



[image: ]
Figure 1.3 Schematic representation of the historical and updated VWF protein structures.
A) Representation of the historical VWF protein sequence, containing repeating A, B, C and D domains, with representation of the propeptide and mature VWF sequence. In addition, propeptide cleavage by Furin is indicated as is the region of ADAMTS13 proteolysis. Finally, binding of FVIII occurs through the D3 domain, VWF binding to sub-endothelial collagen via the A3 domain is shown and the site at which VWF binds to non-activated platelets is highlighted in the A1 domain B) Representation of the updated VWF protein structure (Zhou et al. 2012).

Upon translation of VWF by the ribosomes, the signal peptide allows for protein translocation to the endoplasmic reticulum (ER). Once translocation has taken place, the signal peptide of pre-pro VWF is removed and the pre-pro VWF becomes pro-VWF. Within the ER, pro-VWF initially undergoes posttranslational modification through the process of N-linked glycosylation (Wagner 1990, Sadler 2009). VWF also undergoes dimerisation through disulphide bonding within the cysteine knot of the C-terminal domain of each VWF monomer. Whilst inter-VWF disulphide bond formation occurs, Dong et al., (1994) also reported that intra-VWF disulphide bond formation occurs at cysteine residue 379 of the VWF pro-peptide with one of three cysteine residues at positions 459/462 or 464. The intra-VWF bonding is thought to enable correct orientation of VWF dimers for multimerisation (Dong et al. 1994).

VWF dimers are then transported to the Golgi and trans-Golgi network (TGN). Translocation to the Golgi initially involves processing of the N-linked glycan structures to mature forms, sulphation and O-linked glycosylation of the VWF dimers. Moreover, multimerisation of dimers occurs, via additional disulphide bonding within the D3 domain of the mature VWF subunit (Sadler 2009). The VWF pro-peptide plays an important role in multimerisation; after translocation to the Golgi, an endoprotease (Furin) cleaves the pro-peptide of pro-VWF, allowing disulphide bond formation within the D3 domain. Additionally, a repeat region within the D1 (159C-G-L-162C) and D2 domains (521C-G-L-524C) enables multimerisation through disulphide exchange with protein disulphide isomerase (PDI) via the vicinal cysteine repeats within this region (Mayadas and Wagner 1992). These regions are thought to influence multimerisation since they have homology with the active site of the PDI enzyme which catalyses disulphide exchange and bond formation. Altering this conserved region through site-directed mutagenesis affected the multimerisation process of VWF-dimers (Mayadas and Wagner 1992).

Whilst cleavage of the pro-peptide allows multimerisation, the pro-peptide remains non-covalently associated with the mature multimerised subunit which is thought to aid in secretory body storage within Weibel-Palade bodies and α-granules, although 90% of VWF synthesised in endothelial cells is constitutively secreted (Wagner 1990). The size of the constitutively secreted VWF is determined through cleavage of VWF by a disintegrin and metalloproteinase with a thrombospondin type 1 motifs 13 (ADAMTS13), a protease enzyme which cleaves the VWF multimers within the A2 domain of the protomer between amino acid p.Y1605-M1606 of the protein (Furlan et al. 1996).

[bookmark: _Toc368246860][bookmark: _Toc368247375][image: ]
Figure 1.4 Schematic diagram depicting the structure of VWF and the assembly of mature VWF subunits within endothelial cells.
Assembly of VWF begins shortly after translocation to the endoplasmic reticulum and cleavage of the signal peptide. N-linked glycosylation takes place, followed by dimerisation of VWF monomers via C-terminal domain, cysteine residue disulphide bond formation. After dimerisation, VWF dimers are transported to the Golgi and trans-Golgi network for further post-translational modification in the form of O-linked glycosylation, sulphation and processing of the N-linked glycans, with multimerisation taking place through disulphide bond formation within the D3 domain. A large portion of endothelial VWF is constitutively secreted, with multimers varying in size. However, some of the VWF multimers are packaged and stored within the Weibel-Palade secretory bodies of the cell, being utilised upon activation of these cells in response to vascular damage. VWF synthesised in megakaryocyte cells tends not to be constitutively released and is only released from α-granules upon activation of platelets. 

[bookmark: _Toc368247376]1.5. VWF function

High molecular weight (HMW)-VWF multimers are the most functionally active form of the protein and provide two major functions. Primarily, VWF is required for platelet plug formation at sites of vascular injury, under high sheer stress conditions (Baruch et al. 1991, Ruggeri 2001). Endothelial cell damage, resulting in exposure of the sub-endothelial matrix causes binding of VWF to immobilised collagen, type I and III, via the A3 domain. Binding results in conformation change in VWF, from globular to elongated and exposes the A1 domain, the site of GpIbα platelet binding (Sadler 1998, Ruggeri 2001). Interaction between VWF and GpIbα platelet receptor is the only interaction that occurs in non-activated platelets and allows reversible tethering of platelets to VWF. Prolonged A1 binding to GpIbα results in activation and enables binding of platelets to immobilised VWF through binding of platelet GpIIβ/IIIα to the historical C1 domain (C5-C6 in the updated structure) of VWF (Keeney and Cumming 2001, Ruggeri 2001). Further interaction between the platelets, VWF and fibrin leads to the formation of the platelet plug, preventing bleeding (Nichols et al. 2008), as shown in Figure 1.5.

[image: ]
Figure 1.5. Schematic representation of VWF function in platelet binding and blood clotting.

The secondary function of VWF involves interaction with FVIII, protecting this haemostatic co-factor from proteolysis and thus increasing its half-life. FVIII is required as a co-factor for factor IXa, leading to generation of activated factor X, which has an anti-haemorrhagic function through generation of fibrin, which stabilises the formation of the platelet plug (Sadler 1998, Ruggeri 2001, Nichols et al. 2008). 
 
[bookmark: _Toc368247377]1.6. VWD Classification

VWD can be categorised into three distinct types, depending on both the phenotype (and genotype) of an affected individual (Sadler et al. 2006).

[bookmark: _Toc368247378]1.6.1 Type 1 VWD

Type 1, the most common form of the disease, can present in 50-75% of people diagnosed with VWD and tends to show classical autosomal dominant inheritance. However, type 1 VWD inheritance is complicated by incomplete penetrance, whereby an individual known to have a mutation within VWF does not display the phenotypic symptoms associated with disease (Keeney and Cumming 2001). Additionally, type 1 VWD can also exhibit variable expressivity whereby the phenotype of individuals varies considerably within the type 1 VWD affected population. Clinically, this form of the disease is characterised by a partial quantitative defect in circulating levels of VWF (Sadler et al. 2006).

[bookmark: _Toc368247379]1.6.2 Type 2 VWD

Type 2 VWD is defined and classified by the functional defects that lead to the disease and as such mutations in this type of VWD affect normal function and lead either to loss-of-function or gain-of-function VWF protein. The majority of mutations in this form of the disease occur in the functional domains of the VWF protein (Sadler et al. 2006, Goodeve 2010). 

[bookmark: _Toc368247380]1.6.2.1 Type 2A VWD

Type 2A is the largest sub-type of type 2 VWD and typically results in loss of HMW-VWF. Type 2A VWD results from largely autosomal dominant inheritance of mutations in VWF affecting a number of protein domains involved in ADAMTS13 cleavage, dimerisation and/or multimerisation. Pathogenic mechanisms of disease suggest that mutations may affect the VWF secretion or the increased sensitivity to ADAMTS13, or lead to dimerisation and multimerisation defects. Mutations frequently arise in the A2 domain; with missense mutations within this domain occurring around the ADAMTS13 cleavage site (Meyer et al. 2001). These mutations can be grouped depending on whether they affect VWF secretion (group one) or whether there is increased ADAMTS13 susceptibility (group two) (Goodeve 2010). Missense mutations have also been identified in the A1, D2, D3 and CK domains, with 104 different mutations identified which lead to type 2A VWD (ISTH SSC VWF Database 2013) which are involved in the dimerisation and multimerisation process respectively (Meyer et al. 2001, Schneppenheim et al. 2010).

[bookmark: _Toc368247381]1.6.2.2 Type 2B VWD

Type 2B is associated with increased affinity for platelet receptor GpIbα, binding takes place within the A1 domain (Sadler et al. 2006). Increased affinity leads to increased VWF-platelet interactions, which results in the phenotypic loss of HMW-VWF multimers. Mutations leading to increased affinity for platelet receptor GpIbα are all inherited in an autosomal dominant manner. 56 missense mutations have been identified leading to gain of function; the mutations occur in a region important in binding to GpIbα, this being within the amino acid p.C1272-C1458 disulphide loop (Meyer et al. 2001, ISTH SSC VWF Database 2013). An in-frame amino acid duplication has also been reported; the mutation causes a heterozygous insertion and has the ability to modify the binding to subendothelial collagen (Ribba et al. 1991).

[bookmark: _Toc368247382]1.6.2.3 Type 2M VWD

Type 2M VWD shows autosomal dominant inheritance and phenotypically presents with decreased affinity for GpIbα and arises through mutations in the A1 and A3 domains (Sadler et al. 2006). A large number of missense mutations cause substitution and loss of arginine residues, implicating these amino acids in GpIbα binding (Hilbert et al. 1998). In-frame deletions occurring in the disulphide loop identified in type 2M result in reduced affinity for GpIbα binding, through heterozygous loss of a repeated lysine residue (p.K1408del) (Hilbert et al. 2000). The arginine and lysine residues are known to participate in salt-bridge formation in the protein tertiary structure and it is hypothesised that these residues may regulate the ability to bind to platelets at this region (Hilbert et al. 1998). Furthermore, amino acid substitutions occurring in the A3 domain are also reported to affect collagen binding (ISTH SSC VWF Database 2013).

[bookmark: _Toc368247383]1.6.2.4 Type 2N VWD

Type 2N, resulting from loss of FVIII binding ability in the D’/D3 domain, shows missense mutations involving substitution of a large number of cysteine and arginine residues, along with other residues, which affect the FVIII binding ability and reduce or eliminate the protection of FVIII by VWF (Meyer et al. 2001, Sadler et al. 2006). Since the interaction between VWF and FVIII is affected in this form of VWD, the FVIII is not as well protected from proteolytic degradation since it cannot circulate with VWF. As a result, type 2N VWD mimics haemophilia A, since the FVIII survival is decreased. Type 2N is inherited in an autosomal recessive manner and the phenotype can be associated with normal VWF multimers.

[bookmark: _Toc368247384]1.6.3. Type 3 VWD

Type 3 VWD is the most severe but rarest form of the disease, occurring in up to 5% of affected individuals and is associated with a virtually complete deficiency of VWF.  However, in populations where consanguinity is high, type 3 VWD is much more common. This form of the disease typically shows an autosomal recessive inheritance pattern (Sadler et al. 2006). Since VWF acts as a carrier protein for FVIII, there is also a reduction in circulating levels of this coagulation co-factor. In this form of disease, symptoms can include joint and muscle bleeding, normally associated with haemophilia A.

A number of cohort studies have analysed the mutational spectrum of type 3 VWD, with each cohort analysis from distinct ethnic populations (Zhang et al. 1994, Baronciani et al. 2003, Sutherland et al. 2009, Ahmad et al. 2013, Bowman et al. 2013). Type 3 VWD mutations occur throughout the gene and usually result in the complete loss of VWF protein due to at least 80% of mutations causing ‘null alleles’ whereby the mutation affects VWF expression. The cohort studies in type 3 VWD all found a number of mutations which affect the open reading frame of the mRNA product, leading to formation of truncated mRNA transcript products which are likely to be degraded via the nonsense-mediated decay process (Sutherland et al. 2009), leading to loss of protein production. 

The most common mutations presenting in type 3 disease are nonsense mutations, accounting for 31% of mutations identified. Large and small-scale deletions, along with insertions account for 18%, 12% and 11% of mutations respectively (Goodeve 2010). Splice-site mutations account for 11% of mutations in this form of the disease. Whilst splice site mutations can cause frame-shift effects, some splice-site mutations result in in-frame exon skipping, leading to formation of some functional protein, since in-frame exon skipping does not affect the open reading frame and generates shortened protein fragments. The latter may be more common in type 1 VWD.

Finally, missense mutations account for 18% of mutations in this form of the disease. Whilst missense mutations in type 2 appear to produce a protein with a gain-of or loss-of-function; missense mutations in this group appear to  lead to disruption in protein folding and the protein being retained in the cell (Goodeve 2010). 

[bookmark: _Toc282088867][bookmark: _Toc349824162][bookmark: _Toc368247385]1.7. Diagnosis of VWD

When diagnosing VWD in individuals, a number of factors must be taken into consideration. Firstly the individual must present with a history of clinical mucocutaneous bleeding, from the clinical history a questionnaire can be used to help obtain a bleeding score (Rodeghiero et al. 2005, Tosetto et al. 2006). The bleeding score was first defined by Rodeghiero et al., (2005) as a way to evaluate the severity of bleeding in response to haemostatic challenge.

Further analysis of the family history must be undertaken to assess the heritability of disease. Laffan et al., (2004) suggest that bleeding symptoms of the disease must be present in at least two generations for diagnosis to take place. Finally, a number of haemostatic and VWF specific laboratory tests must be undertaken (Sadler et al. 2006). As part of the initial screening process, activated partial thromboplastin time (aPTT) is undertaken to assess the efficiency of the intrinsic coagulation cascade, which is initiated through binding of VWF to regions of vascular damage (Sadler et al. 2006). Furthermore, a full blood count provides information on the circulating levels of red blood cells, in the case of anaemic patients. Additionally, the full blood count provides a platelet count, which may be reduced in type 2B VWD.

Depending on results from the initial screening tests, any abnormalities will be analysed with a number of VWF specific tests in order to determine the type of VWD. Since VWF functions in primary haemostasis and binds platelets at sites of vascular injury, measurement of von Willebrand factor antigen (VWF:Ag) is undertaken to determine the circulating levels of VWF protein within the plasma (Nichols et al. 2008, Goodeve 2010). Additionally, VWF:RCo (VWF ristocetin cofactor activity) allows for determination of the functional ability of VWF to bind to platelets and induce agglutination. Ristocetin is an antibiotic which upon interaction with VWF, mimics binding to subendothelial fibrillar collagen and induces a conformational change which allows binding to platelets (Nichols et al. 2008). 

Since VWF also acts as a protective carrier molecule for FVIII, FVIII coagulant (FVIII:C) assesses the activity of FVIII in individuals to aid in determination of the sub-type of VWD and also to give an indication to the likelihood of muscle/joint bleeds if the levels are significantly reduced (Nichols et al. 2008, Goodeve 2010). Ristocetin induced platelet activation (RIPA) aids in the identification of VWD sub-types. This test is different from VWF:RCo in that the antibiotic is added straight to fresh, platelet rich plasma samples at varying concentrations, without the need for plasma dilution (Nichols et al. 2008, Goodeve 2010). Aggregation at low concentrations (<0.5mg/mL) suggests an increased ability of platelet binding, a classic feature of type 2B VWD.

	VWD Type
	VWF:Ag
(IU/dL)
	VWF:RCo
(IU/dL)
	VWF:RCo/ VWF:Ag Ratio
	FVIII:C
(IU/dL)
	RIPA aggregation
(low dose)†
	Multimer Analysis

	Reference Range
	50-200
	50-200
	0.5-1.5
	50-150
	Absent
	Normal

	1
	<50#

	<50#

	>0.5-1.5
	≤50-150

	Absent
	Largely Normal*

	2A
	<30-50
	<30

	<0.5-0.7
	≤50-150

	Absent
	Loss of high VWF multimers

	2B
	<30-50
	<30

	<0.5-0.7
	≤50-150

	Present
	Loss of high VWF multimers

	2M
	<30-50
	<30

	<0.5-0.7
	≤50-150

	Absent
	Normal

	2N
	30-50
	5-50
	>0.5-1.5
	<40
	Absent
	Normal

	3
	<5
Usually absent
	<5
Usually absent
	N/A
	<10
	Absent
	Absent


Table 1.1 Specific laboratory tests undertaken to diagnose and classify VWD, with reference ranges and the ranges found in each type of the disease. 
Reference ranges vary significantly due to the high variance of VWF levels amongst the population, which have been shown to be affected most significantly by the ABO blood group. Additionally, since VWF is an acute phase protein, levels can be influenced by stress, hormones, exercise and age. * The vast majority of type 1 VWD patients show a normal multimer profile; however, the EU-MCMDM 1VWD (Goodeve et al. 2007) identified a number of type 1 VWD patients showing abnormal multimer profiles; largely associated with a relative loss of high molecular weight multimers. Additionally, the Vicenza type mutation in type 1 VWD can be associated with presence of ultra-large VWF multimers but not in all cases. # There is some debate as to what the cut off for these laboratory tests should be used for diagnosis of type 1 VWD. †Low dose RIPA <0.5mg/mL. (Laffan et al. 2004, Sadler and Rodeghiero 2005, Sadler et al. 2006, Nichols et al. 2008)

[bookmark: _Toc274561259][bookmark: _Toc276032775][bookmark: _Toc276041177][bookmark: _Toc276041207][bookmark: _Toc276041228][bookmark: _Toc276041319][bookmark: _Toc276384111][bookmark: _Toc276384201][bookmark: _Toc276454350][bookmark: _Toc349824164][bookmark: _Toc368247386]1.8. Analysis of type 1 VWD mutations

[bookmark: _Toc274561265][bookmark: _Toc276032781][bookmark: _Toc276041183][bookmark: _Toc276041213][bookmark: _Toc276041234][bookmark: _Toc276041328][bookmark: _Toc276384117][bookmark: _Toc276384207][bookmark: _Toc276454356][bookmark: _Toc274561267][bookmark: _Toc276032783][bookmark: _Toc276041185][bookmark: _Toc276041215][bookmark: _Toc276041236][bookmark: _Toc276041330][bookmark: _Toc276384119][bookmark: _Toc276384209][bookmark: _Toc276454358]Up until 2006, there were only 14 documented mutations known to contribute to type 1 VWD and the genetics of this type of disease was poorly understood (Goodeve 2007). In 2006-07, three large scale studies were published on affected individuals and family members in the hope of further understanding the genetics of type 1 VWD. The studies looked at patients from the United Kingdom Haemophilia Centre Doctors’ Organisation (UKHCDO-Type 1 VWD) cohort (Cumming et al. 2006), the European Union-Molecular and Clinical Markers for the Diagnosis and Management of Type 1 von Willebrand Disease (EU-MCMDM–1VWD) cohort (Goodeve et al. 2007) and Canadian type 1 VWD study (James et al. 2007), with each documenting a number of different mutations and polymorphisms within VWF.

[bookmark: _Toc282088870][bookmark: _Toc349824165][bookmark: _Toc368247387]1.8.1. UKHCDO-Type 1 VWD Study

[bookmark: _Toc279996774][bookmark: _Toc282088871][bookmark: _Toc279996775]Cumming and colleagues (2006) undertook a small cohort study within the UK to enable better understanding of the pathogenetic mechanisms of type 1 VWD. Initially 40 families were recruited to the study, all being diagnosed with type 1 VWD, based on family history of disease, personal history of bleeding and also results from the diagnostic laboratory tests previously described. After re-analysis of the families, eight were excluded, with six being reclassified as families with type 2 disease, one being diagnosed as having a platelet bleeding disorder and the final family being mis-diagnosed and subsequently determined to be non-sufferers.

[bookmark: _Toc279996776][bookmark: _Toc282088872]Within each of the remaining 32 families, an index case (IC) was analysed using direct DNA sequencing of the 5’ promoter region, the 52 exonic regions of the gene and the intron/exon boundaries. Of the 32 families studied, 20 were found to present with at least one potential mutation (63%). Eleven candidate mutations were identified with six missense mutations, five splice site mutations and one small nucleotide deletion present (Cumming et al. 2006).

[bookmark: _Toc279996777][bookmark: _Toc282088873]After further analysis, six of the eleven candidate mutations were reported as novel, with four having been previously reported as polymorphisms within VWF. The one remaining candidate splice site mutation (c.5170+10C>T) was shown to be non-significant in terms of being causative to the type 1 phenotype since splice site prediction analysis indicated that it would not disrupt exonic mRNA splicing.

[bookmark: _Toc279996778][bookmark: _Toc282088874]Of the six novel mutations identified within the cohort study, two comprised missense mutations, three were found to be splice site mutations and one was identified as a small scale deletion of a single nucleotide. After these analyses it was concluded that no mutations were identified in 47% of individuals diagnosed with VWD and that in eight families within the cohort, VWD was not linked/incompletely linked to VWF. However, formal linkage analysis was not performed within the cohort and linkage may be considerably higher than suggested (Cumming et al. 2006).

[bookmark: _Toc282088875][bookmark: _Toc349824166][bookmark: _Toc368247388]1.8.2. EU-MCMDM-1VWD Study

[bookmark: _Toc279996780][bookmark: _Toc282088876]In this cohort study, 154 index cases were recruited following then current ISTH guidelines required for diagnosis of type 1 VWD (Sadler 1994); one was excluded due to insufficient DNA sample for genotype analysis (Goodeve et al. 2007). Candidate VWF mutations were sought in the 153 IC within and analysis of the VWF mutation associated with VWD diagnosis was examined through linkage analysis (Eikenboom et al. 2006). After genotype and laboratory phenotypic analysis, three individuals were excluded in the remaining 153 index cases, two due to the considerably low phenotypic VWF levels and one because there was insufficient sample present for investigation (Goodeve et al. 2007).

[bookmark: _Toc279996781][bookmark: _Toc282088877]Results of the mutation scanning and DNA sequencing of the 150 IC revealed that 70% of individuals presented with a candidate mutation and 124 potential mutations were identified, 54 of which were reported as novel mutations (Goodeve et al. 2007). However, phenotypic laboratory multimer analysis identified distinct IC groups within the cohort based on multimer profile results. 57 IC presented with abnormal multimers, showing either a relative loss of HMW VWF multimers (rather than an absolute loss as may be seen in type 2A or 2B), or abnormal satellite bands, some of which did not fit with the standard diagnostic criteria for type 1 VWD (Sadler 1994, Goodeve et al. 2007). The remaining 93 IC were found to have normal, type 1 associated VWD multimer profiles. Based on these findings, the index cases were categorised according to multimer profiles and mutations identified (Goodeve et al. 2007).

[bookmark: _Toc279996782][bookmark: _Toc282088878]Group one comprised the 57 IC with abnormal multimer profiles, of which 95% presented with mutations. 43 IC presented with one mutation, with 91% having a heterozygous missense mutation (Goodeve et al. 2007). The missense mutations identified were found to affect 20 codons within VWF, with 50% occurring at sites involving substitution of cysteine residue, highlighting the functional significance of these residues in VWF synthesis, secretion and function. One IC presented with a small in-frame heterozygous deletion and three IC had heterozygous splice site mutations which resulted in the in-frame skipping of exon 21 (Goodeve et al. 2007). Within this group, the remaining 11 IC that presented with a mutation were found to be heterozygous for two different mutations, of which nine IC were found to have two separate heterozygous missense mutations, one presented with a missense mutation and a nonsense mutation and the remaining IC had a missense mutation and an in-frame deletion (Goodeve et al. 2007). Of the IC presenting with two mutations, five IC inherited these in a compound heterozygous manner (one mutation on each allele).

[bookmark: _Toc279996783][bookmark: _Toc282088879]51 IC present in group two were identified as individuals with normal multimer profiles and mutations present. 86% of individuals had one mutation, with the remaining 14% having more than one mutation (Goodeve et al. 2007). Within this group, the mutations identified comprised 22 missense mutations and six promoter region changes; additionally, eight mutations resulted in the generation of heterozygous null alleles through out-of-frame splice site, deletion and insertion frame-shift mutations (Goodeve et al. 2007). Mutation within VWF segregated completely with diagnosis of type 1 VWD in 41% of individuals (Eikenboom et al. 2006).

[bookmark: _Toc279996784][bookmark: _Toc282088880]Group three was made up of 42 individuals with normal multimer profiles but no mutations present within VWF. Of the individuals in this group, 76% were genotyped as having blood group O, showing the influence of the ABO gene on the levels of circulating VWF. Additionally, only 18% of IC showed co-segregation between VWF and the diagnosis of VWD, with 45% showing incomplete segregation, whereby family pedigree analysis showed either non-penetrant mutations (mutations present in UFM and AFM) or phenocopies (where the phenotype under environmental condition is the same as a phenotype determined by mutations and the genotype) (Eikenboom et al. 2006, Goodeve et al. 2007).

[bookmark: _Toc279996785][bookmark: _Toc282088881][bookmark: _Toc282088882][bookmark: _Toc349824167]IC with VWF:Ag and VWF:RCo of 0-15 IU/dL had an increased likelihood of having a mutation compared to individuals with levels >45 IU/dL (Goodeve et al. 2007). This suggests that co-segregation of VWF mutation and VWD causes the most significant phenotype, leading to the possibility that modifier loci outside VWF may affect the VWF levels and give a less severe phenotype.

[bookmark: _Toc368247389]1.8.3. Canadian Type 1 VWD Study

[bookmark: _Toc279996787][bookmark: _Toc282088883]The Canadian cohort study assessed 194 families previously diagnosed as type 1 VWD individuals in order to provide more information on the genetics of the disease. Unlike the EU cohort study, the Canadian cohort eliminated type 1 patients shown to have abnormal multimer profiles, loss of HMW-VWF multimers and VWF:RCo/VWF:Ag ratios <0.6 (James et al. 2007). After elimination of these ‘atypical’ type 1 VWD families, a total of 123 families were assessed through DNA sequencing of the VWF promoter, exon 1 and exons 16 to 52.

[bookmark: _Toc279996788][bookmark: _Toc282088884]The findings from the cohort analysis identified 50 mutations within VWF, with 12 occurring in a large number of individuals diagnosed with type 1 VWD (James et al. 2007). 11 of the 12 were missense mutations and in accordance with the UK cohort study the most common missense mutation was the p.Y1584C mutation leading to slightly increased ADAMTS13 proteolysis. 

[bookmark: _Toc282088885][bookmark: _Toc279996789]Of the 50 mutations identified, 31 were missense mutations which spanned the length of the VWF monomer structure from the A1 to the C2 domain, although over 25% of mutations occurred within the largest exon, exon 28 of VWF. Findings which were similar to the EU cohort identified 29% of missense mutations involving substitution of cysteine residues, which are important in the VWF synthesis pathway. Additionally, two missense mutations occurred within the pro-peptide region and nine missense mutations occurred at CpG dinucleotides, which are known for the high rate of mutations (James et al. 2007). 

[bookmark: _Toc279996790][bookmark: _Toc282088886]Within the promoter region of the gene, eight mutations were identified, seven of which involved substitution of single nucleotides, although the effects of these mutations have not been identified. One of the mutations resulted in a 13-bp deletion in a region identified as functionally important in VWF transcription (Othman et al. 2010). 

[bookmark: _Toc279996791][bookmark: _Toc282088887]No mutations were found in 37% of the index cases, a common finding in all of the cohort studies undertaken. Since this finding occurs throughout the studies, it suggests that VWD diagnosis may be influenced by genetic loci outside of VWF. Alternatively, there may be misdiagnosis within the type 1 VWD cohorts.





[bookmark: _Toc282088888][bookmark: _Toc349824168][bookmark: _Toc368247390]1.9. Molecular mechanisms of type 1 VWD mutations

Whilst the cohort studies have identified a large number of mutations and polymorphisms within VWF, the majority of mutations identified have not been pathogenically assessed in vitro to determine the functional effect of such mutations. However, there are a number of studies which have identified a number of pathogenic mechanisms of mutations within VWF. 

[bookmark: _Toc282088889][bookmark: _Toc349824169][bookmark: _Toc368247391]1.9.1. 13-bp Promoter deletion 

Othman et al., (2010) studied the effects of the 13-bp promoter deletion identified as a result of the Canadian type 1VWD cohort study (James et al. 2007). This mutation was found to be one of eight promoter mutations identified within the Canadian cohort study, however, it was the only mutation involving base pair deletions. To date, transcriptional analysis of the VWF promoter region has identified the importance of the -89 to +19 region in transcriptional activation of VWF by the basal transcriptional machinery (Schwachtgen et al. 1997). The exact location of the 13-bp mutation (c.-1522_-1510del13) was found to be 48-bp upstream of the +1 transcriptional start site.

Within the deleted region identified, the transcription factor Ets-2 was shown to bind to two independent sites with strong affinity. Othman et al., (2010) concluded that the deletion which occurred within known Ets-2 binding domains affected the transcriptional activity of VWF. Since reduced binding of Ets-2 results in reduced VWF expression, it is hypothesised that this transcription factor acts in a positive regulatory manner, activating transcription of VWF. This would be in accordance with Schwachtgen (1997) who identified the function of Ets-2 in VWF expression. However, since a number of transcription factors together initiate transcription, it could equally be assumed that lack of Ets-2 binding leads to destabilisation of the basal transcriptional machinery, reducing transcription of VWF (Othman et al. 2010).
Whilst the mechanism of pathogenicity for this mutation has been established, the phenotype of patients showing this mutation have VWF protein levels just below normal, suggesting that although VWF transcriptional activation is reduced, the effect of this mutation is not particularly detrimental for cellular transcription of VWF (Othman et al. 2010).

[bookmark: _Toc282088890][bookmark: _Toc349824170][bookmark: _Toc368247392]1.9.2. Vicenza p.R1205H Mutation

The mutation was originally identified in patients from Northern Italy (Vicenza) and was initially categorised as a type 2M mutation, since patients presented with abnormal multimer profiles. However, this form of mutation was re-classified in the updated guidelines for VWD diagnosis (Sadler et al. 2006) since VWF:RCo and VWF:Ag are proportionately reduced, giving a ratio above 0.5 (Sadler et al. 2006). The Vicenza mutation is a heterozygous missense mutation occurring at position c.3614G>A of the gene, resulting in an amino acid substitution of arginine for histidine at position 1205 in the polypeptide chain (p.R1205H) (Casonato et al. 2002). 

Much research has focussed on determining the pathological mechanism of this type 1 VWD mutation. Casonato et al. (2002) found that this heterozygous mutation reduced the survival time of circulating VWF from 12 hours to 1.5 hours. From this Casonato and colleagues (2002) suggested that an increase in VWF clearance may be the pathogenic mechanism of the Vicenza p.R1205H mutation. 

[bookmark: _Toc295845419][bookmark: _Toc295845456][bookmark: _Toc295845493][bookmark: _Toc295845704][bookmark: _Toc295912526][bookmark: _Toc295913252][bookmark: _Toc295914590][bookmark: _Toc295915176][bookmark: _Toc295915745][bookmark: _Toc295916313][bookmark: _Toc295916880][bookmark: _Toc295917456][bookmark: _Toc295918032][bookmark: _Toc295918608][bookmark: _Toc295845420][bookmark: _Toc295845457][bookmark: _Toc295845494][bookmark: _Toc295845705][bookmark: _Toc295912527][bookmark: _Toc295913253][bookmark: _Toc295914591][bookmark: _Toc295915177][bookmark: _Toc295915746][bookmark: _Toc295916314][bookmark: _Toc295916881][bookmark: _Toc295917457][bookmark: _Toc295918033][bookmark: _Toc295918609][bookmark: _Toc282088891]Additional research by Gezsi et al. (2010) confirms that the pathogenesis of the heterozygous VWD Vicenza mutation can be explained by an increase in clearance of the VWF protein alone. The proposed mechanism suggests that increased clearance of VWF multimers gives rise to a reduction in the time by which VWF multimers are present in circulation and hence exposed to ADAMTS13 proteolysis; explaining the presence of ultra large-VWF multimers (Gezsi et al. 2010).

[bookmark: _Toc349824171][bookmark: _Toc368247393]1.9.3. Increased Intracellular Retention

[bookmark: _Toc282088892][bookmark: _Toc279996796]A mutation affecting secretion of VWF from endothelial cells was first described by Eikenboom and colleagues (1996) at a time when the molecular mechanisms of type 1 VWD remained elusive. 

[bookmark: _Toc279996798][bookmark: _Toc282088893]The mutation identified involved substitution of a cysteine residue by arginine at position 1149 within the protein chain (p.C1149R); resulting from a heterozygous missense mutation c.3445T>C within the gene (Eikenboom et al. 1996). The amino acid substitution lies within the D3 domain, functionally important in multimerisation of VWF dimers through disulphide bond formation at cysteine residues. It was hypothesised that inheritance of the mutant allele was significant enough to cause disruption of VWF secretion and multimer assembly through a dominant-negative effect, whereby mutant homodimers and mutant-wild type heterodimers were retained within the ER of cells (Eikenboom et al. 1996).

[bookmark: _Toc279996799][bookmark: _Toc282088894]Bodo et al., (2001) further analysed this mutation to enable mechanistic identification of pathogenesis. From this, Bodo and colleagues (2001) found that dimerisation of VWF within the ER is a random process and consequently half of the dimers formed in p.C1149R affected individuals will be mutant heterodimers, 25% mutant homodimers and 25% normal homodimers. Additionally, there is a 75% decrease in secretion of VWF in these individuals, showing that VWF dimers and multimers containing the mutant are retained within the cell.

[bookmark: _Toc279996800][bookmark: _Toc282088895]Bodo et al., (2001) concluded that the mutational mechanism is a result of misfolding within the mutant VWF monomer and upon dimerisation from within the D3 domain, a cysteine residue in the normal VWF is not paired, since arginine replaces cysteine at the mutant residue. The non-pairing of cysteine leads to retention of mutant-containing dimers within the ER and its degradation (Bodo et al. 2001).


[bookmark: _Toc282088896][bookmark: _Toc349824172][bookmark: _Toc368247394]1.9.4. Increased ADAMTS13 Proteolysis

Within the UK cohort study, 25% of individuals presenting with a mutation were found to be heterozygous for the p.Y1584C mutation, whereby a tyrosine is substituted for a cysteine residue within the protein as a result of a single nucleotide substitution c.4751A>G (Cumming et al. 2006). Whilst the mutation was seen in affected VWD individuals, the disease did not always segregate with the mutant heterozygous mutation. In the individuals identified as harbouring the mutation along with type 1 VWD diagnosis, the phenotype seemed to suggest these individuals were at increased risk of ADAMTS13 proteolysis (Cumming et al. 2006).

Bowen et al., (2005) assessed the penetrance and inheritance of this mutation within 30 families from the UK cohort study. 25% of individuals diagnosed as type 1 VWD sufferers were found to have the mutation; furthermore 27% of non-affected family members also presented with the mutation. This finding suggests that the mutation alone is not causative of disease since it is seen in a large portion of the non-affected individuals. 

Of the individuals found to have the mutation and type 1 VWD, 95% were blood group O. The significant finding between the blood group, mutation and VWD diagnosis suggest that the two variables are risk factors, which synergistically act to increase the risk of VWD in individuals present with both factors (Bowen et al. 2005). 

[bookmark: _Toc349824173][bookmark: _Toc368247395]1.9.5. Dominant Negative Effect of in-frame Exon Deletions

To date, two in-frame deletions within VWF have been shown to act through a dominant negative mechanism to interfere with the normal function and secretion of WT VWF. Sutherland et al., (2009) transiently expressed the heterozygous exon 4-5 deletion in the HEK293 cell line and found that in the homozygous state there was a significant 98% reduction in the level secreted with heterozygous expression of the mutant resulting in a significant 86% reduction in VWF levels present within the supernatant. In addition, multimers from the homozygous and heterozygous state revealed that in the homozygous deletion there were only dimers present, with a full range of multimers observed in the heterozygous mutant. This also suggested that the deletion of exon 4-5 in the homozygous form interferes with the multimerisation process of VWF.

Casari et al., (2010) also investigated the in-frame exon 26-34 deletion in vitro. The study investigated the effects of transfecting increasing amounts of mutant VWF to determine whether the deletion had a dominant negative characteristic. Increasing ratios of VWF deletion mutant to WT led to a decrease in the amount of VWF expressed in the conditioned media (supernatants), with heterozygous expression (50% WT: 50% mutant) resulting in a 76% decrease in expression compared to WT (100%) (Casari et al. 2010). The findings from the expression studies showed that the exon 26-34 deletion results in a significant secretion defect through a dominant-negative mechanism. This significant secretion defect was partially restored with introduction of short interfering ribonucleic acid (siRNA) into the transfection system. siRNA were designed against the mRNA product of the deletion mutant and led to a significant 51% restoration in secretion in the heterozygous state when compared to the heterozygous mutant

[bookmark: _Toc349824174][bookmark: _Toc368247396]1.10. Genetic Loci Associated with VWF

Whilst many mutations and polymorphisms have now been documented in type 1 VWD, the genetic basis of disease has not been fully elucidated since in some instances, disease genotype cannot fully explain the phenotype of an affected individual. However, a number of genetic loci have been shown to influence the circulating VWF concentration and this may contribute to explain disease phenotype.

[bookmark: _Toc282088898][bookmark: _Toc349824175][bookmark: _Toc368247397]1.10.1. ABO Blood Group

The most frequently documented genetic locus association is the effect of the ABO blood group on the levels of circulating VWF and the contributions this could make to diagnosis and classification of VWD. The ABO blood group classification system is based on carbohydrate antigens (A,B, or H) present on red blood cells and other carbohydrate structures. The N-linked and O-linked glycan products on VWF make up 20% of the molecular weight of VWF in circulation and have been found to present with ABH carbohydrate, synthesised and added during dimerisation, multimerisation and maturation in the ER and Golgi apparatus (Canis et al. 2010, Canis et al. 2012). Typically, individuals with blood group O tend to present with a 30% reduction in the circulating levels of VWF in comparison with individuals with group AB. (Wagner 1990, Keeney and Cumming 2001).

The ABO gene encodes a glycosyltransferase enzyme, that enables the addition of N-acetyl galactosamine to galactose of the H antigen in the case of A blood group individuals, or attaches galactose at the same position of the H antigen in B blood group individuals. Individuals with O blood group only have the H antigen carbohydrate structure due to a single nucleotide deletion within the ABO gene, leading to a non-functional glycosyltransferase enzyme due to the premature introduction of a stop codon (Figure 1.6)

Gill et al., (1987) first identified the association of ABO blood group whilst seeking to determine a normal reference range for VWF within plasma based on VWF:Ag laboratory tests. Blood group O was found to have a profound effect on VWF: Ag levels, with this blood group giving the lowest levels at 75 IU/dL in normal individuals. Further analysis and ABO genotyping in affected type 1 individuals showed an over representation of blood group O, with 77% diagnosed with type 1 having blood group O (Gill et al. 1987). These findings have been highlighted in a number of studies, including a recent genome wide association study which found  ABO blood group to affect VWF levels by 24% (Desch et al. 2013).

Gallinaro et al., (2008) found that the half-life of VWF is significantly shorter in individuals with blood group O (half-life= 10 hours) in comparison to non-blood group O individuals (half-life = 26 hours). This observation has been shown a number of times and has been predicted to be a result of the less complex H antigen being present in individuals with O blood group, with the more complex A and B antigens leading to a longer half-life. This results from the more complex A and B antigens making VWF less susceptible to cleavage and degradation (O’Donnell et al. 2002, Bowen 2003, Gallinaro et al. 2008). Bowen (2003) states that individuals with blood group O have the highest rate of VWF proteolysis by ADAMTS13, followed by blood group B, then blood group A and finally AB blood group.
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Figure 1.6 Different carbohydrate structures present with different ABO blood group antigens.
A) Representation of the H antigen carbohydrate structures present on red blood cells and N-linked VWF glycosylated structures for individuals with O blood group. B) Representation of the O antigen carbohydrate structures present on red blood cells and N-linked VWF glycosylated structures for individuals with A blood group. C) Representation of the B antigen carbohydrate structures present on red blood cells and N-linked VWF glycosylated structures for individuals with B blood group.
[bookmark: _Toc282088899][bookmark: _Toc349824176][bookmark: _Toc368247398]1.10.2. Genome-Wide Linkage Association Studies

[bookmark: _Toc279996805][bookmark: _Toc282088900]Whilst VWD was largely linked to mutations within VWF through linkage analysis, 30% of individuals identified in the UK, EU and Canadian cohort studies presented with no known VWF mutations, indicating that VWD diagnosis may involve other genetic loci that associate with the reduced VWF levels. To date, three genome wide linkage-association studies (GWAS) in humans have identified a number of loci that seem to associate with reduced VWF levels. 

[bookmark: _Toc279996806][bookmark: _Toc282088901]The Cohorts for Heart and Aging Research in Genome Epidemiology (CHARGE) study assessed the associations of genetic loci with a number of haemostatic factors. Meta-analysis of 5 patient cohorts from Europe and the United States was undertaken on phenotypic laboratory screening and genotype analysis through SNP genome-wide assays (Smith et al. 2010).

[bookmark: _Toc282088902][bookmark: _Toc279996807]Several associations with VWF:Ag were identified across six chromosomes in eight distinct regions. One of the associations resided within the VWF region at 12p13 and a further association was found to reside within the ABO gene at position 9q34, which had a low p value of <5 x10-324 (Smith et al. 2010). 

[bookmark: _Toc279996808][bookmark: _Toc282088903]Other associations were identified in chromosomal regions 6q24 (p=1.2x10-22), 8p21 (p=1.3x10-16), 12q23 (p=7.3x10-10), 12q24.3 (p=3.8x10-11), 14q32 (p=2.3x10-10) and 19p13.2 (p=1.3x10-9) (Smith et al. 2010). All of the associations identified occurred within intronic and intergenic chromosomal regions but were mapped to the nearest gene to assess possible mechanisms of involvement. The genes identified were STXBP5, SCARA5, STAB2, STX2, TC2N and CLEC4M respectively (Smith et al. 2010). Interestingly, these genes function in vesicular transport and trafficking and cell surface receptor membranes, as shown in Table 1.1.  All of the genes identified could be important in VWF synthesis and storage and also within sinusoidal cells of the liver, where VWF is known to be cleared by an unknown mechanism (van Schooten et al. 2008). 

	Gene
	Protein Encoded
	Function

	STXBP5
	Syntaxin-binding protein 5
	Syntaxins shown to be involved in docking and fusion of synaptic vesicles through SNARE complex (Fujita et al. 1998).
STXBP5 may be involved in syntaxin 1-SNARE complex formation (Fujita et al. 1998)

	SCARA5
	Scavenger receptor class A, member 5
	Present in epithelial cells and may have a role in innate immunity due to ability to bind to Gram positive and Gram negative bacteria (Jiang et al. 2006)

	STAB2
	Stabilin 2
	Transmembrane receptor thought to act as a scavenger receptor molecule due to ability to bind to and endocytose numerous ligands, including low density lipoprotein, Gram positive and Gram negative bacteria and advanced glycosylation end products (Tamura et al. 2003, Park et al. 2008, Park et al. 2008).
Has been shown to shuttle between the plasma membrane and lysosomes(Hansen et al. 2005)

	STX2
	Syntaxin 2
	Targeting and fusion of intracellular transport vesicles (Kauppi et al. 2002)
Epithelial morphogenesis and cell movement (Chen et al. 2009)

	TC2N
	Tandem C2 domain nuclear protein
	Function currently unclear but may be involved in calcium sensing and act as a nuclear localisation signaling protein allowing vesicular trafficking of proteins (Fukuda and Mikoshiba 2001)

	CLEC4M
	(C-type lectin domain family 4, member M); L-SIGN
	Encodes L-SIGN (CLEC4M) protein, a transmembrane protein highly expressed in the liver and lymph nodes (Bashirova et al. 2001). 
 Involved in innate and adaptive immunity by binding to various bacteria and viruses through N-linked glycan structures (Feinberg et al. 2001, Gardner et al. 2003, Barreiro et al. 2005). 
Recently found to be involved in VWF binding and internalisation, potentially indicating a clearance mechanism (Rydz et al. 2013)


Table 1.2. Detailed analysis of the genes identified in the CHARGE GWAS study. 
The table indicates the protein encoded by the genes identified in the CHARGE study and the functions of the genes according to the literature. (SNARE= Soluble NSF Attachment Protein Receptor; proteins involved in mediating exocytosis of transport vesicles).

[bookmark: _Toc279996809][bookmark: _Toc282088904]In a similar association study, Souto and colleagues (2003) identified a number of different VWF:Ag associated linkage sites through genome linkage analysis, in 21 families from Spain. The Genetic Analysis of Idiopathic Thrombophilia (GAIT) study focussed on the association of haemostatic factors and risk of thrombotic disease. The design of the study used a much lower resolution, with 400 markers at 10cM intervals. Within this study, regions identified were not mapped to specific genes, however, genes involved in VWF synthesis, packaging, secretion and collagen binding may be of interest. 

[bookmark: _Toc282088905][bookmark: _Toc279996810]The ABO genetic locus was again identified within the study and the p value for this association was 3 x 10-5 and was thought to be masking identification of other regions (Souto et al. 2003). After including ABO as a variable, the investigation highlighted five distinct chromosomal regions at positions 1p36.13 (p=0.004), 2q23.2 (p=0.002), 5q31.1 (p=0.008), 6p22.3 (p=0.005) and 22q11.1 (p=0.0046) (Souto et al. 2003). Of the genetic loci identified as part of the GAIT analysis, the ABO gene was the only locus that was identified in both the GAIT and CHARGE analyses. 
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Figure 1.7. Schematic representation of the genetic loci shown to associate with the VWF levels in the CHARGE and GAIT studies.
Whilst a large number of loci have been identified, many of the associations suggest that should these loci have an effect on VWF levels, the influence may be small. Furthermore, the regions identified within the genome wide studies were found mainly within intronic and intergenic regions, Smith and colleagues (2010) attempted to map the nearest gene but further analysis is required to determine the modifier gene for the unidentified GAIT loci. However, since the associations tend to reside within the intronic regions, one cannot disregard the possibility of modifier effects within these genomic regions (Souto et al. 2003, Smith et al. 2010, Stahl et al. 2010).
[bookmark: _Toc279996811][bookmark: _Toc282088906]Desch et al., (2013) recently identified a novel quantitative trait locus (QTL) present on chromosome 2 that associates with VWF:Ag levels through GWAS analysis. Unlike previous GWAS studies that studied diseased individuals, in order to investigate the associations between VWF and genetic modifying loci, independent healthy control cohort analysis was undertaken on two cohorts from the Genes & Blood Clotting (GABC) Study and the Trinity Student Study (TSS). Young healthy controls (GABC= 14-35 year olds; TSS= 18-28 year olds) were genotyped to reduce the effects of age and disease related factors which may influence VWF:Ag levels (Desch et al. 2013).

GWAS genotyping and analysis in the GABC study initially identified 38 SNP which were shown to associate with VWF:Ag levels, all residing in the 9q34 chromosomal region, with 31 residing in the ABO gene at 9q34.2 (Desch et al. 2013). Similarly, analysis of the SNP associations in the TSS study identified 31 SNP in ABO and 10 SNP in VWF significantly associating with VWF:Ag levels. Meta-analysis was undertaken on the cohorts to determine whether the high signal intensities from the ABO and VWF loci were masking the presence of other regions that may show an association with VWF:Ag levels. In addition, linkage analysis of the cohorts was undertaken by analysing genome data from recruited siblings within the studies. 

Linkage analysis highlighted a previously unrecognised region on chromosome 2 that was strongly associated with VWF:Ag levels and which mapped to 2q12-2p13, across the chromosome 2 centromere region (Desch et al. 2013). Furthermore, this region was shown to explain 19.2% of variation in VWF:Ag levels amongst the healthy cohorts, comparable with the 24.5% variation of VWF:Ag levels associated with the ABO locus in this investigation (Desch et al. 2013). These relatively similar values suggest that this region may be important in the variance observed in VWF:Ag levels amongst individuals. However, the region identified spans a large region of genomic DNA and hence analysis of the causative gene(s) in this region is required to fully elucidate the mechanisms by which this genomic region is influencing VWF:Ag levels.
Whilst the previous GWAS assessed a large number of individuals throughout the EU and United States, Di Paola and colleagues (2006) conducted linkage analysis in a large Amish family, undertaking phenotypic and genotypic analysis of individuals to identify modifier regions and associations, the standard genetic screening was undertaken at 10cM intervals throughout the entire genome. These individuals were all from the same community and shared a VWF missense mutation c.4120C>T, resulting in a p.R1374C amino acid substitution. Again, the loci identified, with the exception of the ABO locus were novel, with none of the chromosomal regions being identified in the CHARGE or GAIT studies. 

[bookmark: _Toc279996812]In the analysis, Di Paola assessed the relative locus association through LOD scoring and p values were not given, unlike the previous cohorts. The chromosomal regions identified were 6p23 (LOD= >1), 8p23 (LOD= >1), 10q26 (LOD= >1), 18q12 (LOD= >1), 19p13.2 (previously identified in the CHARGE study and is within the CLEC4M gene) (LOD=1.09), 12p33 (LOD=1.1), 9q22.3 (LOD=1.03) and 21q22 (LOD=1.30) (Di Paola et al. 2006)

[bookmark: _Toc368247399]1.10.4. Quantitative Trait Locus Studies in Mice

Analysis of  VWF and potentially associated genetic loci have been undertaken in mice, since the phenotype of circulating VWF levels is similar to humans, showing high variability between individual strains. Furthermore, the mouse model of VWD shows incomplete penetrance similar to humans.

Initially, Mohlke and colleagues (1996) undertook genotype and phenotype analysis of F2 generation mice from cross breeding RIIIS/J (low VWF levels) and CASA/Rk (high VWF levels) strains (Mohlke et al. 1996). The crossed strains yielded mice with either high or low levels of VWF and analysis of the genotype and polymorphic variants was based on these findings. The study identified one locus which could account for 65% of the variability in circulating levels of VWF (Mohlke et al. 1996). The locus was termed modifier of VWF 1, Mvwf1. The mechanism by which the Mvwf1 locus exerts the modifying effect is thought to be through a gain of function mutation in the B4galnt2 gene, a glycosyltranferase which has an influence on N-linked glycosylation of VWF (Mohlke et al. 1999).

Lemmerhirt et al., (2007) extended the previous study to try and identify other novel loci which may contribute to the remaining 35% of variance seen in the strain specific mouse VWF levels. Findings identified one further locus which was shown to explain 16% of the variance in VWF levels, termed Mvwf2. This genetic locus was mapped to chromosome 6 and resides within the Mvwf locus, the mechanism of modifier effect showed that the mutation within the VWF region affected the synthesis and secretory pathway of VWF (Lemmerhirt et al. 2007). Another novel locus within VWF identified a modifier region, Mvwf5, which is thought to influence and reduce binding of cis-regulatory elements in the promoter and to affect gene expression levels (Shavit et al. 2009).

A number of other Mvwf modifier loci have also been identified; Mvwf3 and Mvwf4 loci have an effect on VWF levels when co-inherited with Mvwf2 and were mapped to chromosomes 4 and 13 respectively (Lemmerhirt et al. 2007). Interestingly, the Mvwf4 region identified, shared homology with the genetic loci identified within the human GAIT study at loci on chromosomes 5 and 6 (Lemmerhirt et al. 2007).

Shavit et al., (2010) also identified two other loci with cross-breeding of C57BL/6J and WSB/EiJ mouse strains, one of which (Mvwf6) shared homology with the genetic loci 12q23 and 12q24.3 identified in the GAIT project. Overall, analysis of cross-breeding with four strains of mice has yielded a number of loci, some of which reside within VWF and three of which share homology with genome-wide analysis findings from humans (Shavit et al. 2009). The remaining loci have yet to be mapped to specific genes but since there is homology between the regions identified, there is hope that the regions may influence VWF expression in humans.



[bookmark: _Toc282088909][bookmark: _Toc349824178][bookmark: _Toc368247400]1.10.5. Limitations of Studies
[bookmark: _Toc279996815][bookmark: _Toc282088910]
In humans, the genome wide linkage and association studies have identified a number of different genetic loci which may affect the levels of circulating VWF. However, before hypothesising about the potential mechanisms, a number of factors must first be considered.

In performing GWAS studies there is an assumption of ‘common disease, common variant’ implying that individuals diagnosed with a disease share common variants that lead to the disease. Whilst this assumption can be correct for simple disease where a small number of genes are involved, the same cannot be said for more complex diseases, such as type 1 VWD. Desch et al., (2013) suggest that the identification of a novel QTL on chromosome 2 may help explain ‘missing heritability’ in VWF:Ag levels. However, the variable heritability of VWF plasma levels from monozygotic (MZ) and dizygotic (DZ) twins suggests that heritability ranges from 32%-75% (de Lange et al. 2001, Souto et al. 2003). This range suggests that whilst genetics has a high influence on VWF levels, influences other than genetics may contribute to the high levels of variability observed throughout the general healthy population. These could include differences in epigenetic regulation of the VWF promoter region in regulating VWF expression. Epigenetic modifications are environmentally affected and could be modified throughout the population by factors including diet, stress, age and environmental toxins (Calvanese et al. 2009, Zawia et al. 2009, McKay and Mathers 2011).

[bookmark: _Toc279996816][bookmark: _Toc282088911]Souto and colleagues (2003) identified a number of loci but did not investigate the position of the SNP within the loci in terms of identifying the nearest encoded gene. Whilst the loci have been identified, these areas span large genomic regions and more research is required to identify the specific gene region within which the SNP lies and how the gene product may influence VWF.

[bookmark: _Toc279996817][bookmark: _Toc282088912]Within the CHARGE study, whilst specific genes were mapped, the majority of loci identified resided within regions of intronic and intergenic DNA. These regions are often considered to not be significantly important in gene expression; however, GWA studies tend to identify a large number of intronic and intergenic regions (Pearson and Manolio 2008). From this, it could be hypothesised that these regions are important in gene expression of VWF; this leads to issues surrounding intronic region analysis. To date, DNA sequencing has been undertaken within exonic regions only and before further analysis of genetic association studies, it may be necessary to determine if mutations within intronic VWF regions have an effect on diagnosis of type 1 VWD.

[bookmark: _Toc279996818][bookmark: _Toc282088913]Interestingly, Nossent et al., (2010) identified the vasopressin receptor 2 (V2R) as a modifier of VWF levels, upon identification of a gain of function mutation within this receptor. In endothelial cells, Weibel-Palade body release is stimulated by V2R. Allelic variants of the V2R receptor lead to an increase in the circulating levels of VWF (Nossent et al. 2010); however, both the CHARGE and the GAIT study failed to identify this gene. The loci identified within the GWAS studies have all identified novel regions shown to associate with VWF:Ag levels, with the exception of the ABO locus, which was identified in all GWAS and the CLEC4M locus, which was identified in the CHARGE study and the study of a large Amish family. Whilst this could be due to the high influence of these loci and the relatively small influence of the other loci, inter-study variables could be confounding the loci identified and make cross-study interpretation difficult, hence the reason that the V2R region was not identified. In addition to this, the Lewis blood group loci (FUT2 and FUT3, chromosome 19) have been shown to influence VWF:Ag levels. The SNP c.202T>C was analysed in the MCMDM-1VWD cohort and the homozygous TT allele in the FUT3 gene was found to reduce VWF:Ag levels by ~10% in comparison to the homozygous CC SNP (Hickson 2009). In addition, when analysis was undertaken on O-blood group IC, this decrease was 33%. The FUT3 gene is responsible for synthesis of the ABO H antigen precursor molecule, through addition of fucose (Figure 1.6).

[bookmark: _Toc279996819][bookmark: _Toc282088914]Quantitative trait loci (QTL) studies within mice have identified three chromosomal regions with a link to VWF levels and homology to human chromosomes. However, a number of loci identified within the mouse genome have no homology to any human chromosomal region and hence extrapolation of these findings to humans could prove difficult. Furthermore, Mvwf1 has been shown to be a mouse specific modifier of VWF and hence other mouse loci may follow a similar trait (Mohlke et al. 1999). Additionally, whilst inbred strains of mice show similar variation in VWF levels to humans, there is difficulty in extrapolation of findings, since the human population genetics is more complex than the genetics of the mice. Inbreeding of mice through generations tends to result in genetically confined mice, whereby there is very little, if any difference in the genotypes of each mouse.

[bookmark: _Toc282088915][bookmark: _Toc349824179][bookmark: _Toc368247401]1.11. Research Aims

Large homozygous deletions of one or more exons have been reported to be involved in the pathogenesis of type 3 VWD, along with some heterozygous deletions in type 2 VWD (Xie et al. 2006, Mohl et al. 2008, Yadegari et al. 2011). Additionally, a recent study has identified a deletion of exons 4-5, which is homozygous in type 3 VWD and heterozygous in type 1 VWD (Sutherland et al. 2009). Furthermore, Schneppenheim et al., (2011) have recently identified a heterozygous duplication of exons 9-10 in an individual with type 2A (IIC) VWD. The genetic mechanisms involved in type 1 disease pathogenesis were investigated in a European Union cohort study, with no candidate mutation identified in 30% of 150 index cases recruited (Goodeve et al. 2007). Since a heterozygous deletion of exons 4-5 has been reported in type 1 VWD and a heterozygous duplication has been reported, a proportion of the EU-MCMDM-1VWD cohort may be heterozygous for exon copy number variation (CNV) of VWF. However, in the original cohort study, a suitable molecular analysis method for assessing heterozygous deletions/duplications was not available and standard genetic screening and sequencing of exons failed to identify heterozygous CNV due to the presence of a normal, wild-type allele. Hence, for this investigation it is hypothesised that VWF exon CNV, missed by previous molecular analysis can contribute to the pathogenesis of type 1 VWD.

Recent validation of the P011-A1/P012-A1, multiplex ligation-dependent probe amplification (MLPA) VWF probe kit has enabled analysis of VWF for the presence of heterozygous deletions or duplications (Hampshire et al. 2009). MLPA is a quantitative molecular technique used to determine the presence of CNV at the exonic gene level. Therefore, the initial aim of this investigation was to utilise MLPA to determine the prevalence of exonic copy number variation within VWF in a subset of index cases where there has either been no mutation reported or the mutations found are not sufficient to explain the patient’s bleeding score and phenotype. Where novel large scale CNV were identified, it would be necessary to screen family members in order to establish the inheritance and penetrance of the mutation. 

Additionally, should any CNV be identified, the next aim was to map the breakpoints of such variants and also understand the pathogenetic mechanisms which led to the mutation, through in silico analysis. The purpose of this was to understand the potential genetic recombination events that give rise to any CNV identified within VWF. Should novel genetic recombination events be identified using in silico analysis techniques, the third aim was to analyse historically reported CNV of VWF, using current in silico techniques, in order to provide an informative overview of all mechanisms which give rise to CNV in VWF.

Finally, in order to establish the pathogenic mechanisms contributing to any CNV identified, mutants would be expressed in vitro, using transient transfection.  Transfection of CNV mutants would also enable understanding of the effect CNV within the gene is having on the synthesis of VWF protein.

Overall, the aim of the investigation was to further enhance the genetic understanding of type 1 VWD, in particular, understanding the role and prevalence of copy number variation within type 1 VWD.

[image: ]
Figure 1.8 Work flow showing the outline of work to be undertaken throughout the PhD.
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0. [bookmark: _Toc349824184][bookmark: _Toc368247406]2. Materials and Methodology
0. [bookmark: _Toc349824185][bookmark: _Toc368247407]2.1. Materials
0. 
0. [bookmark: _Toc349824186][bookmark: _Toc368247408]2.1.1. Patient Cohort

Index cases (IC) were originally recruited as part of a European study which aimed to further understand the genetics of type 1 VWD. The study recruited IC, affected family members (AFM), unaffected family members (UFM) and healthy controls (HC) from 12 partner centres across the EU. The partner origin (P) and associated numbers were; P1, Sheffield, UK; P2, Vicenza, Italy; P3, Milano, Italy; P4, La Coruna, Spain; P5, Paris, France; P6, Leiden, The Netherlands; P7, Hamburg, Germany; P8, Aarhus, Denmark; P9, Prague, Czech Republic; P10, Malmo and Lund, Sweden; P11, Leicester, UK; P12 Birmingham, UK. Both phenotypic and genotypic data were available on the IC, AFM and UFM, allowing identification of VWF:Ag levels, FVIII binding, VWF:RCo and the bleeding scores of each member within the family. All samples were obtained following ethics committee review, where locally required and following informed consent for study participation. All experimental methodologies were undertaken in accordance with the Helsinki Declaration.

This project used IC from the MCMDM-1VWD European Study where no previous mutation was identified or where there was a mutation that did not fully explain the VWD phenotype. In total, genomic DNA from 41 mutation positive and 21 mutation negative EU IC was screened for copy number variation using multiplex ligation-dependent probe amplification (MLPA). 







0. [bookmark: _Toc349824187][bookmark: _Toc368247409]2.1.2. Chemicals, Reagents and Commercial Kits

All generic laboratory reagents and chemicals were supplied by Sigma Aldrich (Dorset, UK) unless otherwise stated. The multiplex ligation-dependent probe amplification (MLPA) kit P011-A1/P012-A1 was obtained from MRC-Holland (Amsterdam, The Netherlands) 

Thermo-Fast 0.2mL 96 well PCR plates, 0.2mL Thermo thin-walled tubes with flat caps, 0.2mL Thermo thin-walled 8 tubed and domed caps and strips, ReddyMix™ PCR Master Mix were all purchased from ABgene (Surrey, UK). ExoSAP-IT® reagent was from USB Corporation (Ohio, USA). The Expand Long Range Template PCR System kit was purchased from Roche (Lewes, UK) and the OneTaq Hot Start 2x Mastermix with standard buffer was obtained from New England Bioscience (Hitchin, UK). Hyperladder molecular weight markers (I, IV and V) and agarose powder, used during gel electrophoresis were obtained from Bioline Limited (London, UK).

The Quikchange Lightning Site Directed Mutagenesis kit was obtained from Agilent Technologies (Berkshire, UK) and the Phusion site directed mutagenesis kit purchased from from ABgene (Surrey, UK). The QIAquick Gel Extraction Kit, QIAprep Spin Miniprep kit and EndoFree plasmid maxi kit were from QIAGEN (Crawley, UK). BD cytofix buffer for confocal microscopy was obtained from BD Bioscience (Oxford,UK). 

0. [bookmark: _Toc349824188][bookmark: _Toc368247410]2.1.3. Bacterial culture and expression vectors

The bacterial NM554 E.coli strain was obtained from Agilent Technologies (Berkshire, UK). Luria Bertoni (LB)-broth and LB-agar were obtained from Merck (Darmstadt, Germany). The pCIneo VWF expression vector was kindly provided by Ms Mackenzie Bowman (Queens University, Canada) and the pcDNA3.1/hygro(-)VWF expression vector was kindly provided by Dr. Reinhard Schneppenheim (Hamburg, Germany).


0. [bookmark: _Toc349824189][bookmark: _Toc368247411]2.1.4. Cell culture

The adherent Human Embryonic Kidney 293T (HEK293T) cell line was obtained from LGC Standards (Teddington, UK). HEK293 cells for confocal imaging work were kindly provided by Professor Albert Ong and Dr. Andrew Streets (The University of Sheffield, UK). GIBCO Dulbecco’s Modified Eagles Media (DMEM) cell culture media, foetal bovine serum (FBS) 1x and 10x phosphate buffered saline (PBS) were obtained from Life Technologies (Paiseley, UK). Lipofectamine LTX transfection reagent was obtained from Invitrogen (Life Technologies) (Paiseley, UK). The Renilla Luciferase Assay and 1x passive lysis buffer were purchased from Promega (Southampton, UK). Sterile Nunc T75cm2 angle necked flasks for cell passage were obtained from Sigma Aldrich (Dorset, UK) and CellStar 10cm3 dishes for transfection experiments were obtained from Greiner Bio-One (Gloucester, UK). 

0. [bookmark: _Toc349824190][bookmark: _Toc368247412]2.1.5. Antibodies

VWF:Ag capture and detection antibodies were obtained as a pack from Enzyme Research Laboratories (Swansea, UK). The mouse monoclonal anti-α-tubulin primary antibody for confocal imaging was obtained from Sigma Aldrich (Dorset, UK) and rabbit polyclonal anti-VWF primary antibody for confocal imaging was purchased from DAKO (Cambridge, UK). The goat anti-mouse Alexa Fluor 555 and goat anti-rabbit Alexa Fluor 488 fluorescently labelled secondary antibodies were purchased from Abcam (Cambridge, UK). 

0. [bookmark: _Toc349824191][bookmark: _Toc368247413]2.1.6. Laboratory Equipment

All MLPA, PCR and site directed mutagenesis reactions were performed in a GeneAmp PCR System 9700 (thermocycler) (Applied Biosystems, Warrington, UK). Centrifugation steps during gel extraction and small scale mini-preparation of plasmid vectors were undertaken using a Fisher Scientific accuSpin centrifuge (microfuge). Centrifugation steps performed during large scale maxi-preparation of plasmid vectors was undertaken using a Beckman J2-21 M/E centrifuge (floor standing centrifuge). Visualisation of PCR reaction products after gel electrophoresis was performed on a Bio-Rad Gel Doc XR Gel Documentation System (Hemel Hempstead, UK). DNA quantification was undertaken on a Nanodrop ND-1000 spectrophotometer (Labtech International, East Sussex, UK). ELISA and Renilla assays were analysed on a Varioskan Flash Reader (Thermo Scientific, Kent, UK). Confocal microscopy imaging was undertaken using a Zeiss LSM 510 inverted microscope (Cambridge, UK).

0. [bookmark: _Toc368247414]2.1.7. Oligonucleotide Primers

Previously designed and optimised primer sets were available and utilised to undertake standard PCR amplification of exonic regions of interest, identified through MLPA analysis.

Long range PCR primer sets for amplification across the large deletion breakpoints (exon 3, exon 33-34 and exon 32-34), intronic primers for haplotype analysis and the mutagenic primers and plasmid sequencing primers were obtained from Eurofins MWG Operon (Ebersberg, Germany). Lyophilised primers were re-suspended with deionised water (dH2O) to a stock concentration of 100pmol/μL. Working concentrations of 10pmol/μL forward and reverse primers were created for subsequent PCR investigation. Primers were designed using Primer3 (version 0.4.0) online software (http://frodo.wi.mit.edu/primer3/ last accessed February 2013). 

0. [bookmark: _Toc349824192][bookmark: _Toc368247415]2.1.3.1 Intronic haplotype and deletion mapping oligonucleotide primers
2.1.3.1.1 Primers for exon 3 deletion analysis
	Target VWF Region
	Primer Sequence (5’-3’)
	Wild-type amplicon size (bp)
	Annealing Temperature (oC)
	PCR Cycles
	Sequence changes sought

	Intron 2
	CCGGGGAACCCAGAACACTTAGAGATT
ACAGATCAGACTGTGTGCCTGACACAT
	150
	58
	35
	rs7314208

	Intron 2
	CACCACTACACCCGGCTAGTTTTTGTATTTTTA
ATATGACCCCAGACTCACAGCAATAACTAAGGA
	294
	58
	35
	rs1814250

	Intron 3
	CCCGGAGAGCTGTGACAAACAGATCAC
AGTCCCGCACCCTCAAAGTCTGGTTA
	139
	58
	35
	rs917568
rs917569

	Intron 3
	AATCTCTGTTAGTTCAGCTCTGCTCTGGAC
TTCAGATAACCTGTCTCCCTTGATGCTCAC
	783
	58
	30
	rs7961844

	Intron 3
	CAGCTTAACATGGGGTGTTCACTTGGAATC
AACAATGGAAAAGAAGGTAGGCATGTGCAC
	585
	58
	30
	rs12307072

	Intron 3
	AGTGCAATCCTAGAACACTCCGATGCC
ACTGTGGAAATGGAGCAGAGCCTACAC
	109
	58
	35
	rs12306928

	Intron 3
	CCCCTAGACTCCTGTTTTTGGTTTGTCTCT
GTGCTGTTTTAAGTATGTCAAGGGCTTGCT
	245
	58
	30
	rs1582297

	Intron 3
	GAGAGCCCTCACTGAATTTCCACCAGA
AGAGGCTAAGATGTCCGTGGAACGAAG
	336
	58
	35
	rs3782716

	Intron 3
	CCGCACTCGACCGATACCATTTTAAATAGC
GATGTGAACATGGCTCGCTGCAGTTTCTG
	250
	58
	35
	rs4586226

	Exon 2 (W1F)
Intron 2 (W2F)
Intron2 (W3F)
Intron 3 (W1R)
	GCAGATGATTCCTGCCAGAT
TCTCTCAGGTCAGCAGCATC
TGTTAACTCTAATCATCGCTGAATGT
CTCGAACTCCTGACCTCAGG
	Various
	Various
	Various
	Exon 3 deletion

	Exon 2, Exon 4*
	GTGCTGCTTGCTCTGGCCCTCATTT
AGGCTCACTCTCTTGCCATTCTGGAAG
	12235
	
	35
	Exon 3 deletion

	F1 ex3 multiplex
F2 ex3 multiplex
R ex3 multiplex
	TCACTCTGTCGCCCAGTCTA
CTCAGGGACAAGGAGCATGT
AGTCCCGCACCCTCAAAGTCTGGTTA
	F1&R: 613 
F2&R: 725
	58
	35
	Multiplex PCR assay for exon 3 deletion


Table 2.1 PCR amplification primers. Reference sequence (rs) numbers given for polymorphisms sought via intronic haplotyping of individuals. *Optimal conditions for the exon 3 deletion breakpoint PCR strategy were determined using the OneTaq Hot Start 2x Mastermix with standard buffer. All remaining optimised reaction conditions were determined using standard PCR amplification with ReddyMix™ PCR Master Mix (see sections 2.2.2.1 and 2.2.2.2). 
2.1.3.1.2 Primers for exon 32-34 and 33-34 deletion analysis
	Target VWF Region
	Primer Sequence (5’-3’)
	Wild-type amplicon size (bp)
	Annealing Temperature (oC)
	PCR Cycles
	Sequence changes sought

	Intron 31
	AGCTGCTAATAGAAAATCCGTTCCAACCTG
TTGGACGGTTAAATGACTTGCTCTGGATCA
	200
	58
	32
	rs216307

	Intron 31
	CTCAACTCAGTTTGCATGCTCTAATAGGCA
TATAGTTTGTTCGTGGCTTGCATGGAGGTA
	177
	58
	35

	rs9634155

	Intron 31
	CAGTCACATTTCTGCTCTGGGGCCTTTG
CAAAATGAGATAAGGGGGATGAGAATGCCC
	209
	58
	32
	rs740565781

	Intron 34
	TCCATTCTGTAGGCTGCCTTTTTATTCTGTT
CCACAGCTAACATCACACCGAATAGTGCAA
	612
	58
	32
	rs216814

	Exon 31, Intron 34
	GTGGTCATCCTGGTCACGGACG
ACAGAAAATCTGAACAGCCCCATC
	8159
	58†
	30†
	Exon 32-34 deletion

	Exon 32-34 breakpoint junction 
	CCACGATGTGATTAGGAAACC
TGAAGACACACCTCCAACCA
	Internal Sequencing across breakpoint junction


	FP1 ex32-34 multiplex
FP2 ex32-34 multiplex
R ex32-34 multiplex
	AGTGGGCTGGGGTTACTTTT
CAAAGAGCTTTGCCTTTTGTG
TGCACAACCACATCTCACCT
	F1P&R: 427
F2P&R: 329
	54
	35

	Multiplex PCR assay for exon 32-34 deletion

	Exon 32 (33-34F), 
Intron 34 (33-34R)
Intron 34 (33-34R2)
	GCAGGCCCAGCAGGCGACTCCAACG CCTCCTTCCCAGAGGCAGGCAGCCT
ACAAAACACTGGAAACAGCCTAAAC
	33-34F&R: 2821
33-34F&R2: 2992
	Various
	Various
	Exon 33-34 deletion

	F ex33-34 multiplex
R1 ex33-34 multiplex
R2 ex33-34 multiplex
	TTACTAGATGTAAGTCAAAACCTG
ACAGAAAATCTGAACAGCCCCATC
CCTCCTTCCCAGAGGCAGGCAGCCT
	F&R1: 1497
F&R2: 1210
	58
	35

	Multiplex PCR assay for exon 33-34 deletion


Table 2.2 PCR amplification primers for analysis of the exon 32-34 and 33-34 deletion breakpoints.
Reference sequence (rs) numbers given for polymorphisms sought via intronic haplotyping of individuals. *Optimal conditions for the exon 33-34 deletion breakpoint PCR strategy were determined using the OneTaq Hot Start 2x Mastermix. † Optimal conditions for the exon 32-34 deletion PCR were determined using the Expand Long Range Template PCR System kit (Roche). All remaining optimised reaction conditions were determined using standard PCR amplification with ReddyMix™ PCR Master Mix (see sections 2.2.2.1 and 2.2.2.2). 

0. [bookmark: _Toc349824193][bookmark: _Toc368247416]2.1.3.2. Mutagenesis oligonucleotide primers 

	Target VWF mutation
	Primer Sequence (5’-3’)
	Kit used

	Exon 3 deletion
	Fully complementary forward primer:
CTGGCCCTCATTTTGCCAGGGGACTTCCAGAATGGC
Fully complementary reverse primer:
GCCATTCTGGAAGTCCCCTGGCAAAATGAGGGCCAG
Partially complementary forward primer:
TTTTGCCAGGGGACTTCCAGAATGGCAAGAGAGTG
Partially complementary reverse primer:
CTGGAAGTCCCCTGGCAAAATGAGGGCCAGAGCAAG
	Quikchange Lightning

	Exon 3 deletion
	Forward primer: GGGACTTCCAGAATGGCAAGAGAGTGA
Reverse Primer:
CTGGCAAAATGAGGGCCAGAGCAA
	Phusion

	Exon
32-34 deletion
	Fully complementary forward primer:
GATGCCGCCAGGTCCAACAGCGTGTGCACAGGCAGCTCC
Fully complementary reverse primer:
GGAGCTGCCTGTGCACACGCTGTTGGACCTGGCGGCATC
	Quikchange Lightning

	Exon
33-34 deletion
	Fully complementary forward primer:
CCACAAACTGTGCTCTGGCGTGTGCACAGGCAGCTCC
Fully complementary reverse primer:
GGAGCTGCCTGTGCACACGCCAGAGCACAGTTTGTGG
Partially complementary forward primer:
GTGCTCTGGCGTGTGCACAGGCAGCTCCACTCGGCACA
Partially complementary reverse primer:
CACACGCCAGAGCACAGTTTGTGGAGGAAGGAATTGCCCAAG
	Quikchange Lightning

	Exon
33-34 deletion
	Forward primer:
GCGTGTGCACAGGCAGCTCCACTC
Reverse Primer:
CAGAGCACAGTTTGTGGAGGAAGGAATTGC
	Phusion

	Exon
47
deletion
	Fully complementary forward primer:
CTCAATGGCACTGTCATTGGGGGTTACAAGGAAGAAAATAAC
Fully complementary reverse primer:
GTTATTTTCTTCCTTGTAACCCCCAATGACAGTGCCATTGAG
	Quikchange Lightning

	c.8164C>G
	Forward primer:
GACACATGTGAGGAGGCTGAGTGCAACGACATCACTGCC
Reverse Primer:
GGCAGTGATGTCGTTGCACTCAGCCTCCTCACATGTGTC
	Quikchange Lightning



Table 2.3. Mutagenesis primers





0. [bookmark: _Toc349824194][bookmark: _Toc368247417]2.1.3.3. Plasmid sequencing oligonucleotide primers

	Forward Internal Plasmid Sequence Primer
	Primer Sequence (5’-3’)
	Reverse Internal Plasmid Sequence Primer
	Primer Sequence (5’-3’)

	T7F
	TAATACGACTCACTATAGGG
	1R
	CTTGGGTCATAAAGTCATCTTCAGC

	1F
	CGGCAACTTTCAAGTCCTGCTGT
	2R
	TGTGGTCGGTCCAGCCGTACAGCA

	2F
	CAGTGTGCCCTGCTGGTATG
	3R
	TCGCGGTCATCAGCACACTGGAC

	3F
	CAGCCTTGTGAAACTGAAGCATGG
	4R
	GTAAGAGAGAGAGCGGCAGGTC

	4F
	CGAAAGGCCAGGTGTACCTGCAG
	5R
	ACACATCTGTTCTCATGCCGGACCA

	5F
	CTGGAGTGCATGAGCATGGGCTG
	6R
	TGGTATGTCTGCTTCAGGACCAC

	6F
	CATCATTCTGCTGCTGGGCAAAG
	7R
	AATGCAGACATCCAGATATGGCTC

	7F
	CAGAGCTGCGAGGAGAGGAATC
	8R
	ATCTGGCAGTGCTCAGGGTCAC

	8F
	CTTTGTGGTGGACATGATGGAGC
	9R
	GAACAGTGTGTATTTCAAGACCTCGCT

	9F
	CATGGCACAAGTCACTGTGGGC
	10R
	ACAGAGGTAGCTAACGATCTCG

	10F
	CTAATGCCAACGTGCAGGAGCTG
	11R
	GCTGACCAAGAAGCTGTGGTCA

	11F
	TCATCCTGGTCACGGACGTCTC
	12R
	TGAGTGAGACGAGGCCCTATATTGGCT

	12F
	CAAGCTGACTGGCAGCTGTTCTT
	13R
	AATCACCTCCAGGTCCTGCTCCTTG

	13F
	CATCCTGGAGGAGCAGTGTCTTG
	14R
	GAGCTGTCGGGGACAAGACACTG

	14F
	CACGTGTGGCCTGTGTGAAGTAG
	15R
	ATGTGCAGATCTGACAGGGCTGG

	15F
	CAGAAGCCCTGTGAGGACAGCT
	16R
	GACAGCTCACTGTGGAGTTGA

	16F
	CAAGGAAGAAAATAACACAGGTG
	17R
	GCAGGAGACGTTCCTTTGTTGTATAA

	-
	-
	18R
	GGAGTACATGGCTTTGCTGGCACA



Table 2.4. Internal sequencing primers for VWF cDNA sequencing

[bookmark: _Toc349824195][bookmark: _Toc368247418]2.2. Methodology
0. [bookmark: _Toc349824196][bookmark: _Toc368247419]2.2.1. Multiplex-Ligation-Dependent Probe Amplification 
0. [bookmark: _Toc349824197][bookmark: _Toc368247420]2.2.1.1. Background

The technique is based on a multiplex PCR approach, where each probe within the kit anneals to a specific exon in VWF. Initially, each exonic probe is split into two oligonucleotides, comprising 21-30 oligonucleotide sequences which hybridise to adjacent complementary DNA on the target exon (Kozlowski et al. 2008). Following hybridisation of the half probes to adjacent sequences, the probes are ligated together due to the 3’ half probe being phosphorylated at the 5’ end. Only ligated probe sequences can be the target for amplification during the PCR stage due to the presence of identical 5’ and 3’ forward and reverse sequences in the probes which enables amplification by a universal set of primers. Presence of the variable stuffer sequence in the 3’ half probe enables all ligated sequences to amplify at unique sizes from 150-500bp (Schouten et al. 2002). The 5’ forward primer is labelled with a 6-FAM fluorescent tag to aid in identification of individual probes in genotyping via capillary electrophoresis (Schouten et al. 2002, Kozlowski et al. 2008). The technique is outlined in Figure 2.1, below.

The MLPA kit P011-A1/P012-A1 was obtained from MRC-Holland (Amsterdam, The Netherlands) and contained all the reagents necessary to undertake multiplex ligation-dependent probe amplification reactions on. Each kit contained SALSA MLPA buffer, probe mix P011-A1 (probe A), probe mix P012-A1 (probe B), Ligase-65 Buffer A, Ligase 65 Buffer B, Ligase-65 enzyme, SALSA PCR buffer, SALSA enzyme diluting buffer, SALSA DNA polymerase and SALSA FAM labelled universal primers. 

Due to the size of VWF (52 exons) there are two MLPA probe mixes, each of which contains probes to specific exons within VWF. An exon 28 probe is present in both probe mixes and two probes are present in P011-A1 for exon 6. No probe is present for exon 12 in either mix. Within the probe mixes there are also 11 reference probes which bind to independent regions of the genome, outside VWF.
[image: ]
Figure 2.1. Overview of the multiplex ligation-dependent reaction.
A) Each oligonucleotide probe is split into two half probes, which bind to adjacent complementary sequences. The forward and reverse primer sequence is present on each of the half probes for the 52 exons and allows amplification of ligated probes by one universal primer set. The variable stuffer sequence enables all exon probes to be of a different size for size fractionation capillary electrophoresis. B&C) Upon denaturing of dsDNA, exonic half probe sequences hybridise to adjacent target sequences and are then ligated to form one probe. D) Only ligated probe sequences can be successfully amplified in a multiplex PCR manner. The forward primer sequence contains a 6-FAM fluorescent tag enabling detection during capillary electrophoresis. 

0. [bookmark: _Toc349824198][bookmark: _Toc368247421]2.2.1.2. Protocol

Genomic DNA from IC and HC was initially diluted with Tris-EDTA (pH 8.2) to obtain a working concentration of 50ng/μL DNA. The diluted DNA was left for 24 hours at 4oC to reach concentration equilibrium to reduce the potential variability amongst samples. 5μL of diluted DNA was aliquoted into 0.2mL Eppendorf tubes.

Prior to initiation of the MLPA reaction, a hybridisation master mix for probe set A (PO11-A1) and probe set B (PO12-A1) was created, using 1.5μL SALSA buffer and 1.5μL probe (A or B) per reaction. Aliquots of DNA were initially denatured at 98oC for 5 minutes (min), followed by 25oC for 60 seconds (sec), to create single stranded DNA for probe hybridisation and annealing. The reaction was paused and 3μL of the hybridisation probe master mix was added to the DNA. After the programme was recommenced, the reaction continued at 95oC for 60 sec followed by 18 hours at 60oC. During this stage, the half probes bind to the adjacent target sequences in the single stranded DNA.

In order for ligation to be performed, a ligation master mix was created (3μL Ligase-65 Buffer A, 3μL Ligase-65 Buffer B, 25μL dH2O and 1μL Ligase-65 enzyme per reaction). Upon completion of the hybridisation stage, the MLPA reaction was paused, 32μL of the ligase master mix was added to each sample and the reaction resumed for 15 min ligation at 54oC, followed by heat inactivation of the Ligase-65 enzyme at 98oC for 5 min. Ligation and subsequent PCR amplification of products can only occur if the half probes have bound to adjacent target DNA sequences. 

A PCR buffer master mix was created using 4μL SALSA PCR buffer and 26μL dH2O per reaction. 30μL of the PCR buffer master mix was aliquoted to new 0.2 mL Eppendorf tubes for the PCR amplification reaction. In addition, a SALSA polymerase master mix was created using 2μL SALSA enzyme diluting buffer, 2μL SALSA FAM labelled universal primers, 0.5μL SALSA DNA polymerase and 5.5μL dH2O per reaction.

Upon completion of the ligation step of the MLPA reaction, 10μL of ligation end product was added to the tubes containing the aliquoted PCR mastermix and the thermocycler MLPA PCR program was initiated. The reaction mixture was heated at 60oC for 60 sec to give a hot start PCR reaction, at which point the reaction was paused and 10μL SALSA polymerase master mix was added to the sample. The thermocycler program was continued and PCR amplification of the ligated probes was undertaken for 37 cycles of denaturation for 30 sec at 95°C, annealing for 30 sec at 60°C and an extension step for 60 sec at 72°C. A final extension step was performed for 20 min incubation at 72°C. Upon completion, the reaction was held at 14°C to prevent degradation of the PCR products.

FAM labelled fragment analysis was undertaken on an ABI 3730 DNA analyser, within the Core Genomics Facility at the University of Sheffield, Faculty of Medicine, with all probe products giving an amplicon of different lengths due to the presence of the variable stuffer sequence. Data generated were initially analysed using Peak Scanner Software v 1.0 (Applied Biosystems, California, USA) and dosage ratios were calculated for IC reference and exonic probe sequences against amplified DNA from five healthy control individuals, to determine if copy number variations were present. Relative dosage calculations for IC were calculated against five healthy control samples using an Excel spreadsheet available for VWF from Manchester National Genetics Reference Laboratory (http://www.ngrl.org.uk/Manchester/publications/MLPA%20Spreadsheets last accessed March 2013). Calculations included the likelihood of dosage changes having occurred. 

The normal dosage range for presence of two copies of VWF was between 0.7 and 1.3; heterozygous exon deletions were considered to be half of the normal dosage range, whereas homozygous deletions were present if there was complete lack of a peak within the exonic probe set. Mutations involving heterozygous duplication of exons were considered if the dosage of an exon was one and a half times greater that of a healthy control; whereas with homozygous duplications the dosage was twice that of a healthy control.

0. [bookmark: _Toc349824203][bookmark: _Toc368247422]2.2.2. Standard PCR Amplification

The polymerase chain reaction allows for generation of large quantities of a particular region of interest using specifically designed sequences of DNA, commonly called primers. PCR primers form the terminal ends of the amplified fragment of interest. The PCR reaction is made up of three essential steps; double stranded DNA is denatured to allow for annealing of primers to the complementary target sequence and elongation of the primers is undertaken using DNA polymerase to generate a DNA fragment of specific length and sequence. The PCR is a cyclic process, allowing for generation of a sufficient concentration of amplicon DNA for further analysis.

PCR amplification of single exonic/intronic regions of interest was performed in a reaction containing 0.5μL forward and reverse primers at 10pmol/μL, 0.5μL of 100ng/μL DNA, 1μL dH2O and 22.5μL ReddyMix™ PCR Master Mix (1.1x concentrate). Each ReddyMix™ PCR reaction contained 0.625 units of Thermoprime Plus Taq DNA polymerase, 75mM Tris HCl, 2.5mM MgCl2 and 0.2mM of each dNTP.

After initial denaturation of double stranded DNA at 94oC for 7 min, DNA was amplified by PCR for 35 cycles, consisting of denaturation at 94oC for 60 sec, an annealing step of 60 sec, for which the temperature was set in accordance with the Tm of the specific primers (Table 2.1 and 2.2) and extension at 72oC for 60 sec. A final extension step was performed at 72oC for 7 min and the reaction was held at 14oC to prevent degradation of the sample.


0. [bookmark: _Toc349824204][bookmark: _Toc368247423]2.2.3. Mapping of Deletion Breakpoints

The characterisation of deletion breakpoints initially involved analysis of intronic SNP haplotype data from 150 SNP markers within VWF (Hallden 2011) to enable identification of maximal deletion sizes for each exonic heterozygous deletion identified. Intronic primers flanking known SNP within the region of the deletion were then designed to further reduce potential deletion sizes, using standard PCR amplification (section 2.2.2).

Finally, a deletion breakpoint-spanning long range-PCR approach was utilised to try and yield amplification of a wild-type allele and a smaller product containing the deletion breakpoint. The deletion-specific amplicons were sequenced using M13 forward and reverse primers and internal primers. 

Long-range PCR amplification (LR-PCR) involves synthesis of PCR products often above 4,000bp from a genomic region of interest. Conventional PCR is limited by the relatively low fidelity of Taq DNA polymerase and since it lacks proof-reading abilities, mis-incorporation of nucleotides in large amplicons is thought to result in chain termination. To overcome this problem, LR-PCR kits are composed of a mixture of thermostable polymerases, one which has 5’-3’ polymerase activity and one that has 3’-5’ proofreading activity to remove any mis-incorporated nucleotides. LR-PCR amplification across the 5’ and 3’ breakpoint junctions was undertaken using two different kits; Expand Long Template PCR and One Taq polymerase kit.

0. [bookmark: _Toc349824205][bookmark: _Toc368247424]2.2.3.1. Expand Long Template PCR System

LR-PCR was undertaken in a reaction containing 1.5μL of forward and reverse primer (300nM), 2.5μL of each dNTP (500μM), 2μL of 100ng/μL DNA, 5μL Expand Long Template PCR Buffer 2 (2.75mM MgCl2) and 0.75μL of polymerase mix in a final reaction volume of 50μL, using dH2O.

The PCR reaction was undertaken using the following parameters: initial denaturation of double stranded DNA at 94oC for 2 min followed by 10 cycles of denaturation at 94oC for 10 sec, annealing at 58oC for 30 sec and elongation at 68oC for 4 min. An additional cycling step of denaturation at 94oC for 15 sec, annealing at 58oC for 30 sec and elongation at 68oC for 6 min for 20 cycles was undertaken. Finally the reaction was held at 14oC.

0. [bookmark: _Toc349824206][bookmark: _Toc368247425]2.2.3.2. OneTaq Hot Start DNA polymerase system

The OneTaq Hot Start DNA polymerase kit is useful in amplification of products that prove difficult with other PCR approaches. LR-PCR was undertaken in a reaction consisting of 1μL forward and reverse primer (10μM), 1μL of 100ng/μL template DNA, 12.5μL OneTaq Hot Start 2x Mastermix with standard buffer, in a final volume of 50μL using dH2O. Each OneTaq PCR reaction contained 0.3 units of OneTaq Hot Start DNA Polymerase, 20mM Tris-HCl, 22 mM KCl, 22 mM NH4Cl, 1.8mM MgCl2 and 0.2mM each dNTP. 

The PCR reaction was undertaken in a thermocycler using the following parameters: initial denaturation of double stranded DNA at 94oC for 30 sec followed by 30 cycles of denaturation at 94oC for 30 sec, annealing at 58oC for 60 sec and elongation at 68oC for 6 min. A final extension at 68oC for 5 min was undertaken and the reaction was held at 14oC.

0. [bookmark: _Toc349824207][bookmark: _Toc368247426]2.2.4. Agarose gel electrophoresis

[bookmark: OLE_LINK2]In order to assess the success of PCR amplification, agarose gel electrophoresis was undertaken to size fractionate DNA fragments from 100bp-10kb. DNA fragments were separated according to their size by the agarose gel matrix and the ability of the DNA to move through the matrix, with smaller DNA amplicons moving through the matrix faster than larger DNA amplicons. In total 5μL of the end product was electrophoresed on 0.7-1.5% (w/v) agarose gels, depending on the size of the expected fragment after PCR amplification. Agarose powder was dissolved in 0.5x (w/v) Tris-borate EDTA (0.5x TBE) buffer (1x TBE: 0.89M Tris, 0.89M Boric Acid and 0.02M EDTA) after heating in a microwave. Once dissolved and left to cool to ~60oC, ethidium bromide was added (0.5µg/mL) and the gel was poured into a casting tray containing a comb and allowed to set. The gel was then submerged in 0.5x TBE buffer and PCR amplified samples were loaded directly onto the gel. Long-range PCR products were mixed with 2μL loading buffer (0.025% (w/v) bromophenol blue, 40% (v/v) sucrose). PCR amplified samples were electrophoresed against 5μL of molecular weight marker (Hyperladder I, IV or V, depending on the expected size fragments). Agarose gel electrophoresis was undertaken at 100V for 50 min in a Bio-Rad Mini-Sub Gel Tank (Hemel Hempstead, UK). Ethidium bromide stained bands were visualised on a Bio-Rad Gel Doc XR Gel Documentation System (Hemel Hempstead, UK).

0. [bookmark: _Toc349824208][bookmark: _Toc368247427]2.2.5. PCR Product Purification Techniques
0. [bookmark: _Toc349824209][bookmark: _Toc368247428]2.2.5.1. Exo-SAP IT Enzymatic Purification

Prior to DNA sequencing, PCR samples were purified using ExoSAP-IT® reagent. Exo-SAP-IT® is a fast and efficient purification method that utilises the hydrolytic enzymes Exonuclease I to degrade excess primers and Shrimp Alkaline Phosphatase to dephosphorylate excess dNTP present from the PCR reaction. Removal of excess dNTP and primers is important as these products may interfere with downstream sequence analysis.  The reaction mixture consisted of 6μL of PCR product, 4μL dH2O and 4μL ExoSAP-IT® reagent (1:10 diluted) and was incubated at 37oC for 30 min to allow for degradation of primers and dNTPs, followed by heat inactivation of the hydrolytic enzymes at 80oC for 15 min. The reaction was held at 14oC to prevent degradation of amplicon DNA.







0. [bookmark: _Toc349824210][bookmark: _Toc368247429]2.2.5.2. QIAGEN® QIAquick Gel Extraction Kit

The QIAGEN® QIAquick Gel Extraction Kit was used for extraction of deletion specific DNA fragments from affected individuals after agarose gel electrophoresis (0.7% gel), according to the manufacturer’s instructions. 

Briefly, the DNA fragment of interest was excised from the gel after visualisation using a UV light source. The gel fragment was transferred to a 1.5mLmicro-centrifuge tube and weighed. Three volumes of buffer QG was added to one volume of gel and incubated at 50oC for 10 min until the agarose gel had dissolved completely. One gel volume of isopropanol was then added to the sample and vortexed briefly. After that, 800μL of sample was loaded onto a QIAquick spin column and centrifuged at 17900 x g for 60 sec in a microfuge, discarding the flow through but retaining the spin binding column. The above step was repeated if the sample volume was greater than 800μL. 500μL of Buffer QG was then placed onto the column and centrifuged at 17900 x g for 60 sec, discarding the flow through, to ensure all excess agarose had been removed from the column. The spin column was then washed with 750μL Buffer PE and centrifuged at 17900 x g for 60 sec discarding the flow through. The column was then centrifuged again at 17900 x g for 60 sec to ensure all ethanol had been removed from the column. Finally, the spin column was placed in a clean 1.5mL micro-centrifuge tube and 30μL of Buffer EB was added to the centre of the column in order to elute the purified DNA under low salt conditions. The column was allowed to stand for 5 min and then centrifuged at 17900 x g for 60 sec. The purified DNA sample was then stored at 4oC to prevent sample degradation.




0. [bookmark: _Toc349824211][bookmark: _Toc368247430]2.2.6. Generation of Mutant Constructs
0. [bookmark: _Toc349824212][bookmark: _Toc368247431]2.2.6.1 Mutagenesis

The commercially available mutagenesis kits are optimised to undertake and introduce single point mutations, along with small deletions/insertions within a given template. Introducing large scale deletions using the commercial kits reduces the ability of the kit to efficiently and successfully introduce the required deletions. Therefore, multiple approaches were utilised to aid in efficiently introducing the deletions into the plasmid, with two different kits; the Quikchange Lightning and the Phusion site directed mutagenesis kit. Mutagenesis was undertaken on the pcDNA3.1(-)VWF plasmid (pcDNA3.1(-) VWF, obtained from Reinhard Scheneppenheim, Hamburg, Germany) and also pCIneo VWF expression plasmid (obtained from MacKenzie Bowman, Queen’s University, Ontario, Canada). 

0. [bookmark: _Toc349824213][bookmark: _Toc368247432]2.2.6.1.1 Quikchange Lightning Site Directed Mutagenesis

Initially, mutagenesis primers were designed to introduce the deletions according to the manufacturer’s instructions, whereby the primers were fully complementary and the regions flanking the deletions designed in the middle of the primer set. Additionally, primers were also designed to be complementary only at the 5’ primer region, to reduce the likelihood of primer dimer formation, which can affect the efficiency of mutagenesis. Designs of the fully and partially overlapping primers are shown in Figure 2.2.

[image: ]

Figure 2.2. Representation of primer design for deletion mutants using Quikchange Lightning mutagenesis.

 The mutagenesis reaction comprised 5μL 10x reaction buffer, 1μL of VWF plasmid (100ng/μL) 1.25μL forward and reverse primers (10mM), 1μL dNTP mix and 1.5μL QuikSolution reagent, made up to 50μL reaction volume with dH2O, upon which, 1μL of Quikchange Lightning Enzyme was added to the reaction and mixed.

The mutagenesis reaction was performed in a thermocycler using the following parameters: initial denaturing at 95oC for 2 min, followed by 18 cycles of denaturation at 95oC for 20 sec, annealing at 60oC for 10 sec and elongation at 68oC for 8 min (30 sec/kb plasmid). A final extension at 68oC for 10 min was undertaken and the reaction held at 14oC. Upon completion of the mutagenesis reaction, 2µL Dpn I enzyme was added and the reaction incubated at 37oC for 5 min to digest the parental WT VWF plasmid (non-mutated).

In addition to mutagenesis on the VWF plasmid DNA, mutagenesis was also performed on a control plasmid, supplied with the kit. The control pWhitescript plasmid enabled determination of the efficiency of mutagenesis using the Quikchange kit. The control plasmid contains a stop codon where glutamine would ususally appear in the β-galactosidase gene. The control mutagenesis primers are designed to convert this stop codon back to glutamine. Upon transformation of cells onto agar containing Isopropyl β-D-1-thiogalactopyranoside (IPTG) and X-gal (20mM), control plasmids containing the stop codon appear white and successfully mutated plasmids restoring β-galactosidase function appear blue. The efficiency can thus be determined by dividing the number of blue colonies present by the total number of colonies.

The mutagenesis reaction comprised 5μL 10x reaction buffer, 5μL of pWhitescript control plasmid (5ng/μL) 1.25μL forward and reverse primers (10mM), 1μL dNTP mix and 1.5μL QuikSolution reagent, made up to 50μL reaction volume with dH2O, upon which, 1μL of Quikchange Lightning Enzyme was added to the reaction and mixed. The mutagenesis reaction was performed according to the conditions listed above for the VWF plasmid mutagenesis reaction, with the elongation step being undertaken for 5 min.
0. [bookmark: _Toc349824214][bookmark: _Toc368247433]2.2.6.1.2 Phusion Site Directed Mutagenesis

Unlike the Quikchange mutagenesis protocol, primers were designed directly adjacent to the region to be deleted and were designed to be 5’ phosphorylated. In this mutagenesis reaction, all of the plasmid is amplified in a linear manner, with the exception of the region to be deleted, with the 5’ and 3’ ends being 5’ phosphorylated. Addition of ligase enzyme enables joining of the 5’ phosphorylated ends to yield a circular plasmid, containing the deleted region, as depicted in Figure 2.3, below.


[image: ]
Figure 2.3. Representation of the Phusion site directed mutagenesis methodology flow. 

The mutagenesis reaction was undertaken in a total volume of 50μL, comprising 10μL 5 x Phusion HF Buffer, 1 μL dNTPs (200 μM/dNTP final concentration), 1.5 μL  forward and reverse primers (10μM), 1μL 500pg/μL wild-type plasmid, and 0.5μL Phusion Hot Start II DNA polymerase, with the volume made up to 50μL using dH2O. 

The mutagenesis reaction was performed in a thermocycler using the following parameters: initial denaturation at 98oC for 30 sec, followed by 25 cycles of denaturation at 98oC for 10 sec, annealing at 67oC for 30 sec and elongation at 72oC for 8 min. A final extension at 72oC for 10 min was undertaken and the reaction held at 14oC.

Upon completion of the mutagenesis reaction, a ligation reaction was performed; 5μL of the mutagenesis reaction was mixed with 5μL of 2x Ligation Buffer and 0.5 μL DNA Ligase and incubated at 25oC for 5 min. The ligated reaction mixture was then either stored on ice for transformation or stored at -20oC. 

0. [bookmark: _Toc349824215][bookmark: _Toc368247434]2.2.6.2 Preparation of Chemically Competent E.coli NM554 cells

An aliquot of previously stored NM554 (non-competent) cells was inoculated in 10mL of LB-Broth (without ampicillin) (1% Bacto-tryptone, 0.5% yeast extract and 1% NaCl) and incubated overnight in an orbital shaker at 37oC. The overnight culture was then transferred to 500mL LB-Broth (without ampicillin) and incubated at 37oC until the culture was in the log phase (exponential) of growth, whereby the optical density of the culture was between 0.2-0.4 at 600nm (measured using a Biophotometer spectrophotometer, Eppendorf, UK). Upon reaching the log phase of growth, the bacterial culture was transferred to two 250mL Beckman centrifuge tubes and centrifuged at 6400 x g for 7 min. The resulting supernatants were discarded and the cell pellets resuspended in 20mL of transformation buffer (15% glycerol (v/v), 10mM PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid)) and 50mM CaCl2, pH 6.6), after which the two pellets were combined and incubated on ice for 20 min. The cell suspension was centrifuged at 6500 x g for 6 min and the supernatant discarded. The bacterial pellet containing competent cells was resuspended in 25mL transformation buffer and 100µL competent cells aliquoted into 0.5mL Eppendorf tubes and stored at -80oC. 

One aliquot of competent NM554 cells were tested to ensure that the cells were not contaminated. In this control reaction, the cells were exposed to the same conditions as the transformation reaction listed below, without the addition of any DNA, plated on LB-Agar plates, incubated at 37oC overnight and assessed for any colony growth the following day. The reaction without the addition of DNA acted as a negative control reaction to ensure the competent cells had not been contaminated during cell preparation.

0. [bookmark: _Toc349824216][bookmark: _Toc368247435]2.2.6.3 Transformation of Competent E.coli NM554 cells

100µL of frozen cells were thawed on ice and transferred to a pre-chilled 1.5mL Eppendorf tube. 10µL of Dpn I treated mutagenesis reaction product (Quikchange Lightning) or 10µL mutagenesis ligation reaction (Phusion mutagenesis)  was added and incubated on ice for a further 30 min. Cells were heat shocked at 42oC for 30 seconds, followed by cooling on ice for 2 minutes. 350µL pre-warmed LB-Broth (without ampicillin) was added and the reaction incubated at 37oC in an orbital shaker for 60min. The transformation reaction was then plated on LB-Agar plates, containing 50µg/µL ampicillin at various volumes (50, 75, 100 and 150µL) and incubated overnight at 37oC in order to ensure individual colonies could be selected for small-scale purification. 








0. [bookmark: _Toc349824218][bookmark: _Toc368247436]2.2.6.4 Small-scale purification of plasmid DNA (mini-prep)

Colonies grown from mutagenesis reactions introducing single nucleotide substitutions, were selected for overnight small scale preparation and purification (mini-prep) using the QIAprep Spin Miniprep Kit. 

Briefly, multiple colonies were selected and inoculated in 3mL LB-broth containing ampicillin in a 50mL Falcon tube and grown overnight at 37oC in an orbital shaker. 1mL of bacterial suspension was added to 3 Eppendorf tubes and centrifuged at 5000 x g in a microfuge for 3 min in order to obtain bacterial cell pellets. The cell pellet from one tube was resuspended in 250μL pre-chilled Buffer P1 (containing RNase and LyseBlue reagent) and transferred to the next until all three tubes had been resuspended. 250μL of lysis P2 buffer was added, mixed to give a blue solution and incubated at room temperature for 5 min. The lysis reaction was stopped by addition of 350μL pre-chilled buffer N3 and mixed to give a white precipitate solution. The precipitated solution was centrifuged at 13,225 x g for 10 min. After centrifugation, the white precipitate presents as a pellet and the resulting supernatant was applied to a QIAprep spin column and centrifuged at 13,225 x g for 60 sec in order to enable the plasmid DNA to bind to the column, with the flow through being discarded. The spin column was washed with 750μL Buffer PE and centrifuged at 13,225 x g for 60 sec to ensure no contaminants were present in the column. The flow through was discarded and the column was centrifuged for an additional 60 sec to remove residual wash buffer from the column that would otherwise interfere with downstream sequencing. Plasmid DNA was eluted from the QIAprep spin column into a 1.5mL Eppendorf tube by addition of 50μL dH2O to the centre of the column, followed by centrifugation at 13,225 x g for 60 sec.

An aliquot of the eluted plasmid DNA was sent for DNA sequencing with internal primers to confirm the presence of the desired nucleotide change within the VWF cDNA.

0. [bookmark: _Toc349824219][bookmark: _Toc368247437]2.2.6.6 Large-scale purification of plasmid DNA (maxi-prep)

Upon confirmation of the correct mutation from small scale purification, large scale purification was undertaken using the QIAGEN Maxi Prep kit, according to the manufacturer’s instructions, in order to yield sufficient plasmid DNA for sequencing the entire cDNA of VWF.

In brief, either a colony containing the deletion was selected or an aliquot of previously stored glycerol stock (non-deletion mutants) was inoculated in 250mL LB broth containing ampicillin and incubated overnight (12-16 hours) at 37oC in an orbital shaker at 200rpm. A glycerol stock of the mutant was prepared (section 2.2.10) and the bacterial culture was harvested by centrifugation at 6000 x g for 15 min in a floor standing centrifuge. The resulting supernatant was disposed of and the bacterial pellet was resuspended in 10mL of pre-chilled Buffer P1 (containing RNase and LyseBlue reagent). 10mL of Buffer P2 lysis buffer was added and mixed by inversion to give a blue coloured solution and incubated at room temperature for 5 min. Whilst the lysis reaction was taking place, a QIAfilter cartridge was prepared through addition of the cap onto the outlet nozzle and placing the cartridge in a 50mL Falcon tube. The lysis reaction was stopped by addition of 10mL pre-chilled Buffer P3 (neutralisation buffer) and mixed by inversion to give a uniform white precipitated solution. The precipitate in this solution contained genomic DNA, proteins and cell debris. This was added to the pre-prepared QIAfilter cartridge and left to equilibrate for 10min at room temperature, in order to allow the precipitate to form a layer on top of the solution. The cap was removed from the outlet nozzle and a plunger placed in the cartridge to filter the lysate into the 50mL Falcon tube. 2.5mL Buffer ER was added to the filtered lysate to remove any endotoxins within the solution and inverted to mix, appearing turbid upon addition and mixing. This solution was then incubated on ice for 30 min. Endotoxins are a potential source of contamination from the Gram negative E.Coli NM554 cells used to undertake transformation of the VWF mutants. The endotoxins associated with these bacteria include lipopolysaccharides and lipooligosaccharides, which are located in the cell membrane of the bacteria and can become toxic upon degradation of the bacterial cell wall. 

During the incubation period, a QIAGEN tip 500 was equilibrated with 10mL of QBT equilibration buffer and allowed to empty by gravitational flow. After equilibration of the column, the filtered lysate was added to the column and allowed to enter the resin by gravitational flow. The column was washed twice with 30mL Buffer QC to ensure all contaminants in the plasmid preparation had been removed.

Plasmid DNA was eluted from the column in 15mL QN Buffer and collected in a 50mL Beckman centrifuge tube. DNA was precipitated by addition of 10.5mL (0.7 volumes) of room temperature isopropanol. The resulting solution was mixed by inversion and centrifuged immediately at 15,000 x g for 30 min at 4oC. The resulting supernatant was carefully decanted and the DNA pellet washed with 5mL endotoxin free 70% (v/v) ethanol and centrifuged at 15,000 x g for 10 min at 4oC. The ethanol supernatant was carefully decanted and the DNA pellet air dried for 10 min and dissolved in 500µL dH2O.

The concentration of the plasmid DNA solution was determined through DNA spectrophotometric analysis on the Nanodrop ND-1000 spectrophotometer (Labtech International, East Sussex, UK) and an aliquot of the sample sent for sequencing in order to ensure that no further DNA changes had been introduced into the VWF cDNA sequence, other than the desired mutation. Upon confirmation of this, a working stock of 500ng/µL was created for use in the downstream in vitro transfection experiments.

0. [bookmark: _Toc349824220][bookmark: _Toc368247438]2.2.6.7 Glycerol stock preparation

Preparation of glycerol stock was undertaken from an aliquot of small scale preparation prior to centrifugation of the overnight culture. Glycerol stock preparation enabled long term storage of bacteria containing the mutants of interest, in order to undertake large scale preparation upon depletion of plasmid stocks. 700µL of 70% glycerol was added to a 2mL screw top tube and 1.3mL bacterial cell culture was added, vortexed to mix and stored at -80oC.

0. [bookmark: _Toc349824221][bookmark: _Toc368247439]2.2.7. In Vitro Expression of Mutant Constructs
2.2.7.1 Cell culture and maintenance of HEK293T cells

HEK293T cells were cultured in humidified air at 37oC, 5% (v/v) CO2 in T75cm2 flasks in Glutamax DMEM, containing 10% (v/v) FBS (full media). All cell culture work was undertaken in a BioGARD laminar flow hood to avoid contamination of the HEK293T cells. The cells were passaged at 75-90% confluency to avoid cell apoptosis due to overgrowth of cells and lack of nutrients within the media. 

In brief, media from the T75cm2 flasks were removed and cells washed with 5mL PBS to remove excess media containing FBS. 2mL 1 x TAE (trypsin EDTA) was added to the cell monolayer and incubated for 5 min at 37oC until the cell morphology became rounded under microscopic inspection and cells loosened after the flask was tapped with the hand. After 5 min, 8-14mL of full medium (depending on the split ratio) was added to the flask to inhibit the action of trypsin. In 2 new T75cm2 flasks, 14mL of full media were added, along with 1 mL of the cell suspension.

2.2.7.2 Cryopreservation of HEK293T cells

With increasing passage number, cell lines can undergo genetic drift, whereby the genotype changes slightly with increasing age of the cells in passage. Additionally, cells can become infected with bacteria, yeast or fungus and thus cannot be used. Therefore, cryopreservation of HEK293T cells was undertaken at low passage number (<4 passages) to create a stock of cells, to be used when cells reached a high passage number (20) or when cells become infected. 

HEK293T cells were trypsinised as previously described (section 2.2.7.1) at 80% confluency. The trypsin, media and cell suspension were then centrifuged at 2,000x g for 5 min. The supernatant was removed and the cells were resuspended in 3mL freezing media (70% (v/v) DMEM, 20% (v/v) FBS and 10% (v/v) dimethyl sulfoxide (DMSO)). The presence of DMSO acts as a cryoprotectant, slowing the freezing rate of the cells and preventing the formation of intracellular ice crystals which would otherwise cause cell apoptosis and death. 1mL aliquots of the cell suspension were then added to cryovials and stored at -80oC.

In order to passage cryopreserved cells stored at -80oC, cells were thawed on ice and added to 10mL of full media. This suspension was centrifuged at 2000 x g for 5 min and the supernatant removed, to ensure no DMSO contamination which, whilst acting as a cryoprotectant at low temperatures, can affect growth of cells under normal culture conditions. The cell pellet was resuspended in 15mL full media and then added to a T75cm2 and passaged as described previously.

2.2.7.3 Counting of HEK293T cells for transfection experiments

Whilst cells were passaged and maintained in T75cm2 flasks, for in vitro transfection experiments cells were cultured in 10cm3 dishes. In vitro expression of wild-type and mutant VWF requires standardisation of a number of variables, to ensure the findings obtained were accurate and reliable. One of these variables was ensuring a standard number of cells were seeded in 10cm3 dishes.

Cells were seeded at 1.5 x 106 cells per 10cm3, in accordance with the manufacturer’s Lipofectamine LTX transfection protocol. Cells were harvested from a T75cm2 flask as previously described (section 2.2.7.1) collected in a 50mL Falcon tube and centrifuged at 2,000 x g for 5min to obtain a cell pellet. The supernatant was discarded and cells resuspended in 12mL of full media.  

In order to count the number of cells in suspension, a modified Fuchs Rosenthal haemocytometer was used. A glass cover slip was placed in the centre of the haemocytometer and 20µL cell suspension was added (Figure 2.4). The haemocytometer was viewed under a microscope with 10 x objective lens and cells in one 1mm2 square (indicated in Figure 2.4, bottom left) counted, with cells overlapping the top and left guidelines being counted but cells overlapping the right and bottom guidelines excluded from the count. The cell number obtained in the count was equivalent to cells in 0.1µL of full media; therefore the cell number was multiplied by 10 to obtain cell number/ µL. This value was then used to calculate the volume of the original cell suspension required to obtain 1.5 x 106 cells per 10cm3 dish, in a total volume of 8mL (1.5 x 106 divided by cells/ µL). Once 1.5 x 106 cells per 10cm3 dish were seeded, the cells were left for 24 hours prior to transfection experiments being undertaken.
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Figure 2.4. Modified Fuchs-Rosenthal Haemocytometer. Cells were counted using the above haemocytometer, with cell number from one 1mm2 square (containing 16 smaller squares) being used to calculate the volume of cell suspension to add to 8mL media in order obtain 1.5 x 106 cells per 10cm3 dish for downstream use in transfection experiments.

0. [bookmark: _Toc349824222][bookmark: _Toc368247440]2.2.7.4 HEK293T Cell Transfection with Lipofectamine

Transient transfection of HEK293T cells with WT and mutant VWF was undertaken 24 hours after cell seeding, using Lipofectamine LTX reagent according to the manufacturer’s instructions.

In brief, 6µg of WT/ deletion mutant plasmid DNA was diluted in 2mL of DMEM without FBS at varying ratios (100:0; 75:25; 50:50; 25:75 and 0:100, undertaken in triplicate and repeated three times) per 10cm3 dish to mimic the homozygous and heterozygous nature of the deletions but also to determine whether the mutants were likely to have a dominant-negative effect on VWF function. Co-transfection of 1µg Renilla luciferase plasmid (phRL null) was undertaken to act as a reporter to enable normalisation of downstream results to account for potential variation which may arise due to differences in the transfection efficiencies within the different experimental conditions outlined. To the DNA diluted media, 50µL of Lipofectamine LTX reagent was added and left for 30min to form DNA: liposome complexes, after which 2mL of the complexes was added to the cells. 

48 hours post-transfection, conditioned media and cell lysates were collected for downstream analysis. Briefly, 1.5mL conditioned medium was collected in Eppendorf tubes, with the remainder being collected in 15mL Falcon tubes. Cells were washed with 2 mL 10 x PBS and 1mL 1 x Passive lysis buffer was added to the dish to lyse the cells. The cellular lysate was then placed on a plate shaker for 15min to ensure full lysis of cells. The conditioned media and cellular lysates were stored at -20oC for 24 hours prior to VWF:Ag ELISA and stored at -20oC after use in the ELISA for long term storage.
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0. [bookmark: _Toc368247441]2.2.7.5 VWF multimer analysis

Conditioned cellular media from in vitro expression of deletion mutants was sent to Prof. Ulrich Budde (MEDILYS Laborgesellschaft, Hamburg, Germany) to determine the multimer profiles of the in vitro WT, homozygous and heterozygous deletion mutants. VWF multimers were size fractionated on medium resolution 1.6% (v/v) SDS-agarose gels, transferred to nitrocellulose membranes and probed for VWF as previously described (Budde et al. 2008).

0. [bookmark: _Toc349824224][bookmark: _Toc368247442]2.2.7.6 VWF:Ag ELISA and Renilla Assay

VWF expression within the HEK293T cells with the different mutant constructs was analysed and compared to wild-type VWF expression in the conditioned media and cellular lysates using the matched pair VWF:Ag ELISA antibody kit (Enzyme Research Laboratories, Swansea, UK), according the manufacturer’s instructions. 

In summary, a flat bottom 96-well microtiter plate was coated with 100µL polyclonal capture antibody (diluted 1/100 with 50mM carbonate coating buffer, pH 9.6) and incubated at 4oC in a wet box, overnight in order to allow absorption of capture antibody onto the wells.  Prior to use, the VWF:Ag ELISA plate containing the coating antibody was incubated in the wet box at room temperature for half an hour to reduce the variable of temperature change on the ELISA binding ability. The coating antibody buffer was removed and 150 µL blocking buffer (PBS-BSA, 1% w/v, pH7.4) was added to the well plate to prevent binding of the VWF antigen to non-specific sites within the plate. The plate was incubated in the wet box at room temperature for 60 min. 

During this time, a VWF standard curve was generated by undertaking serial dilutions of the VisuCal antigen calibrator plasma (Enzyme Research Laboratories, Swansea, UK) from 22.20 IU/dL to 0.01 IU/dL (plasma calibrator was supplied as a 111 IU/dL stock).  The serial dilutions were created using HBS-BSA-Tween (100mM HEPES, 100mM NaCl, 1% w/v BSA, 0.1% v/v Tween-20, pH7.2)  (sample diluent buffer).

The VWF:Ag ELISA plate was aspirated to remove the blocking buffer and washed 3 times with PBS-Tween (0.1% v/v) (wash buffer). Each wash step consisted of adding 100µL to each well of the microtiter plate, incubating for 3 min followed by aspiration. After the final wash step, the plate was aspirated and then tapped on paper towels to remove the entire wash buffer. 100µL standard calibrator curve, conditioned media and cellular lysates were added to the plate and incubated at room temperature for 90 min, to enable VWF to bind to the capture antibody. The plate was again washed three times as previously described to remove any unbound VWF.  The microtiter plate was incubated with 100µL of horse radish peroxidase conjugated detection antibody (diluted 1/100 with sample diluent buffer) for a further 90 min to allow binding of the detection antibody to the bound VWF. After this, the final wash stage was performed as previously described, to remove any unbound detection antibody. 

The peroxidase activity was measured by incubating the plate with o-phenylenediamine (OPD) to determine the concentration of VWF present in the microtiter well plates, compared to the VWF standard curve. 5mg (1 tablet) of OPD (Sigma Aldrich, UK) was dissolved in 15mL citrate-phosphate buffer (substrate buffer) (27mM Citric acid, 97mM Na2HPO4, pH5.0), upon which 75µL 6% hydrogen peroxide (H2O2) solution was added. Upon addition of 100µL OPD substrate buffer to the microtiter plate, the solution turned from colourless to a yellow colour as OPD product was converted to 2, 3-diaminophenazine, in the presence of H2O2. After 3 min, the reaction was inhibited by addition of 100µL 2M sulphuric acid (H2SO4). Colorimetric analysis of the microtiter plate was undertaken on a plate reader by measuring optical density (OD) at 490nm. The VWF:Ag ELISA is outlined in Figure 2.5, below.

The standard curve results were plotted as a 4-parameter logistic standard curve using GraphPad Prism software, as suggested by the manufacturer’s instructions. A ‘back-fit’ test was applied to calculate the concentration of VWF present in the conditioned media and cellular lysates. In this test, the 4-parameter, sigmoid shaped standard curve was used to plot the absorbance values of the conditioned media and cellular lysates, obtained from the plate reader to derive a VWF concentration. Once VWF concentrations were calculated from the standard curve, further analysis was undertaken to compare mutant VWF expression against wild-type expression. 

To ensure any differences observed in expression was not simply a result of differences in the transfection efficiency of the cells, Renilla was co-transfected and activity measured in the cell lysates. 10 µL of cell lysate was added to a white 96 well microtiter plate and 25 µL 1 x Stop and Glo reagent was added to the plate to measure Renilla luciferase in each experimental condition, as a control, 10 µL of non-transfected cellular lysate was added with 25 µL 1 x Stop and Glo reagent to measure background luminescence. Analysis was undertaken on a plate reader by measuring luminescence using the luminometric settings on the plate reader, with 5 seconds of plate shaking prior to analysis. This ensured adequate mixing of the Stop and Glo reagent and the cellular lysate.   The Renilla activity values were used to create a VWF concentration:Renilla value ratio and the ratios of the mutants were compared to the wild-type and expressed as a percentage of wild-type, with wild-type set at 100%.
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Figure 2.5. Schematic representation of the VWF: Ag Sandwich ELISA methodology.
Capture antibody was incubated and adsorbed to the bottom of a 96-well plate (1), followed by addition of BSA blocking agent to prevent VWF binding to non-specific sites within the microtiter well plate (2). After washing to remove unbound blocking agent, the antigen (VWF) was then incubated and immobilised by interaction with the capture antibody (3). A wash step was performed in order to remove any unbound VWF. The immobilised, bound VWF was detected by addition of HRP labelled detection antibody (4), washed to remove unbound antibody and quantified through determination of HRP enzyme reactivity. This was achieved through addition of OPD substrate buffer, which was clear and upon conversion of OPD to DAP product (in the presence of HRP and H2O2) gave a yellow solution (5). This reaction was inhibited after 5 min by addition of sulphuric acid and colorimetric analysis undertaken on a Varioskan Flash plate reader by measuring optical density (OD) at 490nm.

[bookmark: _Toc349824228][bookmark: _Toc368247443]2.2.7.7 Confocal Microscopy

HEK293 cells for confocal analysis of the intracellular VWF localisation were seeded in 6-well plates on glass coverslips at a cell density of 150,000 cells/well. In comparison to transfection in 10cm dishes, transfections were scaled down and a total of 2.5µg WT/ deletion mutant plasmid DNA was diluted in 2mL of DMEM without FBS in WT, homozygous and heterozygous forms. To the DNA diluted media, 10µL of Lipofectamine LTX reagent was added and left for 30min to form DNA: liposome complexes, after which 2mL of the complexes was added to the cells.

Forty eight hours post transfection; cells were processed for confocal imaging and visualisation. The cell medium was aspirated and cell cover slips washed three times with 1mL PBS for 5 min to ensure no cell culture media remained in the well. After washing, cells were fixed to the coverslips by addition of 1mL BD Cytofix solution and incubated at room temperature for 20 min. Fixation enabled the preservation of the structures within HEK293 transfected cells for downstream imaging. BD Cytofix solution was then removed and cells washed a further three times with 1mL PBS for 5 min per wash. 1mL PBS/1% (v/v) TritonX-100 was added to each well of the 6 well plates in order to permeabilise the cells and incubated for 10 min, upon which the solution was removed and cells washed three times with 1mL PBS (5 min incubation per wash) to fully remove the TritonX-100 solution, which would otherwise cause full lysis of the cells. Coverslips were then blocked with 1.5mL 10% (v/v) goat serum PBS (goat is the species in which the secondary antibodies for the target proteins were raised) to prevent non-specific binding of the primary and secondary antibodies. Blocking was undertaken at room temperature for 20 min, after which the cells were again washed three times with 1mL PBS and incubated for 10 min per wash. 

In order to visualise cells and the localisation of VWF, cells were incubated with primary antibodies against VWF and against α-tubulin (used as a cell membrane marker). The polyclonal rabbit anti-VWF and monoclonal mouse anti- α-tubulin primary antibodies were incubated at a 1:500 dilution together in 1% (w/v) Bovine Serum Albumin (BSA)-PBS solution. Cells were incubated with 1.5mL of the diluted primary antibodies at 4oC in the dark overnight.

After primary antibody incubation overnight, the primary antibody solution was aspirated from the coverslips and the cells washed three times with PBS for 15 min per wash. 1:500 diluted secondary antibody solutions (goat anti-rabbit Alexa Fluor 488 (VWF secondary; green stain) and goat anti-mouse Alexa Fluor 555 (α-tubulin secondary; red stain)) were prepared using 1%BSA (w/v)-PBS and incubated in a wet box at room temperature for 60 min.

The coverslips were washed a final three times for 15 min with 1mL PBS, followed by two washes using 1mL dH2O to remove any BSA that might inhibit and prevent correct coverslip mounting. After the final wash with dH2O, the coverslips were left to air dry for 10 min. Whilst the coverslips were air drying, a microscope slide was prepared by adding 25µL VectaShield mounting media (Vector Laboratories, Peterborough, UK). After 10 min, coverslips were removed from the 6 well plate and placed upside down on a microscope slide with mounting media and left to set for 15 min at room temperature in the dark. Upon setting of the mounting media, the edges of the coverslips were sealed with nail varnish to prevent drying out of the cell sample. Microscope slides were stored in a slide book, wrapped in foil and stored at 4oC until confocal analysis. 

Confocal microscopy was undertaken using a Zeiss LSM 510 confocal microscope. Images were acquired using a C-Apochromat 40x/1.2 NA water lens, with Alexa Fluor 488 visualised using an Argon 2 laser at 30% output, Alexa Fluor 555 visualised using Helium Neon 543nm laser. Zeiss LSM image browser software was used to analyse and process images in 12-bit format.



0. [bookmark: _Toc349824229][bookmark: _Toc368247444]2.2.8. DNA Sequencing and Analysis

Sequencing of purified PCR products was undertaken by the University Core Genomic Facility on an ABI 3730 automated DNA analyser. The DNA sequencing reaction was undertaken using the fluorescent dideoxy chain-termination method. The reaction was similar to the PCR reactions, whereby the reaction proceeded in a cyclic manner in the presence of primers and a DNA polymerase enzyme. However, in addition to the deoxyribonucleic tripshophates (dNTPs), required for PCR fragment elongation, the reaction also contained different fluorescently labelled dideoxyribonucleotide molecules (ddNTP), which lacked the 3’OH group. Incorporation of a ddNTP into the DNA sequence prevented further elongation. DNA polymerase is non-selective about incorporation of dNTP or ddNTP and hence the outcome was that there were variable DNA fragment lengths with a common 5’ sequence but differing 3’ sequences. These DNA fragments were size fractionated through electrophoresis, whereby the fluorescence from the differently labelled ddNTP was detected and recorded to give a DNA sequence readout.

Primer amplification products designed with M13 tails attached were sequenced using universal M13 forward and reverse primers. For the exon 32-34 deletion internal sequencing, 10μL of 1pmol/μL internal sequence primers were provided for the appropriate forward and reverse sequence reaction.

The resulting chromatograms were analysed using Finch TV Software, Version 1.4 (Geospiza, Seattle, USA), in order to search for heterozygous sequence variants during intronic haplotyping and also when determining the likelihood of exonic heterozygous deletions. The VWF reference sequence (ENSG00000110799) obtained from the Ensembl on-line database (http://www.ensembl.org/index.html) was used to map any intronic SNP and to determine the location of the deletion breakpoints. The VWF protein sequence (ENSP00000261405) was used to document any amino acid changes identified within the protein. VWF nucleotide numbering started with the A of the ATG initiation codon being +1 and protein numbering was documented from the first methionine of the protein sequence. All nomenclature, abbreviations and genetic variants described in this project follow the guidelines set out by the Human Genome Variation Society (HGVS) (http://www.hgvs.org/rec.html, last accessed June 2013).

0. [bookmark: _Toc349824230][bookmark: _Toc368247445]2.2.9. Statistical Analysis

In vitro expression results represent the mean and standard deviation of three experiments, with each experiment undertaken in triplicate. All in vitro statistical analysis was undertaken in GraphPad Prism Software (version 5) and statistical significance was determined using a One-Way ANOVA, with any differences considered significant if p<0.05. Statistical analysis of introns of VWF in comparison to introns only involved in CNV formation was undertaken using a Mann-Whitney U test, with statistical significance achieved if p<0.05. 

0. [bookmark: _Toc349824231][bookmark: _Toc368247446]2.2.10. In silico analysis

A number of in silico analysis tools were used to analyse the exon deletion breakpoints to enable understanding of the likely mechanisms by which the deletions arose. 

RepeatMasker (http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker, last accessed August 2013) and CENSOR (http://www.ebi.ac.uk/Tools/so/censor/,  last accessed August 2013) were used to determine the repetitive element content of the breakpoint regions and also 1kb upstream and downstream of the 5’ and 3’ breakpoint junctions. ZHunt (Ho et al. 1986), QGRS Mapper (G-Quadruplex analysis) (http://bioinformatics.ramapo.edu/QGRS/analyze.php, last accessed August 2013) and Scaffold/matrix attachment regions were assessed using SMARTest (Frisch et al. 2002, Liebich et al. 2002) to check for secondary structures within the surrounding DNA, which may have stalled DNA polymerase activity and led to the deletion arising. GC content of VWF introns was undertaken using GC content calculator (http://www.endmemo.com/bio/gc.php, last accessed September 2013). Additionally, BDGP Splice Site Prediction by Neural Network (http://www.fruitfly.org/seq_tools/splice.html, last accessed March 2013) was utilised to assess alternate splice site formation at the breakpoint junction regions. 

The VWF reference sequences for multiple sequence alignment and intron analysis across mammalian species were obtained from Ensembl for the following species: chimp (ENSPTRG00000004566), rhesus monkey (ENSMMUG00000022893), horse (ENSECAG00000010778), dog (ENSCAFG00000015228), cat (ENSFCAG00000006861), mouse (ENSMUSG00000001930) and zebrafish (ENSDARG00000077231). Multiple sequence alignment of the p.P2722A mutant was undertaken using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/, last accessed August 2013). 







Chapter 3
Determining the prevalence of copy number variation within VWF amongst index cases from the EU-MCMDM-1VWD Cohort
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Copy number variation (CNV) is defined as a quantitative genomic alteration usually involving >1kb of genomic DNA and includes deletions and duplications (Scherer et al. 2007). Whilst large scale chromosomal deletions and duplications can be detected using cytogenetic techniques (Megabase deletions), smaller heterozygous CNV cannot be detected using these techniques. Furthermore, molecular genetic techniques associated with SNP and missense changes cannot identify CNV due to the presence and amplification of a normal wild-type allele. However, multiplex ligation- dependent probe amplification (MLPA) is a quantitative molecular technique used to determine the presence of copy number variants at sub-microscopic levels (Schouten et al. 2002, Scherer et al. 2007). MLPA has successfully identified exonic copy number variants in a number of genes, including detection of several deletions and duplication in F8 (Lannoy et al. 2009) and also numerous deletions in the dystrophin gene, which is associated with Becker and Duchenne Muscular Dystrophy (Lalic et al. 2005). 

Recently, Sutherland et al., (2009) identified an exon 4-5 deletion amongst a type 3 and type 1 VWD cohort study. The deletion was initially identified due to failure to amplify exons 4-5 during PCR based mutation analysis in the type 3 cohort. A primer walking technique was used to identify deletion breakpoints and also to allow the design of a multiplex PCR assay that could readily facilitate identification of the exon 4-5 deletion amongst individuals with type 1 VWD. 

The MCMDM-1VWD study investigated the genetics of type 1 VWD to enable better understanding of the pathogenesis of the disease. Findings from the study revealed that missense mutations predominate in type 1 VWD, along with a small proportion of splice and nonsense mutations and small insertions/deletions (Goodeve et al. 2007). However, in nearly 30% of IC, a causative mutation was not identified. The genetic screening methodology used in the initial study failed to identify heterozygous deletions or duplications due to the presence of a normal allele. Initial sequencing techniques undertaken in the original study were not able to quantify the exons present within an IC and standard DNA sequencing failed to identify heterozygous deletions due to the presence of one wild-type allele, leading to monoallelic amplification in these individuals.

Recently, the first application using MLPA in VWF was reported. Analysis of VWF in a type 3 VWD family revealed the homozygous deletion of exons 16-43 in AFM and also a heterozygous deletion of the same region in carriers of the disease. In total, the deletion identified spanned 84kb of genomic DNA (Cabrera et al. 2011).

[bookmark: _Toc368247449]3.1.1 	Aims

Recent validation of the MLPA VWF probe kit within the Haemostasis Research Group in Sheffield has enabled analysis of VWF for the presence of heterozygous deletions or duplications (Hampshire et al. 2009). Therefore, the aim of this part of the investigation was to utilise MLPA to determine the prevalence of exonic copy number variation within VWF in a subset of index cases (IC) where there was either no mutation reported or the mutations found were not sufficient to explain the patient bleeding score and phenotype.













[bookmark: _Toc349824234][bookmark: _Toc368247450]3.2. 	Results

[bookmark: _Toc349824235][bookmark: _Toc368247451]3.2.1. MLPA optimisation

In order to undertake comparative dosage analysis on the subset of 62 IC who either had no mutations present or a mutation which could not explain the disease phenotype, it was necessary to undertake dosage analysis on healthy controls (HC) from within the cohort. In total, five HC were used for screening per MLPA reaction batch in order to determine the reproducibility of the MLPA probe sets. Upon performing MLPA and sending the samples for genotyping, results were analysed on the PeakScanner software and then generation of dosage was undertaken on a spread sheet from the National Genetics Reference Laboratory (section 2.2.1.2). The analysis required input of either the peak height or the peak area from the five HC in order to compare these to the IC to determine whether CNV were present within individuals with type 1 VWD. 

The normal dosage range for presence of two copies of VWF was between 0.8 and 1.2; heterozygous exon deletions were considered to be half of the normal dosage range, whereas homozygous deletions were present if there was complete lack of a peak within the exonic probe set. Mutations involving heterozygous duplication of exons were considered if the dosage of an exon was one and a half times greater that of a healthy control; whereas with homozygous duplications the dosage was twice that of a healthy control.

Analysis of the HC from partner 4 (P4) (section 2.1) showed that the MLPA probe set gave reproducible results, with all the controls giving peaks between 0.9-1.1. However, when the IC were then analysed against the HC, the probe sets for the IC where highly variable, with dosage ranging from 0.7-1.6 amongst a large proportion of the probe sets, suggesting a problem between the IC and the controls used for interpretation and analysis. This is shown in Figure 3.1 below, the P4 control (Figure 3.1A) shows the probe sets for VWF and reference probes, with all being between 0.8-1.2, which is well within the normal range. However, Figure 3.1B shows the analysis for P6F9 II: 1, with 29 of the 52 probes giving results outside of the normal range, all of which were highly variable.

[image: ]
Figure 3.1 MLPA dosage analysis in a partner 4 healthy control and in the P7F17 II:1 IC
A) MLPA dosage in P4C87 healthy control. B) Analysis in the P7F17 II 1 IC against five healthy control samples from partner 4. Whilst the control shows normal VWF dosage, comparative analysis with the controls in the IC gave highly variable results making interpretation impossible. 

Initial validation of the MLPA reaction by Hampshire et al., (2010) also produced variable results and hence it was necessary to optimise the MLPA reactions in the IC and determine the most favourable HC to use in order to produce reproducible results in both the IC and the HC. MLPA is highly sensitive to differences in salt concentrations amongst different samples analysed. Within the original MCMDM-1VWD cohort study, extraction of DNA from UK samples was known to be undertaken using the phenol-chloroform extraction method. However, the DNA extraction method used from the remainder of the centres which made up the cohort were unknown. In order to determine if there was salt contamination from the different DNA extraction methods, all samples were analysed on a Nanodrop (section 2.1.6) to determine the A260/280 and A260/230 ratios and to determine the concentration of the sample.

The findings showed that the working stocks of DNA had an A260/280 ratio from 1.8-2.3. The ratio to show no contamination/pure DNA is 2.0, indicating that some samples had a small amount of protein contamination. Furthermore, the A260/230 ratios ranged from 1.76-2.37, where the normal range is 2.0-2.2. This indicated that the DNA samples are also contaminated with salt impurities, likely to be from the DNA extraction methods used. Additionally, the historical working stocks of the DNA were prepared at 100ng/µL, Nanodrop quantification revealed that these working stocks ranged in concentration from 43-87ng/µL, suggesting that the freeze-thawing of the samples to undertake genetic analysis over the years has significantly degraded the quality of the DNA samples.

In order to overcome the problems of contamination from DNA extraction impurities and high salt concentrations, partner 12 HC individuals (Birmingham) were used for comparison due to the high variability obtained from analysis of IC in comparison to partner 4 HC (shown in Figure 3.1). In addition to this, HC and IC were closely matched for the respective working stock concentrations prior to diluting the samples 1:2 (50ng/µL final concentration), in order to minimise differences in concentrations which could influence the downstream MLPA analysis.

Dosage interpretation with partner 12 controls and IC enabled interpretation of the majority of IC results using probe set A and B. In Figure 3.2, both control and IC dosage was within acceptable limits (0.8-1.2), with no high variability between control and IC, which allowed for reliable interpretation of results. In this example, the IC, P7F17 II 1, had no copy number variation present. However, a few centre-specific control sets of individuals were required for dosage analysis for VWF probe set B, as this probe set seemed to be more affected by differences between control and centre DNA samples. Use of centre-specific controls eliminated the potential variables in DNA quality which could arise during DNA extraction.
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Figure 3.2 MLPA dosage analysis in a partner 12 healthy control and in the P7F17 II:1 IC
A) MLPA dosage in P12C5 HC. B) Analysis in the P7F17 II 1 IC against five HC samples from partner 12. After optimisation of the selection of HC and IC, the MLPA analysis showed that the dosage interpretation for this IC was all within the normal range and hence no CNV were present in this IC. 

[bookmark: _Toc349824236][bookmark: _Toc368247452]3.2.2. Identification of Missense Changes using MLPA

Index cases that showed potential heterozygous single exon deletions after MLPA analysis were subject to exon-specific PCR amplification and family pedigree analysis. This enabled sequencing of the exon to determine if a SNP resided within the MLPA probe binding region. IC DNA was subject to exon-specific amplification if no previous mutation was reported to reside within the exon which could result in allele dropout. 

MLPA analysis identified a total of three missense changes in VWF in three IC from families P2F7, P9F10 and P9F11. These missense changes were shown to be false-positive heterozygous exon deletions and involved exons 20, 31 and 51 respectively. The exon 51 missense change was identified along with a potential heterozygous deletion of exon 3 and this is discussed separately in section 3.4.

In P2F7 I 2, the MLPA result highlighted a potential exon 20 deletion with the dosage ratio being 0.6 (Figure 3.3). Since there were no other adjacent exons involved, which would usually provide internal positive  confirmation of the presence of a deletion, analysis of the family pedigree was undertaken in order to determine if any sequence changes occurring under the probe sets could account for the findings. The family pedigree was analysed and no mutations or polymorphisms within VWF had been reported in previous mutational screening (Figure 3.4).

[image: ]Figure 3.3 MLPA dosage analysis in P2F7 I:2
Analysis revealed a potential heterozygous deletion of exon 20 in the IC. Heterozygous deletions are considered if the dosage ratio is less than 0.7, as shown for exon 20 highlighted in red. The family previously had no mutations identified within VWF.
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Figure 3.4 Family pedigree analysis in P2F7. 
Analysis of the P2F7 family pedigree identified no previously reported mutations amongst AFM. The rectangles represent the different alleles for each individual. Numbers adjacent to the rectangles represent the GT promoter repeat number, the (TCTA)n VNTR3 repeat number in intron 40 and the (TCTA)n VNTR 2 repeat number, respectively (van Amstel and Reitsma 1990, Kimpton et al. 1992, Zhang et al. 1992). Arrow indicates the IC, shaded circles represent the AFM.
Exon 20 was PCR amplified and sequenced to determine the likelihood of a heterozygous deletion. Sequence analysis identified a candidate heterozygous synonymous mutation in the exon at position c.2586G>T, as shown in the sequencing chromatogram below (Figure 3.5B) when compared to the normal reference sequence (Figure 3.5A). The synonymous change was predicted to result in a silent p.V862= change within the protein. The frequency of this candidate synonymous variant was 0.98/0.02 (rs34510401) (Flicek et al. 2013), indicating that the sequence change identified was a polymorphism. The position of the polymorphism was at the 5’ end of the 3’ half probe sequence directly adjacent to the ligation site, as shown in Figure 3.5C. Since MLPA is a ligation dependent reaction, a nucleotide change at this position would give the appearance of an exon 20 heterozygous deletion, as it would disrupt binding of the 3’ half-probe and prevent ligation of the half-probes on one allele, reducing the relative dosage by 50%. 
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Figure 3.5 Sequencing of exon 20 in P2F7 I:2 and a healthy control and the position of the mutation in the MLPA probe set. 
A) Sequencing result of a healthy control, showing the reference sequence (wild-type) B) Indicates a heterozygous c.2586G>T substitution in the IC (mutant). C) The MLPA probe set region, the sequence in dark blue represents the position of the 5’ half-probe and the sequence in green represents the 3’ half-probe binding position. The variant is shown in red text with an asterisk below the sequence. As can be seen, the variant occurs next to the ligation site (indicated by the red arrow) of the two half probes.

In P9F10 II:1, MLPA analysis suggested the presence of an exon 31 heterozygous deletion (Figure 3.6B). Again, since no adjacent exons were involved, analysis of the family pedigree was undertaken to determine the likelihood of an exon deletion (Figure 3.6A). The family pedigree indicated that the IC and AFM had a c.5380A>G nucleotide change, which is predicted to result in a p.K1794E substitution within the amino acid sequence. This missense mutation resided within the 3’ half-probe sequence of the exon 31 probe (Figure 3.6C). 

The mutation occurred in exactly the same location within the 3’ probe sequence as the previous sequence change and hence leads to the apparent heterozygous deletion in the same way. The mutation was previously identified as being likely to contribute to the VWD phenotype within the IC and AFM.
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Figure 3.6 MLPA dosage analysis in P9F10 II:1 and representation of the exon 31 MLPA probe sequences 
A) Analysis of the P9F10 family pedigree identified a c.5380A>G (p.K1794E) change within the exon 31 probe set. The rectangles represent the different alleles for each individual. Numbers adjacent to the rectangles represent the GT promoter repeat number, the (TCTA)n VNTR3 repeat number in intron 40 and the (TCTA)n VNTR 2 repeat number, respectively (van Amstel and Reitsma 1990, Kimpton et al. 1992, Zhang et al. 1992). Arrow indicates the IC, shaded circles represent the AFM.B) MLPA dosage analysis of P9F10 II:1, showing the presence of a potential heterozygous deletion of exon 31 (shown as a red column). C) The MLPA exon 31 probe-set region, the sequence in dark blue represents the position of the 5’ half-probe and the sequence in green represents the 3’ half-probe binding position. The variant is shown in red text with an asterisk below the sequence. As can be seen, the variant occurs next to the ligation site (indicated by the red arrow) of the two half-probes.B)


0. [bookmark: _Toc349824237][bookmark: _Toc368247453]3.2.3. Single nucleotide variants residing within probe binding regions

Given that MLPA analysis successfully identified three sequence alterations occurring within the exon-probe binding regions and the subset of individuals screened either had no previous mutation identified or there was a mutation which did not fully explain the VWD phenotype, all probe binding regions were mapped and mutations present in the cohort analysed to determine the overall efficacy of MLPA in detecting single nucleotide variants (SNV).

In total, 41 mutation positive and 21 mutation negative IC were screened for copy number variation. In the 41 mutation positive individuals, 27 mutations occurred within the VWF exon regions of the gene, of which 10 mutations resided within exon 28, the largest exon of the gene. 

Analysis of the probe binding sequences and mapping of the 27 exonic nucleotide changes revealed that nine nucleotide changes resided within the MLPA 5’ or 3’ half-probe binding regions. Of these nine, three were identified through MLPA analysis. Of the remaining six mutations, five occurred within the 3’ probe region, away from the ligation site and one occurred at the proximal end of the 5’ probe. Three of the five 3’ probe nucleotide changes occurred at the distal end of the probe sequence and the remaining two occurred at the 5’ end of the probe, seven and eight nucleotides from the ligation site. These findings suggest that sequence alterations resulting in mismatch between the probe and target exon DNA sequence are important when occurring close to the ligation site and within the middle of the 5’ probe but are not as important when present within the 3’ probe as shown in Figure 3.7.
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Figure 3.7 Identification of nucleotide changes present within probe binding regions and their locations within the probes.
A) Analysis of the probe binding regions and the nucleotide changes within the IC revealed 9 changes present within probe binding regions, of which only three were identified in MLPA analysis and the remaining six were missed. B) The MLPA exon 5 probe set region, the sequence in dark blue represents the position of the 5’ half probe and the sequence in green represents the 3’ half probe binding position. The variant is shown in red text with an asterisk above the sequence. C) MLPA exon 18 probe set and nucleotide change. D) MLPA exon 20 probe set and nucleotide change.  E) MLPA exon 21 probe set and nucleotide change.  F) MLPA exon 43 probe set and nucleotide change. G) MLPA exon 45 probe set and nucleotide change. Exon 51 probe set and nucleotide change shown in Figure 3.8.B)


0. [bookmark: _Toc349824238][bookmark: _Toc368247454]3.2.4. P9F11 Exon 3 Heterozygous Deletion

Analysis of the P9F11 IC revealed two potential heterozygous deletions within exons 3 and 51 (Figure 3.8B). Heterozygous deletions are represented by a 50% proportional reduction in dosage compared to HC. Since the exon deletions identified were not adjacent, analysis of the family pedigree (Figure 3.8A) was undertaken in order to determine if any sequence changes occurring under the probe sets could account for the findings. The family pedigree analysis indicated that the IC and AFM had a c.8164C>G nucleotide change in exon 51, which was predicted to result in a p.P2722A substitution within the amino acid sequence. This missense mutation resided within the 5’ half probe sequence of the exon 51 probe, as shown in Figure 3.8C.

Interestingly, the location of the sequence change was different to the previously reported changes affecting the ligation of the probe sets. However, the sequence change occurs towards the 5’ end of the 5’ probe and hence could prevent binding and hybridisation of the probe to the target sequence.
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Figure 3.8 MLPA dosage analysis in P9F11 II:1 and representation of the exon 51 MLPA probe sequences 
A) Analysis of the P9F11 family pedigree identified a c.8164C>G (p.P2722A) change within the exon 51 probe set. B) MLPA dosage analysis of P9F11 II 1 (IC), showing the presence of a potential heterozygous deletion of exon 3 (shown as a red column) and false-positive exon 51 deletion (speckled red column). C) The MLPA exon 51 probe-set region, the sequence in dark blue represents the position of the 5’ half-probe and the sequence in green represents the 3’ half-probe binding position. The variant is shown in red text with an asterisk above the sequence. As can be seen, the variant occurs in the 5’ probe set (indicated by the red arrow) of the two half probes. The ligation site of the probes is depicted with the red arrow.B)



Sequencing of exon 3 in the IC revealed no sequence alterations, which confirmed the presence of a heterozygous deletion in exon 3. The P9F11 family contains two AFM and three unaffected family members (UFM) along with the IC. All family members were screened with MLPA to determine the segregation of the exon 3 heterozygous deletion. 

MLPA analysis in the entire P9F11 family revealed that the deletion completely segregated with type 1 VWD, since all AFM had the deletion. The exon 3 deletion (ex3del) was absent from all UFM. One of two AFM MLPA profiles (P9F11 I:1) along with one UFM profile (P9F11 II:2) are shown below in Figure 3.9. The other UFM MLPA dosage profiles were similar to the one shown. 
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Figure 3.9 MLPA dosage analysis in one affected and one UFM of P9F11
A) MLPA dosage analysis of P9F11 I 1, showing the presence of the heterozygous deletion of exon 3 and apparent heterozygous deletion of exon 51. The other AFM presented with a similar MLPA dosage profile. B) MLPA dosage analysis of P9F11 II 2 (UFM), the exon 3 dosage is normal as was that for exon 51. The remaining UFM presented with a similar MLPA dosage profile which showed the absence of CNV.

0. [bookmark: _Toc349824239][bookmark: _Toc368247455]3.2.5. Exon 33-34 Heterozygous Deletion

Previous optimisation of the MLPA probe sets by the Haemostasis Research Group, Sheffield identified a possible exon 32-34 heterozygous deletion in two individuals from separate families (P9F3 and P6F1) as part of a pilot screen of a small number of IC from the EU-1VWD cohort (Hampshire et al. 2010). The IC of P9F3 was screened with both probe sets and the exon 32-34 deletion (ex32-34del) fully segregated amongst AFM. However, the IC of P6F1 was only screened with probe set A and given the findings, it was assumed that the deletions were the same and the segregation of the deletion was not confirmed in the AFM. Re-analysis of the P6F1 II:1 IC with both MLPA probe sets A and B revealed that the deletion only affected exons 33-34 (Figure 3.10) and did not involve exon 32 as previously suggested (Hampshire et al. 2010).
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Figure 3.10. MLPA dosage analysis in P6F1 II and the P6F1 family pedigree. 
A) MLPA analysis in P6F1 II:1 revealed a potential heterozygous deletion of exons 33-34. B) Family pedigree of the P6F1 family showing the five unaffected and two affected family member, which were screened to determine the segregation of the apparent heterozygous deletion. Shaded male (square) and female (circle)  represent the AFM, unshaded represent the UFM and the male (square) with the circle indicates that the individual was likely to be diagnosed with type 1 VWD had they been recruited.

The P6F1 family contains one AFM and five UFM along with the IC. All family members were screened with MLPA to determine the segregation of the exon 33-34 heterozygous deletion. 

MLPA analysis revealed that the deletion completely segregated with type 1 VWD, since only the AFM had the deletion in addition to the IC. Additionally, in the AFM, the deletion did not involve exon 32. The exon 33-34 deletion (ex33-34del) was absent from all UFM. Whilst some probe sets for the UFM were slightly outside of the normal range, there did not appear to be any CNV in the UFM shown in Figure 3.10B. The AFM MLPA profile (P6F1 III:2) along with one UFM profile (P6F1 III:1) are shown below in Figure 3.11. The other UFM MLPA dosage profiles were similar to the one shown.
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Figure 3.11 MLPA dosage analysis in P6F1 III:2 AFM and the P6F1 II:I UFM. 
A) MLPA dosage analysis of P6F1 III:2, showing the presence of the heterozygous deletion of exons 33-34. B) MLPA dosage analysis of P6F1 III:1 where the exon 33-34 dosage was in the normal range.




[bookmark: _Toc368247456]3.3. 	Discussion

The initial aim of this analysis was to further investigate and understand the genetic mechanisms involved in type 1 VWD in a subset of IC from the MCMDM-1VWD cohort. This involved analysis of VWF to determine the prevalence of exon CNV (deletions or duplications). Previous identification of heterozygous deletions in type 1 VWD required identification of a homozygous state in type 3 individuals, mapping of deletion breakpoints and generation of a deletion-specific PCR assay, as reported for the exon 4-5 deletion in type 1 and type 3 VWD patients (Sutherland et al. 2009). However, for the current investigation, MLPA was available as a molecular screening tool, which uses comparative dosage analysis to determine relative quantity of exons of VWF against healthy control individuals to determine if copy number variations are present within the IC.
 
Within this study, two novel heterozygous exonic deletions were identified along with identification of three sequence variants within the MLPA exon probe sets. The deletions identified involved heterozygous deletion of exon 3 in one IC and re-diagnosis of a previously identified exon 32-34 heterozygous deletion, to affect only exons 33-34 in another IC (Hampshire et al., 2010). 

In total, MLPA undertaken in this analysis and during initial optimisation undertaken within the Haemostasis group previously has identified a total of six heterozygous deletions from 104 IC screened for CNV. The previously reported exon 4-5 deletion was identified in three IC, with breakpoints confirmed to be the same using the multiplex PCR assay designed by Sutherland et al., (2009). Furthermore, an exon 32-34 heterozygous deletion was identified in one IC, as well as the exon 33-34 and exon 3 heterozygous deletions reported here. A summary of the findings from MLPA analysis is illustrated in Figure 3.12.

[image: ]Figure 3.12. Flow chart summarising MLPA findings from the initial optimisation and validation and also from the investigation described here.

The novel heterozygous ex3del was identified in one IC, P9F11 II:1. Initial analysis within the MCMDM-1VWD study identified a point mutation within exon 51 (c.8164C>G), however, this could not fully explain the disease phenotype. Further analysis of the entire P9F11 family indicated that the ex3del segregated with VWD phenotype in affected individuals within this family, P9F11 I:1 and P9F11 II:5. Analysis of the family pedigree (see Appendix 1) revealed that all AFM shared a common allele and that the ex3del along with the exon 51 p.P2722A missense mutation segregated together on this allele.

VWF cDNA and amino acid alignment predicted that deletion of exon 3 results in an in-frame loss of 55 amino acids from the protein sequence, defined as p.(T20_G74del) according to HGVS guidelines. The amino acids deleted resides within the D1 domain of the mature VWF protein. The D1 domain is located within the propeptide of the VWF protein and functions in VWF multimerisation and intracellular packaging of VWF into Weibel-Palade bodies (Mayadas and Wagner 1992).

Historically, missense mutations within the D1 domain have been shown to affect the normal multimerisation process. Previous in vitro mutational analysis of missense changes within the D1 domain/ VWD1 domain propeptide region have indicated that both the D1 and D2 (VWD1 and VWD2) domains are functionally important in the VWF multimerisation pathway. 

Journet et al., (1993) showed that in vitro expression of either D1 or D2 domain deletion mutants led to reduced secretion of VWF into conditioned media. Analysis of the multimer profiles in these deletion mutations also showed the presence of dimeric VWF subunits only, with loss of high molecular weight VWF (HMW-VWF) and also low molecular weight VWF (LMW-VWF). Intracellular storage of VWF was also aberrant (Journet et al. 1993).

In addition to investigation of deletions of D1 and D2 domains, Rosenberg et al., (2002) studied the p.Y87S homozygous mutant, located in the VWF D1 domain. The findings indicated that the expression of the homozygous mutant  resulted in secretion of dimeric VWF, indicating that this change has a direct effect on the multimerisation process (Rosenberg et al. 2002). Furthermore, there is an important repeat motif within the D1 domain (159-162CGLC) which enables multimerisation through disulphide exchange with protein disulphide isomerase (PDI) via the vicinal cysteine repeat within this region (Mayadas and Wagner 1992). This region is thought to influence multimerisation since it has homology with the active site of the PDI enzyme which catalyses the disulphide exchange and bond formation. Altering this conserved region through site-directed mutagenesis affected the multimerisation process of VWF-dimers (Mayadas and Wagner 1992). 

It is possible that expression of VWF with the ex3del in affected individuals alters the multimerisation process of VWF in a similar way to the historical findings of D1 domain deletion mutants (Journet et al. 1993). Given the historical findings of the D1 deletion mutant, the ex3del is likely to cause disease phenotype through a dominant-negative effect whereby VWF homodimers and heterodimers containing mutant ex3del VWF protein only form dimers (Sutherland et al. 2009). These dimers are retained within the endoplasmic reticulum of the cell, effectively resulting in the presence of a null allele and only normal multimers and dimers of VWF synthesised from the normal allele are expressed within the affected individual’s plasma.

In addition, the co-inherited p.P2722A amino acid change in the IC and AFM could contribute to the disease phenotype. Whilst this mutation was identified in the original MCMDM-1VWD cohort study, the IC was investigated for copy number variation as it was thought that this mutation was not sufficient to explain the severity of the disease phenotype. However, the p.P2722A mutation could have an additive effect and contribute to the disease phenotype when inherited with the heterozygous ex3del. 

Multiple amino acid sequence alignment of the region encompassing the p.P2722 position in eight species revealed that the proline residue at position 2722 is conserved in six out of the eight species (Figure 3.13A). The high conservation suggests that this amino acid may be important in VWF structure, especially given the C terminal location. Substitution of proline for alanine is significant in terms of spatial orientation and amino acid properties. As shown in Figure 3.13B, proline is an aliphatic amino acid with a five membered ring structure. This ring structure is rigid and causes steric hindrance of the nitrogen-carbon bond, preventing rotation of the side chain and hence the amino acid can only be in a certain orientation within the protein. Furthermore, the steric hindrance also prevents the N atom forming hydrogen bonds and interactions between other amino acids. The amino acid proline is usually present at regions where protein conformational stability is required, i.e. at the edge of α-helices and β-sheets since it induces turns into the protein structure. Substitution of this rigid amino acid for the hydrophobic alanine amino acid means that the conformational stability required at sites of proline residues is likely lost. Furthermore, give the basic side chain of the alanine amino acid, alanine can rotate around the nitrogen carbon bond and hence can occupy multiple conformational positions within the protein structure and as a result interact with surrounding amino acids through hydrogen bonding
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Figure 3.13 Multiple sequence alignment and structural comparisons of the proline and alanine amino acids for the p.P2722A mutation.
A) Multiple sequence alignment across eight species reveals that proline at position 2722 is conserved in six (arrow). B) Structural comparisons of the proline and alanine amino acid residues.


Previously, Hampshire et al., (2010) reported the identification of two heterozygous deletions involving exons 32-34 within the EU-1VWD cohort. The P9F3 IC ex32-34del was screened with both probe sets. However, P6F1 IC was only screened with probe set A and given the findings, it was assumed that the deletions both involved the same exonic regions within VWF. Re-analysis of the P6F1 IC with both probe sets A and B revealed that the deletion only affected exons 33-34 and did not involve exon 32 as previously assumed.  Additionally, the investigation by Hampshire et al., (2010) only hypothesised that the deletion segregated with disease phenotype. This investigation confirmed that the deletion segregated in affected individuals within the family. Family pedigree analysis indicated that the ex33-34del segregated on a common allele. A deletion of the same exons 33-34 has been recently reported in type 2 VWD individuals who are also heterozygous for the deletion (Yadegari et al. 2011). However, the breakpoints for that ex33-34del have not been reported and hence whilst the same exons are involved, the deletion breakpoints may be located in different regions of the adjacent introns.

VWF cDNA and amino acid alignment predicted that deletion of exons 33-34 would result in in-frame p.(F1875_C1948del) shortening of the protein. Analysis of the domain structure of the VWF protein suggested that the exons act as a linker between the A3 and D4 domains (A3, D4N and D4 domain in updated protein structure). However, this region is functionally important in disulphide bond formation due to the high number of cysteine residues present (Marti et al. 1987). Marti et al., (1987) indicated that there are a large number of cysteine residues within this region capable of forming disulphide bonds with other domains of the VWF in the tertiary structure of the protein. Furthermore, some cysteine residues within this region form disulphide bonds with each other (Marti et al. 1987). Given the presentation of abnormal multimers in AFM with the exon 33-34 deletion (Appendix 2) this suggests that deletion of exon 33-34 exerts a structural effect on the VWF protein (Budde et al. 2008). 

The structural changes within the mutant VWF protein could explain the disease phenotype amongst affected individuals. The VWF:CB of the P6F1 II 1 IC was 15 IU/dL, when compared to the average of 39 IU/dL amongst IC and 130 IU/dL in HC within the EU-1VWD cohort (Goodeve et al. 2007). This low value suggests that the deletion has a direct effect on the ability of VWF to bind to exposed sub-endothelial collagen at sites of vascular damage. Furthermore, the VWF:CB/VWF:Ag ratio was 0.47 in the IC, indicating that the mutation results in a functional defect. Additionally, the pro-peptide: VWF antigen ratio was 4.1 in the IC and 5.4 in the P6F1 III 2 affected member, which suggests that the structural change within the protein results in increased clearance of the mature VWF subunit from the circulation, which would also help to explain the low levels of VWF:Ag (21 IU/dL and 32 IU/dL) and VWF:RCo (14 IU/dL and 23 IU/dL) in the IC and AFM, respectively. 

MLPA dosage analysis in this investigation suggested five potential heterozygous exon deletions; however family pedigree and DNA sequence analysis revealed that potential deletions of exons 20, 31 and 51 were false- positive results caused by sequence alterations within MLPA probe annealing sequences.  The sequence alterations involving exon 20 and exon 31 resided within the 3’ probe ligation site of the half probes.  Schouten et al., (2002) previously reported the MLPA dosage signal was reduced if there was a sequence mismatch at the 3’ half probe ligation site, when hybridised to the target sequence.  From these findings they concluded that the DNA Ligase-65 enzyme used within the kit was extremely sensitive to sequence mismatches between the target and probe sequence which occur directly next to the ligation site (Schouten et al. 2002). The findings reported would explain the appearance of the potential heterozygous exon deletions reported in this study. However, the exon 51 missense mutation (presenting in the ex3del, P9F11 family) occurred within the 5’ end of the 5’ half probe of the target exon sequence. This finding suggests that sequence alterations in this region of the 5’ half probe may destabilise probe hybridisation and prevent correct recognition and binding to the target sequence, giving the appearance of a heterozygous deletion.

In conclusion, MLPA analysis in this investigation has identified two novel heterozygous deletions. In total 2/62 IC (3%) analysed in this study presented with CNV; additional findings within the cohort have identified a further two heterozygous deletions in four IC (5.7% of 104 IC screened for CNV by MLPA); suggesting that such mutations are a significant contributor to type 1 VWD pathogenesis. 










0. 
0. [bookmark: _Toc349824247][bookmark: _Toc368247458]Chapter 4
0. [bookmark: _Toc349824248][bookmark: _Toc368247459]Characterisation and In Silico Analysis of Heterozygous Deletion Breakpoints identified in the EU-MCMDM-1VWD Cohort


















0. [bookmark: _Toc368247460]4.1. Introduction

Changes in copy number within the genome are the result of structural rearrangement of chromosomal DNA, whereby previously independent regions of DNA sequence are joined together, resulting in the loss or gain of DNA and copy number when compared to the reference genome. Genomic copy number variation can arise from a number of processes, from erroneous repair of double strand breaks (DSB), occurring due to exposure to irradiating sources such as ionising radiation (exogenous DSB induction), through chemical irradiation (free radicals) or physiologically through the cycle of cellular replication (endogenous DSB induction) (Lees-Miller and Meek 2003, Branzei and Foiani 2008). However, not all double strand breaks lead to the detrimental loss or gain of chromosomal DNA, balanced DSB during meiotic recombination can lead to the exchange of genetic material between sister chromosomes and lead to genetic diversity.

The mechanisms by which imbalanced, endogenous and exogenous DSB can be repaired is cell-cycle dependent. Since introduction of DSB in DNA can lead to genome instability, a number of DSB repair mechanisms exist to limit the damage and loss of genomic information (Branzei and Foiani 2008). These mechanisms can be divided into three main categories: non-homologous end joining (NHEJ), microhomology mediated end joining (MMEJ) and homologous recombination (HR). 

0. [bookmark: _Toc368247461]4.1.1 Non-homologous end joining (NHEJ)

Non homologous end joining (NHEJ) is perhaps the simplest form for repair of a DSB lesion in genomic DNA. Upon induction of a DSB in genomic DNA, a heterodimeric protein complex called Ku70/80 protein recognises free DNA end and binds to encircle damaged DNA, preventing resection and further damage and degradation. Binding of the Ku70/80 complex also involves recruitment of DNA protein kinases, which become active and allow further recruitment of DNA polymerases. This leads to the processing of the free DNA ends (Lees-Miller and Meek 2003, Weterings and Chen 2008). Processing of the ends ensures that the free ends are compatible, however, end processing is not required if the ends are compatible and already present with 5’ and 3’ complementary overhangs (Lees-Miller and Meek 2003). DNA ligase then rejoins and repairs the DNA DSB lesion (Figure 4.1).

In repairing the DSB lesion, it is not uncommon for small inserts at the breakpoint junction, which can vary in size from 1-4bp in length (McVey and Lee 2008). NHEJ can be used to repair DSB lesions throughout the cell cycle, however, during the G2 phase of the cell cycle, the main repair pathway tends to be homologous recombination due to the availability of sister chromatids during DNA replication (Branzei and Foiani 2008).
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Figure 4.1.  Schematic representation of non-homologous end joining (NHEJ) process to repair a DSB.

0. [bookmark: _Toc368247462]4.1.2 Microhomology mediated end joining (MMEJ)

Microhomology mediated end joining (MMEJ), is the most error prone mechanism of DSB repair within the cell. Upon induction of DSB within DNA, the ends of the DSB are initially resected, preventing the binding of Ku80 and hence DSB cannot then be repaired via the NHEJ process. Further 5’ nucleolytic resection of DNA to expose microhomologies and give 3’OH (hydroxyl) overhangs occurs. The length of the microhomologies used in this form of DSB repair is from 5bp-30bp (McVey and Lee 2008). Exposure of the microhomologous regions of DNA enables binding between microhomologous regions at the 3’OH overhangs and the DNA anneals. Upon annealing, there are DNA sequences present downstream of the annealing site which are non-complementary, termed 3’ DNA flaps. The DNA flaps are removed, increasing DNA stability between annealed microhomologies and this then provides a substrate for DNA synthesis, ligation and repair of the DNA lesion (Figure 4.2). 

Repair of a DSB lesion by the MMEJ pathway usually results in the insertion of DNA at the breakpoint junction. This inserted DNA can vary in length but is usually larger than the inserts present by repair due to NHEJ. Furthermore, MMEJ tends to be active for the repair of DSB during the G1 and early S phase of the cell cycle (McVey and Lee 2008).
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Figure 4.2.  Schematic representation of micro-homology mediated end joining (MMEJ) process to repair a DSB.

0. [bookmark: _Toc368247463]4.1.3 Homologous Recombination

There are four mechanisms of homologous recombination that can lead to the repair of a DSB lesion, these are double-strand break repair, synthesis dependent strand annealing, single stranded annealing and break induced replication.

Repair via the double strand break repair pathway involves DNA strand breakage leading to invasion and annealing of a complementary repeat element on one broken strand to a complementary part of another, unbroken strand, usually on the available sister chromatid/ chromosome (Hastings et al. 2009). Holliday junction formation at the site of this invasion occurs and can lead to joining of the two complementary DNA strands (Hastings et al. 2009). A Holliday junction is where four strands of DNA interact through homologous recombination. Holliday junctions are then resolved and the DNA lesions repaired, resulting in crossover/ non crossover of genetic material to repair the DSB and the restoration of two DNA duplexes (Figure 4.3A, image depicts repair leading to cross over of genetic material between chromosomes). This mechanism is usually involved in the repair of endogenous balanced DSB during meiosis.

Synthesis dependent strand annealing is a process similar to the double strand break repair pathway; however, this is specific to repair of unbalanced DSB. The mechanism leads to 5’ nucleolytic resection of DNA leading to the formation of 3’OH overhangs on single stranded DNA. The ssDNA invades a complementary repeat, similar to the double strand break repair pathway, however, no Holliday junctions are formed and hence lesions are processed and repaired without cross over events or genetic recombination (Figure 4.3B).

Whilst single stranded annealing is a form of homologous recombination, the process does not require the availability of sister chromatids/chromosomes. Upon induction of a DSB, repetitive element sequences may be in close proximity to the breakpoint region and can be used in repair of the lesion. This leads to resection of the DNA to expose repetitive elements and allow annealing of highly homologous repetitive elements, flap trimming to remove the non-complementary overhangs and DNA synthesis and ligation to repair the DSB (Figure 4.3C). 

Finally, a recent investigation has described a mechanism of break-induced replication (Smith et al. 2007, Hastings et al. 2009, Hastings et al. 2009). During replication of the gene, one arm of the replication fork can break due to incorporation of strand breaks in the DNA. Unwinding of the DNA will occur at the site of the strand break, exposing a 3’ region, which can anneal to single stranded DNA with homology on the available sister chromatid/chromosome. At this homologous site, a replication fork can become established and replication can continue with the new recombinant strands (Hastings et al. 2009). The mechanism suggests that these regions must come in close proximity during DNA replication (Figure 4.3D).

To understand the likely repair mechanisms involved in formation of genomic copy number variation it is necessary to first map the breakpoints of such events and then analyse the surrounding regions involving the copy number variation using in silico analysis tools to determine the likely mechanisms by which such rearrangements occur.
 

[image: ]Figure 4.3.  Schematic representation of the different mechanisms of homologous recombination to repair a DSB.
A) Pathway of double strand break repair (DSBR). B) Synthesis dependent strand annealing (SDSA) pathway. C) Single stranded annealing (SSA) pathway. D) Break induced replication (BIR) pathway.

0. [bookmark: _Toc349824249][bookmark: _Toc368247464]4.1.4 Aims

Previous MLPA optimisation and analysis by the Haemostasis Research Group had revealed an exon 32-34 heterozygous deletion in the index case (IC)  from P9F3 that segregated with disease phenotype amongst affected family members (AFM) (Hampshire et al. 2010). In addition to this deletion, novel heterozygous deletions of exon 3 and exon 33-34 have been identified in this thesis (chapter 3) and segregate with disease phenotype amongst affected family members. Whilst MLPA has been used to identify heterozygous exon deletions of VWF, this quantitative technique does not provide information on intronic deletion breakpoint location or give insight into the likely mechanisms of deletion formation. 

Deletion breakpoints have only been investigated in nine reported cases of VWD (of the 35 partial VWF deletions documented) (Peake et al. 1990, Bernardi et al. 1993, Mancuso et al. 1994, Xie et al. 2006, Mohl et al. 2008, Sutherland et al. 2009, Bellissimo et al. 2011, Ahmad et al. 2013, Hampshire et al. 2013). Of these nine, four of the breakpoint deletions involve homologous recombination of Alu-repetitive elements and it was assumed that this may be the mechanism by which type 1 deletions also occur.

This investigation aimed to ascertain the breakpoint junctions of the heterozygous deletions, in order to understand the mechanisms involved in heterozygous deletion formation within VWF. Breakpoint junctions were sought using intronic haplotyping and LR-PCR, in order to initially reduce the maximum size of the deletion and then to amplify across the breakpoint region. Amplification across the breakpoint region was undertaken to yield two amplicons; one that was the expected size of wild-type (WT) and an amplicon that was smaller in size and expected to contain the deletion breakpoint junction.


0. [bookmark: _Toc349824250][bookmark: _Toc368247465]4.2 Results
0. [bookmark: _Toc349824251][bookmark: _Toc368247466]4.2.1 Breakpoint deletion mapping

Since MLPA only provides quantitative information on the exons present, the maximum sizes of the exon 3, 33-34 and 32-34 heterozygous deletions were 12kb, 17.5kb and 19.8kb respectively, measured from the last nucleotide of the 5’ flanking exon to the first nucleotide of the 3’ flanking exon. However, deletion breakpoint mapping in fragments this large using LR-PCR can prove difficult since the latter deletions are at the upper limit of such amplification. The original EU-1VWD study produced intronic SNP haplotype data for a large number of the cohort, using SNP located throughout the introns and exons of VWF. The characterisation of deletion breakpoints initially involved analysis of intronic SNP haplotype data from 150 SNP markers within VWF (Hallden 2011), to enable identification of maximal deletion sizes for each exonic heterozygous deletion identified. 

Analysis of these data would potentially reduce the maximum size of the deletions as heterozygosity at specific markers suggests that at that position both alleles are present. Homozygous SNP in all family members would be non-informative, unless only unaffected family members were heterozygous, when this may suggest the area of deletion.
0. 











0. [bookmark: _Toc349824252][bookmark: _Toc368247467]4.2.1.1 Identification of the heterozygous exon 3 deletion breakpoints
[bookmark: _Toc349824253][bookmark: _Toc368247468]4.2.1.1.1 Analysis of EU-MCMDM-1VWD intronic SNP data for the exon 3 deletion

The SNP information for the exon 3 deletion in family P9F11 was limited and historical haplotype data were only available for 2 SNP, within intron 3. The SNP analysed (rs3782716, c.221-1953G>T and rs12306928, c.220+4039A>T) both showed homozygous T/T genotypes and indicated that both of the intronic SNP were non-informative, since all of the family members were homozygous at both locations and hence the maximum size of the deletion remained at 12kb.

Since the maximum deletion size was not reduced with analysis of original study data, further intronic haplotyping was undertaken on the entire P9F11 family, in the hope of reducing the maximum deletion size. Nine intronic primer sets were designed for amplification of 10 intronic SNP (section 2.1.3.1, Table 2.1) and were initially optimised against healthy controls, followed by PCR amplification in all family members. Intronic SNP were selected from Ensembl (Flicek et al. 2013) based on the frequency of heterozygous genotype within the European population (SNP rs values shown in section 2.1.3.1, Table 2.1). Intronic SNP haplotype data for each family member is shown in Table 4.1.

Of the 10 SNP analysed for this family, all were non-informative due to the presence of homozygosity throughout the entire family. The maximum size of the exon 3 heterozygous deletion remained at ~12kb.

Table 4.1.  Intronic SNP haplotype data for family P9F11. 
	SNP reference number
	Nucleotide Change
	SNP Intron location
	SNP frequency
	P9F11 family members

	
	
	
	
	I 2
(UFM)
	I 1
(AFM)
	II 1
(IC)
	II 2
(UFM)
	II 4
(UFM)
	II 5
(AFM)

	rs7314208
	c.55+756G>T
	2
	G: 0.356
T: 0.644
	T/T
	T/T
	T/T
	T/T
	T/T
	T/T

	rs1814250
	c.56-319T>C
	2
	T: 0.358
C: 0.642
	C/C
	C/C
	C/C
	C/C
	C/C
	C/C

	rs917568
	c.220+1916C>T
	3
	C: 0.367 
T: 0.633
	T/T
	T/T
	T/T
	T/T
	T/T
	T/T

	rs917569
	c.220+1921G>A
	3
	G: 0.350
A: 0.650
	A/A
	A/A
	A/A
	A/A
	A/A
	N/D

	rs7961844
	c.220+3364G>A
	3
	G: 0.345
A: 0.655
	A/A
	A/A
	A/A
	A/A
	A/A
	A/A

	rs12307072
	c.220+3793A>T
	3
	A: 0.336
T: 0.664
	T/T
	T/T
	T/T
	T/T
	T/T
	T/T

	rs12306928
	c.220+4039A>T
	3
	A: 0.367
T: 0.633
	T/T
	T/T
	T/T
	T/T
	T/T
	T/T

	rs1582297
	c.221-3780A>G
	3
	A: 0.358
G: 0.642
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G

	rs3782716
	c.221-1953G>T
	3
	G: 0.336
T: 0.664
	T/T
	T/T
	T/T
	T/T
	T/T
	T/T

	rs4586226
	c.221-641C>T
	3
	C: 0.310
T: 0.690
	T/T
	T/T
	T/T
	T/T
	T/T
	T/T


The SNP selected for intronic haplotype analysis were selected based on the minor allele frequency within the EU population, according to the HapMap and 1000 Genome data available on Ensembl (Flicek et al. 2013). Whilst the frequency amongst the European population was reported to be >0.25, the SNPs within the P9F11 family all appear to be homozygous in nature and therefore intronic SNP analysis did not reduce the size of the exon 3 deletion. N/D= not determined, sequencing result from PCR analysis was of poor quality on multiple occasions.

0. [bookmark: _Toc349824254][bookmark: _Toc368247469]4.2.1.1.2 Exon 3 deletion primer walking assay optimisation

In order to determine the deletion breakpoints, a primer walking strategy was undertaken, since intronic haplotype analysis for P9F11 family failed to reduce the maximum size of the exon 3 heterozygous deletion amongst AFM. The primer walking strategy was undertaken in the hope of reducing the deletion size through amplification of an expected WT amplicon in unaffected family members (UFM), with two amplicons generated in the AFM; one of which was the expected WT size and one that was smaller in size and contained the deletion breakpoint. In the AFM, primers present in the deleted region were expected to generate PCR amplification products corresponding to only WT sizes.

In total, 8 primer walking assays were designed with the first assay primers designed in the exons adjacent to the exon 3 heterozygous deletion, the expected WT amplicon was 12.3kb. With the maximum deletion size being 12kb, further primer walking assays were designed so that the WT amplification size was reduced by 2-3kb per reaction (Figure 4.4 A and B). Optimisation of the primer walking reactions was undertaken in the IC and UFM from the P9F11 family. Furthermore, reactions 1-3 were expected to result in WT amplification at 12.3, 10.5 and 8.5 kb respectively and the Roche Expand Long Template reaction system (section 2.2.3.1) was used for these reactions. The remaining five reactions were optimised with the OneTaq Polymerase kit (section 2.2.3.2).

Amplicons from initial optimisation were size fractionated on a 1% (w/v) agarose gel (Figure 4.4 C and D). As can be seen in Figure 4.4C, reactions 1-4 failed to produce an amplicon at the expected size for WT amplification in both the IC and UFM, suggesting that the reaction was sub-optimal for the desired amplification. 


Further analysis of the amplification products in reaction 6 identified a smaller than expected WT amplicon at 1.5kb in both the IC and UFM. However, given that the size of the expected WT amplicon was 3.5kb and the approximate size of the deletion (from analysis of the amplicons in reactions 4 and 5), it is possible that the amplification in reaction 6 was the was the result of human error, with the IC DNA being loaded into both reactions.

Apparent deletion-specific amplification patterns were also observed in reactions 7 and 8 in the IC only at ~1.3 and 0.8kb respectively. In the UFM, the WT amplicon was successfully amplified at ~3.3 and 2.8 kb respectively. Given the findings from reactions 7 and 8 and the ability to distinguish between the ladder markers more readily, the deletion of exon 3 was predicted to be approximately 2kb in size.

Given the locations of the primer sequences used in the primer walking assay and the size of the apparent deletion-specific fragment in reaction 8, this reaction was undertaken in the entire P9F11 family to confirm the initial findings of the primer walking assay. The amplification patterns observed in the family (Figure 4.4E) indicate that the smaller 0.8kb band was only present in family members that present with the heterozygous deletion of exon 3 (lanes 2, 3 and 6) and confirms that the fragment was deletion-specific since only WT amplification was observed in the remaining UFM (lanes 1, 4 and 5).


[bookmark: _Toc368247470][image: ]Figure 4.4.  Primer walking analysis for exon 3 deletion breakpoint mapping. 
[bookmark: _Toc368247471]A) Schematic representation of the exon 2-4 region showing locations of the forward and reverse primers used in the primer walking assay. B) Table to show the PCR reaction set up, identifying forward and reverse primers used in each reaction and the expected size of the WT amplicon C&D) Agarose gel electrophoresis of each primer walking reaction; M: molecular weight marker (Hyperladder I). Each reaction was electrophoresed in the IC (left lane of each reaction) and UFM (right lane of each reaction). E) Agarose gel electrophoresis of primer walking PCR reaction 8 in the entire P9F11 family (M: molecular weight marker (Hyperladder I)). 

0. [bookmark: _Toc349824255][bookmark: _Toc368247472]4.2.1.1.3 Deletion breakpoint mapping of exon 3 deletion

Confirmation of the deletion-specific band in the entire P9F11 family with PCR primer walking reaction 8 enabled gel extraction and purification of the 0.8kb fragment from the index case to determine the deletion breakpoints. The fragment was sent for sequencing with the primers used during amplification.

Given the small size of the amplicon, bi-directional sequencing using forward and reverse primers identified the 5’ and 3’ deletion breakpoints. Analysis of the sequence chromatograms revealed the 5’ breakpoint junction to be within intron 2, 335bp upstream of the start of exon 3. The 3’ breakpoint junction was located in intron 3, 1585bp downstream from the end of exon 3. In total the deletion spanned 2.1kb of genomic DNA. Following the Human Genome Variation Society (HGVS) guidelines, the heterozygous exon 3 deletion can be defined as c.56-335_220+1585del. The deletion was predicted to result in the in-frame loss of exon 3 in the protein sequence (p.(T20_G74del)). The deletion breakpoint map and sequencing chromatogram results are shown below in Figure 4.5.


[image: ]Figure 4.5. Breakpoint mapping for the exon 3 deletion. c.56-335_220+1585del

A) Schematic representation of the VWF region involved in the breakpoints. B) DNA sequencing chromatogram showing the adjacent intron 2 and intron 3 regions at the breakpoint junction C) Representation of intronic reference sequence from intron 2 (green sequence)  and intron 3 (blue sequence) compared to the sequence from the P9F11 IC and the alignment of each intronic sequence to the IC breakpoint region. 

0. [bookmark: _Toc349824256][bookmark: _Toc368247473]4.2.1.1.5 Exon 3 deletion-specific multiplex PCR assay

Identification of the heterozygous exon 3 deletion breakpoints in the P9F11 IC and AFM enabled design of a PCR assay which could identify individuals with the exon 3 deletion and also identify the status of the deletion (homozygous or heterozygous).

For the multiplex PCR assay, two forward primers were designed with one common reverse primer. Forward primer 1 (F1) was designed in the region flanking the 5’ breakpoint and forward primer 2 (F2) was designed within the 3’ region of the deletion. This assay allowed the simultaneous amplification of two different products, a 613bp fragment in the presence of a homozygous exon 3 deletion, a 725bp fragment for WT, or both fragments in heterozygous individuals (Figure 4.6C).

The exon 3 deletion multiplex PCR assay was optimised using the OneTaq Polymerase kit with amplification being undertaken on the IC, UFM and healthy control. The annealing temperature of the reaction was optimised at 58oC, with 35 PCR cycles. Furthermore, the MgCl2 concentration was optimal at 1.5mM, based on the presence of non-specific amplification products occurring in the index case at increasing MgCl2 concentrations (non-specific amplicon present at 1000bp) (lanes 4 and 7, Figure 4.6A). 

Upon optimisation, the multiplex PCR assay was then undertaken in the P9F11 family to confirm the deletion status. As can be seen in Figure 4.6B, amplification patterns in lanes 1, 2 and 6 (IC, AFM, AFM, respectively) show the presence of two products, a 725bp WT product and a 613bp deletion-specific product, supporting the MLPA findings that the exon 3 deletion was inherited in a heterozygous manner, amongst AFM only. The amplification pattern in the UFM (3, 4 and 5) shows the WT amplicon only. 


[image: ]

Figure 4.6. Deletion-specific multiplex PCR for family P9F11 with the exon 3 heterozygous deletion. 
A) Agarose gel electrophoresis; M: molecular weight marker (Hyperladder IV). The optimisation reaction was electrophoresed in the IC, one UFM and one healthy control at differing MgCl2 concentrations (1.5, 2 and 3mM). Two bands corresponding to the WT allele (725bp) and the deletion-specific allele (613bp) can be clearly visualised in the IC (lane 1, 4 and 7). In the UFM (lane 2, 5 and 8) and HC (lane 3, 6 and 9) only a band corresponding to the WT allele (725bp) can be visualised. B) Agarose gel electrophoresis; M: molecular weight marker (Hyperladder IV). In UFM only a 725bp WT DNA amplicon was present (lanes 3-5). The IC (lane 1) along with the AFM (lane 2 and 6) display both the 725bp amplicon and the deletion-specific 613bp amplicon, C) Schematic representation of WT and deletion-specific amplification of alleles using a common reverse primer and a forward primer located in the deletion fragment (F2, WT specific) and a forward primer upstream of the 5’ proximal breakpoint (F1, deletion-specific).The position of the primers are shown, with F1 being located 581 nucleotides upstream of exon 3,  the F2 primer located 1228 nucleotides downstream of exon 3 and the R  primer being located 1927 nucleotides downstream of exon 3.

[bookmark: _Toc349824257][bookmark: _Toc368247474]4.2.1.2 Identification of the heterozygous exon 32-34 deletion breakpoints
[bookmark: _Toc349824258][bookmark: _Toc368247475]4.2.1.2.1 Analysis of EU-MCMDM-1VWD intronic SNP data for the exon 32-34 deletion

The exon 32-34 deletion was previously identified as part of the initial MLPA investigation (Hampshire et al. 2010). Analysis of the P9F3 exon 32-34 deletion family historical intronic SNP haplotype data (Hallden 2011) revealed that six out of eight SNP in one AFM were informative (Table 4.2). There was no haplotype data available for the IC and the remaining affected family member was homozygous at all intronic SNP. However, since the deletion segregates with disease phenotype it was assumed that the breakpoints would be identical in all of the affected individuals. All of the informative intronic SNP reside throughout intron 34 but the closest informative SNP, rs216812, was located closest to the 5’ end of the intron, 3572 nucleotides from the 3’ end of exon 34. 

	SNP reference number
	Nucleotide Change
	SNP Intron location
	SNP frequency
	P9F3 family members

	
	
	
	
	I 2 (IC)
	I 1 (UFM)
	I 3 (AFM)
	II 1 (AFM)
	II 2 (UFM)
	III 3 (UFM)
	III 4 (UFM)

	rs542993
	c.5842+352G>A
	34
	G: 0.473
A: 0.527
	ND
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G

	rs216812
	c.5842+3572C>T
	34
	C:0.686
T:0.314
	ND
	T/T
	C/C
	T/C
	T/C
	T/C
	C/C

	rs216811
	c.5842+5509C>T
	34
	C:0.627
T:0.373
	ND
	T/T
	C/C
	T/C
	T/C
	T/C
	C/C

	rs216809
	c.5842+6500G>T
	34
	G:0.604
T:0.396
	ND
	T/T
	G/G
	T/G
	T/G
	T/G
	G/G

	rs216801
	c.5843-3125C>T
	34
	C:0.617
T:0.383
	ND
	T/T
	C/C
	T/C
	T/C
	T/C
	C/C

	rs216905
	c.5843-867G>A
	34
	G:0.763
A:0.237
	ND
	G/G
	G/G
	G/G
	G/G
	G/A
	G/G

	rs216904
	c.5843-630A>G
	34
	A:0.615
G:0.385
	ND
	G/G
	A/A
	G/A
	G/A
	G/A
	A/A

	rs216903
	c.5843-111A>G
	34
	A:0.496
G:0.504
	ND
	G/G
	A/A
	G/A
	G/A
	G/A
	A/A


Table 4.2. Intronic SNP haplotype data for family P9F3. 
The SNP for intronic haplotype analysis had been selected based on the minor allele frequency within the EU population, according to the HapMap and 1000 Genome data available on Ensembl (Hallden 2011, Flicek et al. 2013). ND= not determined; historical SNP data for the IC was not available. Italic bold text highlights the informative SNP in the AFM. The SNP haplotype analysis shown above was undertaken by Hallden (2011).
Using historical SNP haplotype data successfully reduced the maximum size of the exon 32-34 deletion from 19.8kb to 8kb, as shown in Figure 4.7, below.

[image: ]
Figure 4.7. Representation of the exon 31-35 region. The figure shows the maximum size of the exon 32-34 deletion before and after historical intronic SNP haplotype analysis.

Whilst analysis of intronic SNP haplotype data from the original cohort study reduced the fragment size for the P9F3 family exon 32-34 deletion, additional analysis was considered necessary to try and further reduce the maximum size of the deletion. Four intronic primer sets were designed with sequence mismatch to the VWF pseudogene (VWFP) to ensure only VWF amplification. Primers were initially optimised against controls and then PCR was undertaken in all family members. Intronic SNP haplotype data for each family member is shown in Table 4.3, below.


	SNP reference number
	Nucleotide Change
	SNP Intron location
	SNP Frequency
	P9F3 family members

	
	
	
	
	I 2
 (IC)
	I 1 (UFM)
	I 3 (AFM)
	II 1 (AFM)
	II 2 (UFM)
	III 3 (UFM)
	III 4 (UFM)

	rs216307
	c.5455+1124T>C
	31
	T: 0.542
C: 0.458
	T/C
	T/C
	T/C
	T/C
	T/C
	T/C
	T/C

	rs9634155
	c.5456-966A>G
	31
	A: 0.982
G: 0.018
	A/A
	A/A
	A/A
	A/A
	A/A
	A/A
	A/A

	rs74056781
	c.5456-442A>C
	31
	A: 0.737
C: 0.263
	A/A
	A/A
	A/A
	ND
	A/A
	ND
	ND

	rs216814
	c.5842+2523C>A
	34
	C: 0.558
A: 0.442
	A/C
	A/A
	A/C
	A/A
	A/C
	A/A
	A/C


Table 4.3. Intronic SNP haplotype data for the P9F3 family. 
The rs216307 and rs216814 SNP were selected for intronic haplotype analysis based on having minor allele frequency of above 0.25 within the EU population, according to the HapMap and 1000 Genome data available on Ensembl (Flicek et al. 2013). The two remaining SNP were in close proximity and hence primers were designed to also cover these SNP. ND= not determined; historical SNP data for the IC was not available. Italic bold text highlights the informative SNP in the AFM and IC.

Of the four intronic SNP analysed, two SNP were found to be heterozygous (table 4.3) and therefore informative in the affected individuals. The rs216307 SNP was located 1124 nucleotides downstream of the 3’ end of exon 31 (c.5455+1124T>C), successfully reducing the deletion size by 1.1kb at the 5’ end. The remaining informative SNP, rs216814, was located 2523 nucleotides downstream of exon 34 (c.5842+2523C>A). This was 1049 nucleotides upstream of the heterozygous SNP identified through analysis of the intronic haplotype data from the EU-1VWD cohort study. Identification of these two heterozygous SNP further reduced the maximum size of the deletion from 8kb to 5.9kb, as depicted in Figure 4.8 below.

[image: ]
Figure 4.8. Representation of the exon 31-35 region. The figure shows the maximum deletion size of the exon 32-34 deletion before and after additional intronic SNP analysis.














[bookmark: _Toc349824259][bookmark: _Toc368247476]4.2.1.2.2 LR-PCR optimisation and amplification

Primers for the exon 32-34 deletion long range PCR were designed adjacent to the last known heterozygous SNP markers within introns 31 and 34 (Table 2.1). The forward primer was designed within exon 31 and the reverse primer was located 1070bp downstream of the rs216814 SNP, which was the last heterozygous marker within intron 34. Both forward and reverse primer sets had M13 tails attached to the primer sequence (Table 2.1). The expected size of WT amplification with these primers was 8.1kb. 

Given the WT amplification size, initial optimisation of the long-range breakpoint-spanning PCR for the exon 32-34 deletion was undertaken using the Expand Long Range Template PCR Buffer 1 system, which can successfully amplify from 0.5-9kb. For optimisation of the primer set, LR-PCR amplification was performed on the IC and a HC. 

Optimisation at 58oC annealing temperature, 1.75mM MgCl2 and 35 PCR cycles revealed an apparent deletion-specific band in the index case of the exon 32-34deletion family. A single amplification product of ~3kb was visualised after agarose gel electrophoresis and was only found in the IC, not in the HC. This suggested that the amplicon was deletion-specific and the reaction was deemed to produce optimal amplification at the conditions stated above (Figure 4.9 A).

To fully determine and confirm the specificity of the band amplified in the inital optimisation process, all of the P9F3 family members were subject to long-range PCR amplification at 58oC annealing, 1.75mM MgCl2 and 35 PCR cycles.

As can be seen in Figure 4.9 B, the amplification band only appeared in the AFM, confirming that the band visualised in the initial optimisation was deletion-specific and therefore contains the breakpoint junction region being sought. The amplification of the 3kb of DNA suggested that the exon 32-34 deletion involved ~5kb of genomic DNA, since WT amplification should produce a band of 8kb.

[image: ]
Figure 4.9. Optimisation of LR-PCR exon 32-34 deletion and analysis of family P9F3. A) Agarose gel electrophoresis; M: molecular weight marker (Hyperladder I). Optimisation of the exon 32-34 primer set revealed the presence of an amplification product of ~3kb in the IC only (lane 1) and no amplification in the HC (lane 2); suggesting that this product was deletion-specific. B) Agarose gel electrophoresis; M: molecular weight marker (Hyperladder I). LR-PCR amplification yielded a product ~3kb in the affected family members, P9F3 I:2 (IC, lane 1), P9F3 I:3 (AFM, lane 3) and P9F3 II:1 (AFM, lane 4) only. Amplification did not occur in any of the UFM (lanes 2, 5, 6 and 7) confirming that the amplification product identified in the initial optimisation was deletion-specific.










0. [bookmark: _Toc349824260][bookmark: _Toc368247477]4.2.1.2.3 Deletion breakpoint mapping of exon 32-34 deletion

In order to map the breakpoints of the exon 32-34 deletion, the deletion-specific amplicon was initially gel extracted and sent for bi-directional sequencing using universal M13 forward and reverse primers. Initial sequencing results identified the regions involved at the 5’ and 3’ breakpoint junctions. A region in the 5’ proximal end of intron 31 appeared in close proximity to a region in the 5’ proximal end of intron 35. The sequence analysis also suggested that there was a small insert, however, the chromatogram across this point was unreadable and sequence information could not be ascertained.

Internal sequencing primers designed across the breakpoint junctions (2 forward and 2 reverse) enabled complete characterisation of the breakpoint for the exon 32-34 region. Analysis of the sequence chromatograms revealed that the 5’ breakpoint junction was located 277bp into intron 31. The 3’ breakpoint junction was located 998bp downstream from the end of exon 34. Sequence analysis also revealed a novel junction sequence between the 5’ and 3’ breakpoint; the inserted sequence was 8 nucleotides in length with a sequence TGGACACA. Following the HGVS guidelines, the exon 32-34 deletion can be defined as c.5455+277_5842+998delinsTGGACACA.

In total, the exon 32-34 deletion spanned 5193bp of genomic DNA and was predicted to result in the in-frame deletion of exons 32-34 in the protein sequence (p.(R1819_C1948delinsS)). The deletion breakpoint map and sequencing chromatogram results are shown below in Figure 4.10.



[image: ]
Figure 4.10. Breakpoint mapping for the exon 32-34 deletion. 
A) Schematic representation of the region involved in the breakpoints. B) DNA sequencing chromatogram showing the region of the small 8 nucleotide insertion across the deletion breakpoint junction. C) Representation of intronic reference sequence from intron 31 and intron 34 compared to the sequence from the P9F3 IC and the alignment of each intronic sequence to the IC breakpoint region. The red nucleotides indicate the small 8 nucleotide insertion.

0. [bookmark: _Toc349824261][bookmark: _Toc368247478]4.2.1.2.4 Exon 32-34 deletion-specific multiplex PCR assay

Identification of the heterozygous exon 32-34 deletion breakpoints in the P9F3 family enabled design of a PCR assay which could identify individuals with the exon 32-34 deletion.

Two forward primers were designed with one common reverse primer. Forward primer 1 (FP1) was designed in the region flanking the 5’ breakpoint and forward primer 2 (FP2) was designed within the 3’ region of the deletion fragment. This assay allowed the simultaneous amplification of two different products, a 427-bp fragment in the presence of the exon 32-34 deletion, a 329-bp fragment for WT, or both fragments in heterozygous individuals (see Figure 4.11C).

For optimisation of the primer sets, amplification was performed on the IC of each family an UFM and a HC. The multiplex PCR assay was optimised using standard PCR amplification with an annealing temperature of 54oC, 2mM MgCl2 and 35 cycles of denaturing, annealing and elongation as shown in Figure 4.11A below. The MgCl2 concentration was optimised at 2mM since there was a small amount of non-specific amplification in the affected family member amplification (lane 1) at 1.5mM MgCl2 at ~500bp. 

The multiplex PCR assay was then undertaken in the entire P9F3 family and confirmed the presence of the heterozygous exon 32-34 deletion in AFM (Figure 4.11B). In these individuals a deletion-specific band at 427bp was detected along with the WT 329bp band. In unaffected individuals, only the WT band was present, confirming earlier MLPA findings showing that the exon 32-34 deletion segregated with disease phenotype in affected family members only.
 


[image: ]Figure 4.11. Deletion-specific multiplex PCR for family P9F3.
A) Agarose gel electrophoresis; M: molecular weight marker (Hyperladder V). The optimisation reaction was electrophoresed in the IC, one UFM and one HC at differing concentrations of MgCl2. Two bands corresponding to the WT allele (329bp) and the deletion-specific allele (427bp) can be clearly visualised in the IC (lane 1, 4 and 7). In the UFM (lane 2, 5 and 8) and control (lane 3, 6 and 9), only a band corresponding to the WT allele (329bp) was visualised. B) Agarose gel electrophoresis; M: molecular weight marker (Hyperladder V). In UFM only a 329bp WT DNA amplicon was present (lanes 2, 5, 6 and 7). The IC (lane 1) along with the AFM (lanes 3 and 4) display both the 329bp amplicon and the deletion-specific 427bp amplicon. C) Schematic representation of WT and deletion-specific amplification of alleles using a common reverse primer and a forward primer located in the 3’ deleted fragment (FP2, WT specific) and a forward primer flanking the 5’ breakpoint (FP1, deletion-specific).The position of the primers are shown, with FP1 being located 66 nucleotides downstream from the 3’ end of exon 31, the FP2 primer located 876 nucleotides downstream of exon 34 and the R primer being located 1188 nucleotides downstream of exon 34.

[bookmark: _Toc349824262][bookmark: _Toc368247479]4.2.1.3 Identification of the heterozygous exon 33-34 deletion breakpoints
[bookmark: _Toc349824263][bookmark: _Toc368247480]4.2.1.3.1 Analysis of EU-MCMDM-1VWD intronic SNP data for the exon 33-34 deletion

Analysis of the P6F1 exon 33-34 deletion family historical intronic SNP haplotype revealed three informative heterozygous SNP in the affected family members. Two of the markers were found within the IC and one in the affected family member. Since the deletion segregates with disease phenotype it was assumed that the breakpoints would be identical in both affected individuals. The three SNP reside close to the 5’ end of intron 34, with the SNP rs542993 residing 352bp into the intron (see Figure 4.12). Analysis of the haplotype data revealed no SNP markers in the 5’ region of the breakpoint (intron 32). The SNP haplotype data for the P6F1 family is shown below in Table 4.4, the heterozygous SNP markers in the affected individuals are shown in italic bold text (see Appendix 2 for family pedigree). 


	SNP reference number
	Nucleotide Change
	SNP Intron location
	SNP frequency
	Exon 33-34 deletion; P6F1 family members

	
	
	
	
	II 1 (IC)
	II 2
(UFM)
	II 3 (UFM)
	II 4 (UFM)
	II 5 (UFM)
	III 1 (UFM)
	III 2 (AFM)

	rs542993
	c.5842+352G>A
	34
	G:0.473
A:0.527
	A/G
	A/A
	A/G
	A/G
	A/G
	A/G
	A/A

	rs216812
	c.5842+3572C>T
	34
	C:0.686
T:0.314
	C/C
	C/T
	C/T
	C/T
	C/T
	C/T
	C/T

	rs216811
	c.5842+5509C>T
	34
	C:0.627
T:0.373
	C/T
	C/C
	C/T
	C/T
	C/T
	C/T
	C/C

	rs216809
	c.5842+6500G>T
	34
	G:0.604
T:0.396
	C/C
	C/C
	C/T
	C/C
	C/C
	C/C
	C/C

	rs216801
	c.5843-3125C>T
	34
	C:0.617
T:0.383
	T/C
	T/T
	T/C
	T/C
	T/C
	T/C
	T/T

	rs216905
	c.5843-867G>A
	34
	G:0.763
A:0.237
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G

	rs216904
	c.5843-630A>G
	34
	A:0.615
G:0.385
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G

	rs216903
	c.5843-111A>G
	34
	A:0.496
G:0.504
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G
	G/G


Table 4.4. Intronic SNP haplotype data for the P6F1 family. 
The SNP for intronic haplotype analysis were selected based on the minor allele frequency of above 0.25 within the EU population, according to the HapMap and 1000 Genome data available on Ensembl (Hallden 2011, Flicek et al. 2013). Italic bold text highlights the informative SNP in the AFM. The SNP haplotype analysis shown above was undertaken by Hallden (2011).
In total, the maximum size of the exon 33-34 deletion was reduced from 17.5kb to 2.2kb, making the size of the deletion small enough for LR-PCR primer design and amplification.

[image: ]
Figure 4.12. Representation of the exon 32-35 region. The figure shows the maximum deletion size of the exon 33-34 deletion before and after historical intronic SNP haplotype analysis.
















0. [bookmark: _Toc349824264][bookmark: _Toc368247481]4.2.1.3.2 LR-PCR optimisation and amplification

Intronic haplotype analysis reduced the maximum size of the exon 33-34 deletion to 2.2kb and primers were designed adjacent to the last known heterozygous markers

However amplification using these primers yielded amplification products suggesting WT amplification only. The reaction was undertaken at a variety of different annealing temperatures (56-62oC), in case the reaction was proceeding in a sub-optimal manner for amplification of the smaller mutant amplicon only using both the Roche Expand Polymerase and the OneTaq Polymerase. Amplification in both the healthy control and index case from the P6F1 family revealed the presence of one amplicon only at 2.5kb, which was the expected size of the WT amplicon, as shown in Figure 4.13 below.




[image: ]
Figure 4.13. Optimisation of LR-PCR reaction for the exon 33-34 deletion and analysis of P9F3 family. A) Agarose gel electrophoresis; M: molecular weight marker (Lambda Hind III/ ØX Hae III marker). For each annealing temperature, the PCR and gel electrophoresis were undertaken in the IC and UFM from P6F1. LR-PCR with the exon 33-34 deletion primer set using the Roche Expand system at various annealing temperatures revealed the presence of an amplification product of ~2.5kb in both the IC and UFM; suggesting that this product was the WT amplicon. B) Agarose gel electrophoresis; M: molecular weight marker (Lambda DNA/Hind III digest). For each annealing temperature, the PCR and gel electrophoresis were undertaken in the IC and UFM from P6F1. LR-PCR with the exon 33-34 deletion primer set using the OneTaq system at various annealing temperatures revealed the presence of an amplification product of ~2.5kb in both the IC and UFM; suggesting that this product was the WT amplicon.







Since amplification at a number of annealing temperatures in several reaction mixtures revealed WT amplification when using primers adjacent to the last known heterozygous markers, a primer walking technique was undertaken in the hope of yielding a deletion-specific amplicon in the IC, of differing size to an expected WT amplicon. In total, 8 primer walking reactions were planned, using previously designed reverse primers for intronic haplotyping of intron 34, with new forward primers designed within intron 33 at a number of locations, as shown in Figure 4.14A below. 

The LR-PCR primer walking strategy was undertaken using the OneTaq Polymerase system, with the PCR initially being undertaken on the IC and one UFM to optimise the reaction. The annealing temperature for reactions 1-8 was 58oC and reaction products were gel electrophoresed on a 0.7% (w/v) agarose gel to determine the amplification patterns in the IC and UFM in each reaction.

As can be seen in Figure 4.14C, the amplification of each reaction gave various results, some of which suggested deletion-specific patterns of amplification, others suggesting only WT amplification. Amplification in reactions 1, 2, 6 and 7 gave an amplification band at 3.5, 4.1, 5.0 and 5.5kb respectively, in both the IC and UFM, which was the expected size of the WT amplicon. This suggested that the forward or reverse primer used in these reactions might have been designed within the deleted region of the exon 33-34 heterozygous deletion and hence only WT amplification occurred. In addition to this, reaction 3 completely failed in both the IC and UFM, suggesting that the reaction was not optimal for the primer set.

Analysis of the remaining reactions indicated the presence of deletion-specific amplification in the IC and WT amplification in UFM. In reaction 4, there was a WT amplification pattern in the UFM at 6.7kb, with some WT amplification present in the IC. In addition to this WT band in the IC, there was also an amplification band at ~3.5kb. Reaction 5 gave no WT amplification at 8.1kb, in the IC or UFM but gave an amplification pattern in the IC at ~5.5kb. 

Finally, in reaction 8 the WT amplification pattern at 5.6kb was observed in both the IC and UFM, with a further 2.2kb deletion fragment present in the IC. The amplification patterns observed in the IC in reactions 4, 5 and 8 suggested that the smaller band was deletion-specific and contained the breakpoint sequences. Furthermore, the deletion-specific amplification patterns observed suggested that the deletion was ~3kb in size, whilst intronic haplotype analysis suggested a maximal deletion size of 2.2kb, indicating that historical haplotype primers may not have been designed with full mismatch to the VWFP region or followed up after sequence analysis.

For the amplification reactions that gave a deletion-specific fragment, the primer sequences and locations were analysed to determine the proximity of the primers to the breakpoint. It was determined that primers used in reaction 8 would most likely lead to identification of the exon 33-34 deletion breakpoints. Prior to sequence analysis of the apparent deletion-specific amplicon in reaction 8, PCR analysis was undertaken in the entire family P6F1 to confirm that the amplicon at 2.2kb was present in all AFM and was not present in UFM. 

The amplification patterns in the entire family (Figure 4.14D) showed that the deletion-specific band only occurred in family members identified as having the heterozygous exon 33-34 deletion (lane 1, IC; lane 7 AFM), indicating that the 2.2kb fragment was deletion-specific.


[image: ]
[bookmark: _Toc368247482]Figure 4.14. Primer walking analysis for exon 33-34 deletion breakpoint mapping. 
[bookmark: _Toc368247483]A) Schematic representation of the exon 32-35 region showing locations of the forward and reverse primers used in the primer walking assay (previously designed intronic haplotype primers) B) Table to show the PCR reaction set up, identifying forward and reverse primers used in each reaction and the expected size of the WT amplicon C) Agarose gel electrophoresis of each primer walking reaction; M: molecular weight marker (Hyperladder I). Each reaction was electrophoresed in the IC (A) and UFM (B). D) Agarose gel electrophoresis of primer walking PCR reaction 8 in the entire P6F1 family (lane 1 and 7: IC and AFM) (lanes 2-6:UFM) (M: molecular weight marker (Hyperladder I)).

0. [bookmark: _Toc349824265][bookmark: _Toc368247484]4.2.1.3.3 Deletion breakpoint mapping of exon 33-34 deletion

In order to map the deletion breakpoints of the heterozygous exon 33-34 deletion, the deletion-specific 2.5kb amplification band from the index case in Figure 4.14D was gel extracted and sent for sequencing using the forward and reverse amplification primers used for LR-PCR. 

Sequencing revealed the location of the 5’ breakpoint to be 872bp downstream from exon 32 and the 3’ breakpoint junction to be 2440bp downstream from the end of exon 34. In addition to this, there was a novel insertion at the breakpoint junction which was 18bp in length with a sequence GCAGCATAAGCATAAAGC. Given the presence of the large insert at the breakpoint, the 18bp nucleotide sequence was analysed by Nucleotide BLAST (Altschul et al. 1990) to determine whether this sequence was from a region within the human genome. Using the MegaBlast feature to search for highly homologous DNA sequences from within the human genome, the software identified over 100 hits with high homology to the insert at the breakpoint, suggesting that rather than originating from a known site within the human genome, the insertion was likely to be the result of an erroneous repair mechanism. Furthermore, Berkeley Drosophila Genome Project (BDGP) splice site analysis (Reese et al. 1997) of the deletion breakpoint junction with the novel 18bp insert suggested no aberrant splicing of the transcript, just an in-frame shortening of the VWF protein sequence. Following the HGVS guidelines, the heterozygous exon 33-34 deletion can be defined as c.5620+872_5842+2440delinsGCAGCATAAGCATAAAGC. 

In total, the exon 33-34 deletion spanned 3.4kb of genomic DNA and was predicted to result in the in-frame deletion of exons 33-34 in the protein sequence (p.(F1875_C1948del)). The deletion breakpoint map and sequencing chromatogram results are shown below in Figure 4.15.


[image: ]
Figure 4.15. Breakpoint mapping for the exon 33-34 deletion. 
A) Schematic representation of the region involved in the breakpoints. B) DNA sequencing chromatogram showing the region of 18 nucleotide insertion across the deletion breakpoint junction. C) Representation of intronic reference sequence from intron 32 and intron 34 compared to the sequence from the P6F1 index case and the alignment of each intronic sequence to the IC breakpoint region. The red nucleotides indicate the 18 nucleotide insertion. The underlined sequence highlights the microhomologous regions between the 5’ and 3’ breakpoints.
0. [bookmark: _Toc349824266][bookmark: _Toc368247485]4.2.1.3.4 Exon 33-34 deletion-specific multiplex PCR assay

Breakpoint mapping of the heterozygous exon 33-34 deletion in the P6F1 family enabled design and optimisation of a multiplex PCR assay, allowing identification of the deletion amongst populations and cohorts.

Previous multiplex assays designed for the exon 3 and 32-34 heterozygous deletions utilised two forward primers and a common reverse primer, however, analysis of the intron 34 region proximal and distal to the breakpoint revealed the presence of highly repetitive DNA elements and hence design of the assay was limited by the presence of the repetitive DNA. Using the same principle as in the previously designed assays, the primer design was amended so that there was one common forward primer and two reverse primers. The forward primer (F) was designed upstream of the 5’ proximal breakpoint location, with the WT reverse primer (R1) designed within the exon 33-34 deleted region and the deletion-specific reverse primer (R2) designed downstream of the 3’ distal breakpoint region, as depicted in Figure 4.16C. This enabled simultaneous amplification of two products, a 1497bp fragment for the WT allele fragment, a 1210bp (1228bp with the 18bp insert) in the presence of a homozygous exon 33-34 deletion or both fragments in heterozygous individuals.

The multiplex assay was optimised using the OneTaq Polymerase system with amplification being undertaken in the IC and one UFM from the P6F1 family at 3 different annealing temperatures (56, 58, 60oC). PCR products were gel electrophoresed on a 1% (w/v) agarose gel and visualised to determine the amplification pattern in the IC and UFM. Figure 4.16A shows the amplification in the IC (lanes 1, 3 and 5) and UFM (lanes 2, 4 and 6). In the IC, the amplification of the deletion-specific band was optimal at 58oC, with more deletion-specific product observed at this annealing temperature. The WT amplification in the IC and UFM was clearly visualised at all the annealing temperatures. The multiplex reaction was undertaken in all of the P6F1 family at 58oC and revealed the presence of WT amplification in all family members at 1497bp, with an additional deletion specific band present in AFM only at 1228bp.


[image: ]Figure 4.16. Deletion-specific multiplex PCR for family P6F1 with the exon 33-34 heterozygous deletion. 
A) Agarose gel electrophoresis; M: molecular weight marker (Lambda Hind III/ ØX Hae III marker). The optimisation reaction was electrophoresed in the IC and one UFM at differing annealing temperatures. Two bands corresponding to the WT allele (1497bp) and the deletion-specific allele (1228bp) were clearly visualised in the IC (lane 1, 3 and 5). In the UFM (lane 2, 4 and 6) only a band corresponding to the WT allele (1497bp) was visualised. B) Agarose gel electrophoresis; M: molecular weight marker (Lambda Hind III/ ØX Hae III marker). In UFM only a 1497bp WT DNA amplicon was present (lanes 2-6). The IC (lane 1) along with the one AFM (lane 7) displayed both the 1497bp amplicon and the deletion-specific 1228bp amplicon. C) Schematic representation of WT and deletion-specific amplification of alleles using a common forward primer and a reverse primer located in the 3’ deleted region (R2, WT specific) and a reverse primer flanking the 3’ breakpoint (R2, deletion-specific).The position of the primers are shown, with F being located 840 nucleotides downstream from the 3’ end of exon 32, the R1 primer located 467 nucleotides downstream of exon 34 and the R2 primer being located 3594 nucleotides downstream of exon 34.

0. [bookmark: _Toc368247486]4.2.1.4 In silico analysis of the deletion breakpoint junctions

Mapping of the deletion breakpoints involving exon 3 enabled analysis of the intronic flanking VWF sequences to determine the likely mechanism by which the deletion arose.  In silico analysis of the breakpoint regions extended to 5kb upstream and downstream to explore the involvement of repetitive elements, DNA sequence motifs and secondary structure formation in causing the heterozygous deletion of exon 3. 

In silico analysis using RepeatMasker software (Smit et al. 2013) identified a number of repetitive elements surrounding the breakpoint region, including two repetitive elements within both the 5’ and 3’ breakpoint regions. Both of these elements were of the Alu class (SINE; short interspersed nuclear element), with the 5’ breakpoint element being in an AluSx1 repeat and the 3’ breakpoint being in an AluSx repeat, depicted in Figure 4.17 below. 

Both Alu repeat sequences from the breakpoint regions were analysed by Nucleotide BLAST software (Altschul et al. 1990) to determine the homology between the two repeats to identify whether there was a homologous recombination event between the two sequences. Nucleotide BLAST findings reported a high homology between the two repeats, with 125 out of 141 base pairs being fully homologous (89%). Furthermore, directly adjacent to the breakpoint sequences, the elements shared a continuous stretch of 28bp of homologous repeats. In addition to these findings, analysis of the repeats revealed that the elements are in cis meaning that both repeats are orientated in the same direction.

Additionally, repetitive element analysis of the exon 32-34 and exon 33-34 deletion breakpoint regions showed the presence of an L1MC4a, long interspersed nuclear element (LINE) of the L1 class at the 3’ distal breakpoint of both deletions. Analysis at the 5’ proximal region revealed that there was a L2c LINE L2 repetitive element present downstream of the 5’ proximal breakpoint region in the exon 32-34 deletion and an AluY repetitive element upstream of the 5’ proximal region in the exon 33-34 deletion, however, Nucleotide BLAST analysis of these elements and the 5’ breakpoint regions against the L1 repeat at the 3’ breakpoints revealed no significant homology between the regions, only small areas of microhomology (exon 32-34 3bp; exon 33-34 5bp), as shown in Figure 4.18 below.

In addition to repetitive element analysis, breakpoints were assessed for secondary structure formation, which might cause stalling of the replication fork and lead to induction of DSB. Analysis using Z-hunt, G-quadruplex and SMARtest revealed no secondary structure formations in the vicinity of the breakpoint regions of exons 3, 32-34 and 33-34.

DNA motif analysis 50bp upstream and downstream of the 5’ proximal and 3’ distal promoter regions was undertaken for each of the deletions and revealed a number of motifs which may aid in understanding the mechanisms of deletion formation, as summarised below in Table 4.5. 

[image: ][image: ]Figure 4.17. In silico analysis of the exon 3 deletion breakpoint region and the homologous Alu repeat sequences 
A) Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 3 heterozygous deletion. B) Nucleotide BLAST alignment of the two AluSx repetitive elements from the 5’ and 3’ breakpoint regions, showing high homology and also the region of 28bp continuous homology at the breakpoint region (indicated by the box).
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Figure 4.18 In silico repetitive element analysis of the exon 32-34 and 33-34 deletion breakpoint regions
A) Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 32-34 heterozygous deletion. B) Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 33-34 heterozygous deletion.

	Deletion
	Insert at breakpoint (bp)
	Deletion breakpoint characteristics
	Mechanism of deletion formation

	
	
	5’ Proximal Breakpoint
	3’ Distal Breakpoint
	

	
	
	Repetitive Elements
	DNA motifs present
	Repetitive Elements
	DNA motifs present 
	

	Exon 3
	0
	AluSx
(Alu repeat)
	12 topoisomerase cleavage sites; 26bp chi-like Alu recombination sequence*;
6  DNA α polymerase pause site
	AluSx1
(Alu repeat)
	12 topoisomerase cleavage sites; 26bp chi-like Alu recombination sequence*; Deletion hotspot consensus sequence; 6  DNA α polymerase pause site
	Alu-mediated HR through SSA

	Exon 32-34
	8
	-
	15 topoisomerase cleavage sites;
2  DNA α polymerase pause site;
2 DNA polymerase arrest site
	L1MC4a (LINE L1)
	10 topoisomerase cleavage sites; 
1 DNA α polymerase pause site; 
2 DNA polymerase β frameshift hotspots

	MMEJ*

	Exon 33-34
	18
	-
	7 topoisomerase cleavage sites; 
1 DNA α polymerase pause site


	L1MC4a (LINE L1)
	9 topoisomerase cleavage sites; 
3 DNA α polymerase pause site; Deletion hotspot consensus sequence; 2 DNA polymerase β frameshift hotspots
	MMEJ


Table 4.5. Characterisation and in silico analysis of deletion breakpoint regions for heterozygous exon 3, 32-34 and 33-34 deletions.
A number of in silico analysis tools were used to analyse the breakpoint regions for repetitive elements; DNA secondary structure predictions, chromatin matrix attachment regions that may bring DNA into close proximity and DNA sequence motifs. All of the in silico analysis undertaken was to determine the likely mechanism by which the deletions arose. DNA motif analysis was undertaken 25bp upstream and downstream of the deletion breakpoint sequences, with the exception of searching for the Chi-like recombination sequence, which was analysed  2.5kb upstream and downstream of the 5’ and 3’ breakpoint regions. *Chi like Alu-recombination sequence is CCTGTAATC-CCAGCACTTTGG-GAGGC, with the middle portion of the sequence being important in recombination events between Alu repeat elements. Topoisomerase cleavage site= CAT,CTY,GTY and RAT; DNA α polymerase pause site= GAG,ACG,GCS; DNA polymerase arrest site= WGGAG; Deletion hotspot consensus sequence= TGRRKM; DNA polymerase β frameshift sequence ACCCWR, TTTT. Y=C/T; R=A/G; S=G/C; W=A/T; K=G/T; M=A/C. HR= homologous recombination; SSA= single stranded annealing and MMEJ= microhomology mediated end joining. *MMEJ hypothesised as the likely mechanism of deletion formation given the size of the insert at the breakpoint junction. Little microhomology was found surrounding the breakpoint region in this deletion.


0. [bookmark: _Toc349824268][bookmark: _Toc368247487]4.3 Discussion

0. [bookmark: _Toc368247488]Through intronic haplotyping and LR-PCR, breakpoint junctions involving heterozygous deletions of exons 3, 32-34 and 33-34 have been successfully identified. Furthermore, the PCR multiplex assays designed in this study can detect the genotype for each of the deletions reported, making the assays potentially useful in the diagnosis of deletions involving these exons in molecular diagnostic laboratories and in whole population screening.

Previous identification of a heterozygous exon 4-5 deletion in type 1 VWD required identification of the deletion in the homozygous state in type 3 VWD. The deletion was initially identified due to failure to amplify exons 4-5 during PCR mutation analysis amongst a type 3 cohort. A primer walking technique was explored to identify deletion breakpoints and also to allow the design of a multiplex PCR assay that could readily facilitate identification of the exon 4-5 deletion amongst individuals and the state in which the deletion presented (heterozygous or homozygous). Having designed this assay, and with the inherent historical belief that type 1 VWD was the result of being heterozygous for a type 3 VWD mutation, 34 families from the UKHCDO cohort were analysed for presence of the heterozygous exon 4-5 deletion. Of the 34 families screened, 2 were found to harbour the exon 4-5 deletion in the heterozygous state (Sutherland et al. 2009).

0. [bookmark: _Toc368247489]Whilst deletion breakpoints were identified through intronic haplotype analysis of historical SNP information undertaken as part of the initial EU-MCMDM-1VWD cohort study, it should be noted that future use of this SNP data encompassing the VWFP region should be interpreted with care. The initial haplotype data suggested that the maximum size of the exon 33-34 deletion was 2.1kb in size, due to the heterozygous nature of a SNP within the intron 34 region (rs542993). However, design of primers adjacent to the last known heterozygous marker and PCR amplification resulted in fragments that were only WT. The deletion extent was eventually determined through a primer walking strategy, which revealed the deletion to be 3.4kb in size. This suggests that the historical SNP analysis may be inaccurate due to primers being designed with no mismatch to VWFP.

Identification of the deletion breakpoints enabled in silico analysis of the breakpoint regions to determine the likely mechanisms by which the deletions arose. 

The breakpoints of an exon 32-34 and exon 33-34 heterozygous deletion were characterised in the individuals presenting with the deletion (family trees, Appendix 2 and 3). The exon 32-34 deletion was previously identified by Hampshire et al., (2010) as part of the initial validation process of the MLPA kit. Characterisation of the exon 32-34 deletion breakpoints revealed that the 5’ breakpoint lies within close proximity to a LINE L2 repetitive element, however, this element is within the deleted region; whereas the 3’ breakpoint resides directly within a LINE L1 class of repetitive element (L1MC4a). In addition to this, 15 topoisomerase cleavage sites were identified 50bp up/downstream of the 5’ breakpoint region as well as two DNA polymerase α arrest sites and 2 DNA polymerase pause sites. The 3’ distal region also contained 10 topoisomerase cleavage sites, a DNA polymerase α arrest site and two DNA polymerase β frameshift sites. These motifs could lead to replication slippage or DSB induction and require the lesion to be repaired and processed

Analysis of the exon 33-34 deletion breakpoint regions identified the same class of repetitive element in the 3’ distal breakpoint junction (L1MC4a; LINE L1 element), with an AluY repetitive element in close proximity to the 5’ proximal breakpoint. However, Nucleotide BLAST analysis of the 5’ and 3’ breakpoint regions suggested no highly homologous repetitive sequences, ruling out the possibility of homologous recombination. Furthermore, motif analysis revealed the presence of several motifs that could explain the deletion. 

Breakpoint characterisation of seven duplications within the F8 involves LINE repetitive elements in at least one of the two breakpoint regions, similarly to the findings of the exon 32-34 deletion. However, Zimmerman et al., (2010) reported that in the F8 duplications, LINE repetitive sequences and breakpoint regions only share some homology at the 5’ and 3’ region. In the case of the exon 32-34 and the exon 33-34 deletion breakpoints, the 3’ breakpoint junction only shared some micro- homology with the 5’ breakpoint junction, which was not part of a repetitive element and hence homologous recombination is unlikely to lead to formation of the deletions. In addition to these findings for both the exon 32-34 and 33-34 deletions, there were small DNA inserts at the breakpoint junction, of 8bp and 18bp respectively. Since Nucleotide BLAST analysis of these elements with the human genome provided over 100 hits, the likelihood was that the inserts were due to the nature of the recombination/repair mechanism by which these deletions were repaired. Furthermore, it has been suggested that repair of a genomic lesion causing loss of genomic DNA and a small insertion at the breakpoint junction is frequently associated with the microhomology mediated end joining repair mechanism  (McVey and Lee 2008).

MMEJ involves double strand breaks being introduced into the region surrounding the exon 32-34 region and 33-34 region, then there is unwinding at the strand breaks and the strands are processed by 5’ nucleolytic resection, leading to formation of 3’OH (hydroxyl) overhangs. Micro-homologous sequences within the overhangs then align and anneal. Any region that overhangs the micro-homologous regions is removed and the ends ligated together (McVey and Lee 2008, Hastings et al. 2009). The MMEJ repair mechanism is summarised for the exon 32-34 and 33-34 deletion breakpoints in Figure 4.19.

Whilst the deletion breakpoints have been characterised for the exon 32-34 and 33-34 heterozygous deletions, the intron 34 region has been involved in a further eight exonic deletions within VWF. These deletions are a type 3 exon 4-34 deletion, a type 2 exon 26-34 deletion, a further 32-34 deletion, an exon 35-38 deletion and the recently reported type 2 exon 33-34 and 4-34 heterozygous deletions, in addition to a further exon 32-34 and 33-34 deletion recently reported as part of a French cohort analysis. (Bernardi et al. 1993, Bellissimo et al. 2011, Yadegari et al. 2011, Boisseau et al. 2013, Theophilus et al. 2013). This suggests that intron 34 is a mutational hotspot, since the deletion breakpoints reported by Bernardi et al. (1993) are located at the 3’ end of intron 34. The other deletions involving the intron 34 region are yet to have their breakpoints mapped and hence until breakpoints are known, all of the reported deletions involving the exons 32-34 and 33-34 can be considered novel, since the breakpoints of the deletions may be different to the breakpoints documented herein.

For the exon 3 deletion, the presence of Alu repetitive elements at the 5’ proximal and 3’ distal breakpoints, which shared 125 of 141bp homology revealed the likely involvement of homologous recombination between these highly homologous repeats in formation of this deletion. Alu repetitive sequences are a class of short interspersed nuclear elements (SINE) that make up approximately 11% of the entire human genome (Deininger 2011) and have been reported in deletions in many genes, including SERPINC1 (antithrombin), F8 (haemophilia A), MSH2/EPCAM (causes Lynch syndrome, a genetic condition leading to cancer predisposition) and BRCA1 (Picard et al. 2010, Zimmermann et al. 2010, Hitchins and Burn 2011, Peixoto et al. 2013).

DNA motif analysis for this deletion also showed the presence of a deletion hotspot motif upstream of the 5’ proximal breakpoint as well as 12 topoisomerase cleavage sites, two of which are directly adjacent to the 5’ proximal breakpoint region. In addition to these motifs, it has been reported that a Chi-like Alu sequence is present in the vicinity of breakpoints involved in homologous recombination between Alu repeat elements. Interestingly, analysis of the DNA upstream and downstream of the breakpoint regions revealed the presence of this 26bp element 1093bp downstream of the 5’ breakpoint and 949bp downstream of the 3’ breakpoint region. This further suggests that this sequence is involved in recombination between Alu repeats.

All of these findings make the genetic mechanism of deletion formation likely to be due to Alu-mediated recombination via the single stranded annealing pathway, whereby local DSB introduced adjacent to the repetitive elements led to processing of DNA to produce homologous single stranded DNA that can then anneal and be processed to repair the DSB, as shown in Figure 4.19.
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Figure 4.19. Pathogenetic mechanisms of heterozygous deletion formation in type 1 VWD. A) Homologous recombination between highly homologous repetitive elements (Alu) via the single stranded annealing (SSA) pathway led to the generation of exon 3 deletion. B&C) Microhomology mediated end joining (MMEJ) repair pathway led to the generation of exon 32-34 and 33-34 deletions.  *MMEJ hypothesised as the likely mechanism of deletion formation given the size of the insert at the breakpoint junction. Little microhomology was found surrounding the breakpoint region in this deletion.
In conclusion, the breakpoint regions of the exon 3, 32-34 and 33-34 heterozygous deletions have been mapped and characterised with the molecular mechanisms by which the deletions arise inferred from in silico analysis of breakpoint regions. However, identification of deletions and deletion breakpoint junctions through quantification of VWF exons by MLPA, followed by intronic haplotyping and LR-PCR is a laborious process since the MLPA technique is not capable of quantifying any intronic locations and hence cannot provide information on the intronic locations of deletion breakpoints. Advances in sequencing technology in recent years has seen the development and reduced costing of technologies such as array CGH that can be designed with sequence capture of DNA throughout the entire VWF intron and exon regions and hence provide a better analysis tool to identify deletion breakpoints. Such technologies could successfully identify the intronic regions involved in large deletions and breakpoints could then be confirmed in affected individuals via PCR and sequencing. These novel methodologies should be considered in future applications and analysis of VWF for CNV, whether exonic or intronic.
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0. [bookmark: _Toc349824275][bookmark: _Toc368247493]5.1. Introduction

Copy number variation within VWF has been previously described in all types of VWD. In total, 35 deletions (including the 3 documented in this thesis) have now been described and detailed, however of these only 12 have had the breakpoints mapped and a limited amount of in silico analysis has been applied to them. The extent of these deletions involves multiple exons in 29 cases, with 5 only extending across single exons. Furthermore, deletions spanning the entire region of VWF have been described in 5 cases. Of the 35 deletions reported throughout VWF, deletions of exons 32-34 have been reported twice, with deletions of exon 33-34 reported four times. Whilst these exon deletions have been reported, the only exon 32-34 and 33-34 deletions with breakpoints reported have been those described in chapter 4. Hence, whilst the exons involved in these deletions are the same, the breakpoints may be different and so until the deletion breakpoints are confirmed in the other cases, these deletions can all be considered novel, as same exon deletions and duplications have been reported in PARK2, SERPINC1 and F8 with different breakpoints (Picard et al. 2010, Zimmermann et al. 2010, Elfferich et al. 2011).

In addition to the deletions within VWF, two duplications have been documented, with an exon 6 duplication and an exon 9-10 duplication (type 2 VWD) being reported. Furthermore, a ring chromosome 12 with an inverted microduplication had been described in a case of ischaemic stroke, with the microduplication shown to involve exons 35-52 of VWF. All copy number variations and genomic rearrangements are listed in Table 5.1, with references to each deletion. 







	CNV
	Exons Involved
	Breakpoints Mapped?
	VWD type
	Reference

	Deletion
	1-3
	Yes
	3
	(Mohl et al. 2008)

	Deletion
	1-5
	No
	3
	(Yadegari et al. 2011)

	Deletion
	3
	Yes
	1
	(Cartwright et al. 2013)

	Deletion
	4-5
	Yes
	1/3
	(Sutherland et al. 2009)

	Deletion
	4-52
	No
	3
	(Theophilus et al. 2013)

	Deletion
	4-34
	No
	3
	(Yadegari et al. 2011)

	Deletion
	6
	No
	3
	(Yadegari et al. 2011)

	Duplication
	6
	No
	1/3
	(Boisseau et al. 2013)

	Deletion
	6-16
	Yes
	3
	(Xie et al. 2006)

	Deletion
	6-18
	No
	1/3
	(Boisseau et al. 2013)

	Duplication
	9-10
	No
	2A
	(Schneppenheim et al. 2011)

	Deletion
	14-15
	No
	3
	(Ahmad et al. 2013)

	Deletion
	14-52
	No
	3
	(Schneppenheim et al. 1994)

	Deletion
	16-43
	No
	3
	(Cabrera et al. 2011)

	Deletion
	16-52
	No
	1
	(Johansson et al. 2011)

	Deletion
	17
	No
	3
	(Solimando et al. 2012)

	Deletion
	17-18
	Yes
	3
	(Hampshire et al. 2013)

	Deletion
	18
	Yes
	3
	(Bellissimo et al. 2011)

	Deletion
	19-20
	No
	3
	(Boisseau et al. 2013)
(Bowman et al. 2013)

	Deletion
	19-52
	No
	3
	(Theophilus et al. 2013)

	Deletion
	22
	No
	1
	(Theophilus et al. 2013)

	Deletion
	22-43
	No
	3
	(Mancuso et al. 1994)

	Deletion
	23-52
	No
	3
	(Baronciani et al. 2000)

	Deletion
	26-34
	Yes
	2
	(Bernardi et al. 1993)

	Deletion
	32-34
	In 1 of 2 reported
	1
	(Cartwright et al. 2013)
(Boisseau et al. 2013)

	Deletion
	33-34
	In 1 of 4 reported
	1/2
	(Cartwright et al. 2013)
(Yadegari et al. 2011)
(Boisseau et al. 2013)
(Theophilus et al. 2013)

	Deletion
	33-38
	Yes
	3
	(Mancuso et al. 1994)

	Deletion
	35-37
	No
	1/3
	(Boisseau et al. 2013)

	Deletion
	35-38
	No
	3
	(Bellissimo et al. 2011)

	Microduplication: ring chromosome 12
	35-52
	Yes
	-
	(Nik-Zainal et al. 2011)

	Deletion
	38-42
	No
	1/3
	(Boisseau et al. 2013)

	Deletion
	42
	Yes
	3
	(Peake et al. 1990)

	Deletion
	48-52
	No
	3
	(Yadegari et al. 2011)

	Deletion
	Entire gene*
	Yes
	3
	(Schneppenheim et al. 2007)


Table 5.1 Reported CNV events within VWF from journal and meeting abstracts. In total 35 deletions have been reported affecting VWF, with deletions of exons 19-20 and 32-34 reported twice and deletions involving exon 33-34 reported four times. Since deletion breakpoints have only been mapped in one instance for exon 32-34 and 33-34 (chapter 4) these can all be considered novel since deletions in F8 have reported the same exons with different intronic breakpoint locations. *Entire gene deletion has been reported a total of 5 times, with the deletions having the same breakpoints.

As previously discussed in chapter 4, CNV can result from a number of different mechanisms including MMEJ, NHEJ and HR between repetitive elements. CNV breakpoint locations predominantly occur in the intronic or intragenic locations of a gene. Within these locations, there is a high proportion of repetitive elements present, which could be involved in the formation of CNV within a gene through HR between repeats or through MMEJ in cases where either the 5’ or 3’ breakpoint lie within repetitive DNA. Repetitive DNA is made up of either tandem or interspersed repetitive elements. Tandem repetitive DNA elements tend to involve stretches of repeating nucleotides (e.g., GATCGATCGATC, where the GATC sequence is repeated three times). Microsatellite repeats are DNA stretches involving motifs of 1-6bp of DNA tandemly repeated,  whereas, a minisatellite repeat involves stretches of DNA where ~60bp motifs are tandemly repeated (Schlötterer 2000). Minisatellite repeats tend to be unstable and can repeat either a certain number of times or variable numbers of times, hence these are also referred to as VNTR (variable number of tandem repeat) (Legendre et al. 2007). 

Interspersed repetitive DNA occurs throughout the intron of a gene and can be divided into either LTR (long terminal repeat) or non-LTR. LTR repetitive DNA includes nucleotide stretches of DNA repeated hundreds of times, whereas non-LTR DNA includes long interspersed nuclear elements (LINE) and short interspersed nuclear elements (SINE). LINE repetitive elements are made up of L1 and L2 classes of repetitive elements and range in size from 1-7kb in length, with SINE repetitive elements being classified as either Alu or MIR (Mammalian Interspersed Repetitive element) repeats which range in size from 100-300bp. The different classes of repetitive DNA are shown in Figure 5.1.

Alu repetitive elements are the most common form of repeat, making up 12% of the human genome and since their evolutionary beginning in primates approximately 65 million years ago, this class of mobile repetitive element is the most successful element, with more than 1.2 million Alu repetitive elements present in the genome (Batzer et al. 1996, Batzer and Deininger 2002, Dagan et al. 2004). Alu elements form three distinct classes; AluJ, AluS and AluY, of which AluJ repeats are the eldest form of repeat (~65 million years). In addition, these classes are further sub-classified depending on when the Alu repeat class was identified (Batzer et al. 1996). Within the genome, this form of repeat is highly prevalent in gene rich regions and have often been implicated in generation of CNV within genes (Lalic et al. 2005, Zimmermann et al. 2010, Elfferich et al. 2011) due to the high level of homologous sequences within and between different classes of Alu and also the proximity of the repeats within a gene (on average one Alu repeat is present every 3kb) (Pavlı́ček et al. 2001, Jurka 2004, Hackenberg et al. 2005).



[image: ]Figure 5.1. Flow chart to show the different forms of repetitive DNA throughout intronic and intragenic sequences of the human genome.
Xie et al. (2006) reported an out of frame VWF exon 6-16 deletion, spanning 61 kb of genomic DNA. Characterisation of the breakpoints in this deletion was undertaken with a number of in silico analysis tools, which have been used to fully understand the mechanisms of deletion formation in type 1 VWD (section 4.2.1.4). However for the 11 partial deletions reported in the literature where deletion breakpoints have been mapped, repetitive elements have been sought but no further characterisation has been undertaken since Alu repetitive elements spanned the breakpoint region or were found within the vicinity of the region and this was implied as the likely deletion mechanism. This seems highly likely; however, the Alu repetitive elements have not been mapped or aligned to indicate the extent of homology and the DNA motifs present in the surrounding regions have not been documented. 

0. [bookmark: _Toc368247494]5.1.1 Aims

The aim of this investigation was to fully understand the mechanisms by which copy number variation occurs within VWF through in-depth in silico analysis of the gene. This has determined the prevalence of repetitive element sequences such as LINE and Alu repeats, correlation patterns between repeats present in VWF introns and VWF introns involved in CNV events. In addition to this, analysis of the intronic regions involved in copy number variation was undertaken to determine the characteristics (relative size, repetitive element content, GC content) of introns involved in genomic rearrangements in comparison to introns within VWF as a whole. Furthermore, an additional aim was to elucidate the mechanisms of genomic rearrangement within VWF through in silico analysis of deletions with known breakpoints, using software previously used in elucidation of novel deletions identified in the MCMDM-1VWD cohort, in chapter 4.

0. [bookmark: _Toc349824276][bookmark: _Toc368247495]5.2. Results
0. [bookmark: _Toc368247496]5.2.1 In silico analysis and mapping of Alu repeats in VWF
0. 
Since 11 of the 29 different partial VWF deletions have had breakpoints mapped and have been associated with Alu repetitive elements, in silico analysis of the entire VWF locus using RepeatMasker and CENSOR software was undertaken to determine the total number of Alu repeats within VWF. For this analysis, the ENSG00000110799 VWF reference sequence was used and VWF was classified as the genomic region 2174bp upstream of the VWF TATA box promoter element to 606bp downstream of the CA poly (A) site at the 3’ end of the gene (Flicek et al. 2013). In total RepeatMasker and CENSOR identified 81 Alu repetitive elements. Of the 81 Alu repeats present within VWF, 45 were shown to be present on the antisense strand of VWF with the remaining 36 present on the sense strand of VWF. The Alu repeats mapped within VWF ranged in size from 32bp to 349bp. In total, Alu repetitive elements were shown to make up 12.6% of VWF, with an Alu repeat occurring approximately once every 2kb within VWF. This value is lower than reported throughout gene rich regions of the genome, with the estimate being one Alu repeat every 3kb (Pavlı́ček et al. 2001, Jurka 2004, Hackenberg et al. 2005), suggesting that there is Alu enrichment of the VWF locus. 

RepeatMasker and CENSOR also classified the Alu repeat sequences present within VWF, these classifications were the same in 53 of 81 repeats and in 19 of the classifications, the same family was identified but further sub-family identification was available for only one of the two in silico analysis tools. However, in five of 81 repeats, there was no common Alu family subclass, for example in Alu22, RepeatMasker classified this Alu as an AluSx3 repeat, whereas CENSOR classified the repeat as an AluY repeat. Furthermore, four Alu repeats were identified by only one of the two repetitive element analysis software tools. This may be due to differences in the search parameters used in the detection algorithms for each repetitive element analysis tool. All Alu sequences identified within VWF are shown in Table 5.2 below.

0. 
	Alu
	Repeat Masker
	CENSOR
	Orientation
	Length (bp)
	Location

	1
	AluSx1
	AluSx1
	Reverse
	282
	Intron 2

	2
	AluSx
	AluSx
	Forward
	264
	Intron 3

	3
	AluSx1
	AluSx
	Reverse
	283
	Intron 3

	4
	AluSx1
	AluSx1
	Forward
	278
	Intron 3

	5
	AluSp
	AluSp
	Reverse
	248
	Intron 3

	6
	AluJo
	AluJo
	Forward
	277
	Intron 3

	7
	AluY
	AluY
	Forward
	278
	Intron 3

	8
	AluYf1
	AluY
	Reverse
	290
	Intron 3

	9
	AluJb
	AluJb
	Forward
	226
	Intron 3

	10
	AluY
	AluY
	Forward
	282
	Intron 5

	11
	FLAM_A
	AluJo
	Reverse
	119
	Intron 5

	12
	AluY
	AluY
	Reverse
	282
	Intron 5

	13
	AluSz
	AluSz
	Reverse
	281
	Intron 5

	14
	AluYm1
	AluY
	Reverse
	282
	Intron 5

	15
	AluSq2
	AluSq2
	Reverse
	285
	Intron 5

	16
	AluSc
	AluSc
	Reverse
	287
	Intron 5

	17
	AluSz
	AluSz
	Forward
	290
	Intron 5

	18
	AluSx3
	AluSg
	Reverse
	256
	Intron 5

	19
	AluY
	AluY
	Reverse
	282
	Intron 5

	20
	AluY
	AluY
	Reverse
	280
	Intron 5

	21
	AluSz
	AluSz
	Reverse
	280
	Intron 5

	22
	AluSx3
	AluY
	Reverse
	281
	Intron 5

	23
	AluSx1
	AluSz
	Reverse
	282
	Intron 5

	24
	AluY
	AluYi6
	Reverse
	278
	Intron 5

	25
	AluSc
	AluSc5
	Reverse
	281
	Intron 5

	26
	̶
	AluJr
	Forward
	99
	Intron 5

	27
	̶
	AluYb3a1
	Forward
	90
	Intron 6

	28
	AluJb
	AluS
	Forward
	277
	Intron 6

	29
	AluSx
	AluS
	Forward
	155
	Intron 6

	30
	AluJo
	AluJo
	Forward
	149
	Intron 6

	31
	AluY
	AluYb3a1
	Forward
	282
	Intron 6

	32
	AluY
	AluY
	Reverse
	281
	Intron 6

	33
	AluY
	AluY
	Forward
	288
	Intron 6

	34
	AluSz6
	AluSz6
	Reverse
	255
	Intron 6

	35
	AluSg
	AluSq
	Forward
	283
	Intron 6

	36
	AluSg
	AluSg
	Forward
	281
	Intron 6

	37
	AluSc5
	AluSc5
	Forward
	280
	Intron 6

	38
	AluY
	AluY
	Reverse
	285
	Intron 6

	39
	AluSz
	AluSz
	Reverse
	274
	Intron 6

	40
	AluSz
	AluSz
	Forward
	283
	Intron 8

	41
	AluJb
	AluJb
	Forward
	269
	Intron 10

	42
	AluJb
	̶
	Forward
	32
	Intron 10

	43
	AluSz
	AluSz
	Forward
	300
	Intron 10

	44
	AluSx1
	AluSx1
	Reverse
	285
	Intron 10


0. 
	Alu
	Repeat Masker
	CENSOR
	Orientation
	Length (bp)
	Location

	45
	AluSx1
	AluSz
	Reverse
	283
	Intron 13

	46
	AluJr
	AluJr
	Forward
	271
	Intron 14

	47
	AluJo
	AluJo
	Forward
	121
	Intron 15

	48
	AluJo
	AluJo
	Forward
	282
	Intron 16

	49
	AluSc8
	AluYc1
	Forward
	265
	Intron 16

	50
	AluSq
	AluSq
	Reverse
	279
	Intron 16

	51
	AluSz
	AluSz
	Forward
	282
	Intron 16

	52
	AluSc5
	AluSc5
	Forward
	349
	Intron 16

	53
	AluSz6
	AluSz6
	Reverse
	278
	Intron 17

	54
	AluY
	AluY
	Forward
	280
	Intron 18

	55
	AluSx
	AluSx
	Reverse
	283
	Intron 18

	56
	AluY
	AluY
	Reverse
	281
	Intron 20

	57
	AluSc
	AluSc
	Reverse
	87
	Intron 20

	58
	AluSx
	AluSx
	Reverse
	286
	Intron 21

	59
	AluSx1
	AluSx1
	Reverse
	282
	Intron 24

	60
	AluJo
	AluJo
	Forward
	133
	Intron 25

	61
	AluY
	AluY
	Forward
	282
	Intron 32

	62
	AluSc8
	AluS
	Reverse
	281
	Intron 34

	63
	AluYh3
	AluY
	Forward
	220
	Intron 34

	64
	AluY
	AluY
	Reverse
	285
	Intron 34

	65
	AluSg
	AluSg
	Forward
	273
	Intron 34

	66
	AluYh3a3
	AluYa1
	Reverse
	239
	Intron 34

	67
	AluSz
	AluSz
	Forward
	283
	Intron 38

	68
	FLAM_A
	AluJ
	Reverse
	119
	Intron 42

	69
	AluY
	AluYb3a1
	Reverse
	282
	Intron 42

	70
	AluSc5
	AluSc5
	Reverse
	268
	Intron 42

	71
	AluSx
	AluSx
	Forward
	263
	Intron 42

	72
	AluJb
	AluJb
	Reverse
	282
	Intron 42

	73
	AluYj4
	AluYd3a1
	Reverse
	83
	Intron 43

	74
	AluSz6
	AluSz
	Reverse
	256
	Intron 45

	75
	AluY
	AluY
	Reverse
	289
	Intron 47

	76
	AluJo
	AluJ
	Forward
	66
	Intron 47

	77
	AluSc
	AluSc
	Forward
	288
	Intron 47

	78
	AluJo
	AluJr
	Reverse
	253
	Intron 47

	79
	AluJb
	AluJb
	Reverse
	275
	Intron 47

	80
	AluJo
	̶
	Reverse
	160
	Intron 47

	81
	AluSc
	AluSc
	Reverse
	280
	Intron 48


Table 5.2 Classification, orientation and size of Alu repetitive elements within VWF. Three different analysis tools were used to classify the 81 Alu repeats identified within VWF and also the orientation of the repeats and the size. Alu repeats were classified by family (AluS, Y or J) and sub-family (AluSx, AluYb, AluJo). FLAM_A refers to Free Left Alu monomer A, an historical repeat discovered prior to Alu sequences. FLAM_A and FRAM_A (Free Right Alu monomer A) merged to form the Alu repeat. Alu sequences highlighted in bold represent the Alu repeats that were classified as different families by the repetitive element analysis software. Each individual Alu sequence is available in Appendix 4.

Pairwise alignment of the Alu repeats on the sense and antisense strand was also undertaken to determine the pairwise homology between repeats in the same orientation. For the 36 Alu repeats on the sense strand, homology ranged from 0-91.4%, with the vast majority of repetitive elements having homology between 60-85%. The highest homology seen for Alu elements on the sense strand was between Alu61 and Alu63 with 91.4% homology. These two Alu repeats were classified as belonging to the same AluY family. Additionally there was also high homology between Alu54 and Alu61 (90%), again with both repetitive elements being classified by RepeatMasker and CENSOR as AluY repeats. Very low pairwise alignment homology was observed with Alu42 against all repeats, with repetitive element homology ranging from 0-40.6%, similarly in comparison to the other repetitive elements, Alu35 also had low homology between all repeats, ranging from 34.4-78.1% (Figure 5.2). This suggests that these two repetitive elements may have arisen due to the recombination between two Alu previous repeats, leading to formation of one chimeric Alu repetitive element (Sen et al. 2006, Teixeira-Silva et al. 2013).

In cases where there was no homology, the Alu repetitive elements tended to be of different classes, for example Alu27 and Alu42 are from the AluY and AluJ families respectively. Pairwise alignment of all Alu repetitive elements present on the sense strand is shown in Figure 5.2.
[image: ]
Figure 5.2. Pairwise alignment of Alu repetitive elements on the VWF sense strand. Pairwise alignment was undertaken using Geneious software to align each Alu repeat on the sense strand and then give an alignment homology value to determine the homology between each repeat. Colours indicate degree of homology with grey being <50%, pink being 50-59.9%, light red being 60-79.9% and red being >80% homology.


Pairwise alignment of the 45 Alu repeats present on the antisense strand ranged in homology from 0-92.8%, with the vast majority of repeats having homology between 70-89%. Alu1 shared a high level of homology above 90% with a number of repetitive elements. Alu1 and Alu12 shared 91.1% homology, Alu1 and Alu20 shared 90.4% homology. Alu1 and Alu56 shared 90.8% homology and Alu1 and Alu69 shared 90.8% homology. The two Alu repeats sharing the least homology amongst the repeats were Alu78 and Alu80, both of which are classified as AluJ repeats, which are historically the oldest form of Alu repetitive element, having arisen some 65 million years ago (Mya), with AluY  having arisen 24 Mya. The Alu78 repetitive element pairwise homology ranged from 24.1-79.0%, with the Alu80 pairwise alignment ranging from 0-36.7% homology. The pairwise alignment homologies for Alu repetitive elements on the antisense strand are shown in Figure 5.3.

[image: ]Figure 5.3. Pairwise alignment of Alu repetitive elements on the VWF antisense strand. Pairwise alignment was undertaken using Geneious software to align each Alu repeat on the sense strand and then give an alignment homology value to determine the homology between each repeat. Colours indicate degree of homology with grey being <50%, pink being 50-59.9%, light red being 60-79.9% and red being >80% homology.

0. [bookmark: _Toc368247497]5.2.2 In silico analysis of introns involved in copy number variation events in comparison to all VWF introns

Each deletion contains a 5’ and 3’ breakpoint region, both of which are in different introns and brought together in close proximity due to the rearrangement of genomic DNA in formation of CNV. Hence for each deletion, two independent intronic locations are involved in the formation of the deletion. These two intronic locations were initially used to analyse several characteristics of an intron involved in a genetic rearrangement in comparison to the characteristics of VWF introns as a whole. 

Of the 38 partial VWF CNV rearrangements identified in Table 5.1, 11 have been fully mapped to intronic locations. For the remaining 27, the intronic locations of CNV breakpoints were inferred from the information available as to the last known adjacent exon present to not have an aberrant CNV dosage pattern. For CNV rearrangements involving exons 1 and 52, the adjacent introns were not used in analysis, since the locations of the breakpoints could have been downstream or upstream of the VWF locus. 

[bookmark: OLE_LINK3]Analysis of the average size of the VWF introns in comparison to those involved in deletions, revealed those introns involved in deletion rearrangements were significantly larger than the average length of VWF introns throughout the gene. The average length of introns within VWF was 3.2kb, with the average length of introns involved in deletions being 8.2kb (Figure 5.4A).  Statistical analysis of these values, using Mann-Whitney U test identified this as being statistically significant at p=<0.001. Furthermore, when plotting intron size against the number of CNV events within a given intron, there was a positive correlation (Figure 5.4B). Pearson correlation analysis revealed an r value of 0.7 showing that there is a significant association between the two variables and that as intron size increases, the number of CNV events within an intron also increases, this being statistically significant at the p<0.0001 confidence interval (Mann-Whitney U test.)



[image: ]
Figure 5.4 Comparison of average intron length throughout VWF in comparison to size of introns involved in CNV and correlation between intron size and frequency of recombination events. 
A) Average intron length throughout VWF (3.2kb) and average intron length in introns only involved in CNV formation events (8.2kb). B) Correlation between intron size and the number of CNV recombination events within an intron. As can be seen, there is a positive correlation suggesting that with increasing intron size there is an increase in the number of recombination events. 

Furthermore, Abeysinghe et al. (2003) suggested that there is a tendency for the GC content of introns involved in deletions to be lower than those involved in translocations when specifically focusing on cancer genetics (Abeysinghe et al. 2003).  However, no findings have been shown for introns involving duplications. GC content calculator (section 2.2.10) was used to analyse all VWF intronic GC content and then averages of all VWF introns and those involved in CNV rearrangements was analysed. The average GC content for all introns throughout VWF was 48.0%, with the average GC content of introns involved in CNV formation being 44.9%. Whilst the difference seen is only 3.8%, statistical significance was reached at p<0.01 when a Mann-Whitney U test was used to calculate significance (Figure 5.5A).

In addition to the findings of lower GC content in introns involved in CNV formation, GC content of VWF introns was plotted against the number of CNV events involving an intron and there was an inverse correlation between GC content and CNV events, with the GC content of introns decreasing with increasing number of CNV events within a given intron. Intron 34 has been reported to be involved in 11 CNV formation events, with the GC content of this intron being 35.6%, whereas the average for the VWF introns is 48.0%. The inverse correlation between GC content and intron CNV formation events was analysed using Pearson correlation, which gave an r value of -0.4; this suggests there is a weak correlation between the GC content of an intron and the number of CNV formation events likely to occur within a given intron (Figure 5.5B). 
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Figure 5.5 Comparison of average intron GC content throughout VWF in comparison to GC content of introns involved in CNV and correlation between GC and frequency of recombination events. 
A) Average GC content throughout VWF (48%) and average GC content in introns only involved in CNV formation events (44.9%). B) Correlation between GC content and the number of CNV recombination events within an intron. As can be seen, there is an inverse correlation suggesting that with decreasing GC content there is an increase in the number of recombination events.



As mentioned previously, both LINE and Alu repetitive elements have been shown to be involved in CNV formation in a variety of disease states (Lalic et al. 2005, Zimmermann et al. 2010, Elfferich et al. 2011). As a result, the  LINE and Alu content (%) within the introns was analysed and then compared to the average LINE  and Alu content (%) in introns only involved in CNV formation. Furthermore, given that Alu repetitive elements are significantly smaller than LINE elements, 100-300bp compared to 1-7kb, analysis was also undertaken using the actual number of LINE and Alu repeats present within each VWF intron as an average, in comparison to the average number of LINE and Alu repeats present in introns involved in CNV formation events.

When analysing the average LINE content in the VWF introns as a whole and in introns involved in CNV formation, there was a significant difference (p<0.0001, Mann-Whitney U test) between the percentage of LINE content. When averaging all VWF introns as a whole, the percentage of intron made up of LINE repetitive elements was 8.8%, in comparison to 24.8% when using the intronic regions only involved in CNV formation. Since the difference observed was ~16% (Figure 5.6A), LINE content was also plotted against recombination events and using Pearson rank coefficient analysis, there was a positive correlation between percentage LINE content and the size of the intron, giving a r value of 0.6 (p<0.0001). This indicated that there was a strong association between the LINE content (%) of an intron and the number of recombination events occurring within an intron, with increasing LINE content (%) being associated with an increase in the number of CNV formation events within an intron, as shown in Figure 5.6B.

Analysis of the number of LINE repeat elements was also undertaken and averages throughout VWF were compared to the averages of introns involved in CNV events. On average, there was one LINE repeat element found per intron within VWF. In comparison, in introns involved in CNV, there were three LINE elements present per intron (Figure 5.7A). This was found to be statistically significant at the p<0.0001 level, although the likelihood was that since introns involved in CNV tend to be larger, there are more repetitive DNA elements present in these introns. In addition to this, the number of LINE repeats was plotted against the number of recombination events and there was a significant association between the two variables (Figure 5.7B). Pearson correlation analysis indicated that there was a strong association between the number of CNV events and also number of LINE repeats, this being statistically significant (p<0.0001), giving an r value of 0.6. In total, 58 LINE repetitive elements were identified within the introns of VWF.
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Figure 5.6 Comparison of average LINE repetitive element content (%) throughout VWF in comparison to LINE repetitive element content (%) of introns involved in CNV and correlation between LINE repetitive element content (%) and frequency of recombination events. 
A) Average LINE repetitive element content (%) content throughout VWF and average LINE repetitive element content (%) in introns only involved in CNV formation events. B) Correlation between LINE repetitive element content (%) and the number of CNV recombination events within an intron. As can be seen, there is a positive correlation suggesting that with increasing LINE content (%) there is an increase in the number of recombination events 
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Figure 5.7 Comparison of average number of LINE repetitive elements throughout VWF introns in comparison to introns involved in CNV and correlation between number of LINE repetitive element and frequency of recombination events. 
A) Average number of LINE repetitive elements throughout VWF introns and average number of LINE repetitive elements in introns only involved in CNV formation events. B) Correlation between number of LINE repetitive elements and the number of CNV recombination events within an intron. As can be seen, there is a positive correlation suggesting that with increasing number of LINE repetitive elements there is an increase in the number of recombination events 



Analysis of the average Alu content (%) within introns in VWF  compared to those involved in CNV formation events revealed a significant difference between the two groups, with the average Alu content of VWF introns being  8.0% and the average content of introns involved in CNV formation being 13.8% (p<0.001) (Figure 5.8A). Furthermore, plotting the Alu content against the number of CNV events within an intron showed positive correlation trend between the two variables. Applying Pearson ranked correlation analysis revealed a Pearson coefficient r value of 0.3, which was statistically significant (p<0.001), indicating that there is a medium association between Alu content and recombination events within an intron, with increasing Alu content showing a trend towards increasing recombination events within an intron (Figure 5.8B).

The number of Alu repeat elements in an intron was also assessed to determine the possibility that Alu elements are associated with CNV formation. The average Alu repetitive element content of introns throughout VWF showed that on average 1.5 Alu repeats occurred in comparison to 4.5 Alu repeats occurring in introns involved in CNV formation. This was statistically significant using a Mann-Whitney U test (P<0.0001, Figure 5.9A). 

When the number of Alu repetitive elements was plotted against the number of CNV formation events within introns, the results showed a strong association between Alu repetitive element number and the number of recombination events within an intron (Figure 5.9B). With increasing number of Alu repetitive elements there was an increase in the number of CNV formation events. The Pearson correlation showed that this was statistically significant (p<0.0001), giving an r value of 0.6 and indicated that there was a large association between number of Alu repeats in an intron and the number of CNV events within that intron.
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Figure 5.8 Comparison of average Alu repetitive element content (%) throughout VWF introns in comparison to introns involved in CNV and correlation between Alu repetitive element content (%) and frequency of recombination events. 
A) Average Alu repetitive element content throughout VWF introns (8.0%) and average  Alu repetitive element content (%) in introns only involved in CNV formation events (13.8%). B) Correlation between Alu repetitive element content (%) and the number of CNV recombination events within an intron. As can be seen, there is a positive correlation suggesting that with increasing Alu repetitive element content there is an increase in the number of recombination events.
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Figure 5.9 Comparison of average number of Alu repetitive elements throughout VWF introns in comparison to introns involved in CNV and correlation between number of Alu repetitive element and frequency of recombination events. 
A) Average number of Alu repetitive elements throughout VWF introns (1.5) and average number of Alu repetitive elements in introns only involved in CNV formation events (4.5). B) Correlation between number of Alu repetitive elements and the number of CNV recombination events within an intron. As can be seen, there is a positive correlation suggesting that with increasing number of Alu repetitive elements there is an increase in the number of recombination events 



The differences between intron size, LINE and Alu content (%) and the number of LINE and Alu repeat elements within introns involved in CNV compared to introns throughout VWF, suggests that these are all directly related to the number of recombination events within an intron. However, further analysis of the intron size, LINE and Alu content (%) and numbers present within an intron was undertaken to determine the likelihood that the size of an intron is influenced by the LINE and Alu content and number of repeats within the intron.

LINE content (%) was plotted against intron size and revealed a strong positive correlation between the two variables suggesting that intron size and the LINE content are linked variables. The Pearson correlation indicated that the r value was 0.5 and this was statistically significant at the p<0.0001 interval (Figure 5.10A). Furthermore, the number of LINE repetitive elements was plotted against intron size and again there was a strong positive correlation when undertaking a line of best fit. In addition this produced an r value of 0.8 when undertaking Pearson correlation analysis and was again found to be significant at the p<0.001 confidence interval (Figure 5.10B).
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Figure 5.10 Correlation between LINE content (%) and intron size and correlation between number of LINE repetitive elements and intron size. 
A) Correlation between the LINE content (%) and intron size, showing a positive correlation between the variables.  B) Correlation between number of LINE repetitive elements and intron size. As can be seen, there is a strong positive correlation suggesting that with increasing number of LINE repetitive elements there is an increase in the size of the intron. 


	
Alu content (%) was also plotted against intron size and applying a line of best fit suggested there to be a small positive correlation between the two variables. However, the ‘goodness of fit’ for the line was 0.03, suggesting that there is in fact very little correlation between the Alu content (%) and intron size. This finding was additionally backed up by the Pearson correlation analysis, which indicated no significance between the two variables (p=0.16), giving a r value of 0.2 (Figure 5.11A).

The number of Alu repeats within an intron was also mapped against intron size and the findings showed a significant positive correlation between the number of Alu repetitive elements and the intron size, with the line of best fit ‘goodness of fit’ giving a value of 0.7. Furthermore, the Pearson correlation analysis gave a statistically significant value (p<0.0001), with an r value of 0.9, indicating that the two variables are strongly associated and thus suggesting that Alu repetitive elements are significantly associated with increasing size of an intron (Figure 5.11B). This finding highlights the possibility that historical transposition of Alu repetitive elements may have played a role in lengthening some introns within VWF.
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Figure 5.11 Correlation between Alu content (%) and intron size  and correlation between number of Alu repetitive elements and intron size. 
A) Correlation between the Alu content (%) and intron size, showing no statistically significant correlation between the variables.  B) Correlation between number of Alu repetitive elements and intron size. As can be seen, there is a strong positive correlation suggesting that with increasing number of Alu repetitive elements, there is an increase in the size of the intron. 

[bookmark: _Toc368247498]5.2.2 Analysis of the intron 34 region as a mutational hotspot in VWF copy number variation

The intron 34 region of VWF has been documented in 10 deletions, one translocation leading to a chromosome ring formation and two out of three deletions described in chapters 3 and 4 of this thesis (13 CNV in total) (Bernardi et al. 1993, Bellissimo et al. 2011, Nik-Zainal et al. 2011, Yadegari et al. 2011, Boisseau et al. 2013, Cartwright et al. 2013, Theophilus et al. 2013). This suggests that this region of VWF is a mutational hotspot and also may indicate the relative instability of this region. In order to investigate the possibility that this region of the gene is a mutational hotspot and possibly unstable, the size of intron 34 was analysed from a number of mammals (Chimp, Horse, Rat and Mouse) (see section 2.2.8 for VWF sequence reference number) and compared to the human intron 34 region in order to compare a range of mammal species.

Analysis of intron 34 in a number of mammals suggested that this region may be unstable. The size of intron 34 in Homo sapiens was 15.3kb, in Pan troglodytes (Chimp) the length was 15.3kb, in Equus caballus (Horse) the length was 18.1kb, in Rattus norvegicus (Rat) 5.0kb and finally in Mus musculus (Mouse) the length of the intron was 5.6kb, as Figure 5.12 indicates. This suggested that as the mammals become progressively higher order, the size of the intron increased, suggesting the presence of active transposon repeat elements within the intron, which may provide a mechanism of lengthening and shortening the intron within mammals.
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Figure 5.12. Intron 34 size differences across five different species. Analysis of intron 34 size was undertaken using NCBI Ensembl to identify the intron 34 sequence and to determine the size. As can be seen, there is a trend to suggest that higher order species have a larger intron 34 region than lower order species.















Since the findings indicated that as mammals become increasingly higher order, the intron 34 size increased, repetitive element analysis was undertaken to determine the likelihood that the size of the intron increased due to the presence of repetitive elements that have the ability to partake in active transposition within the intron, which may provide a mechanism of lengthening and shortening the intron within mammals.

Analysis of the repetitive elements present in each of the listed mammals for intron 34 shows relatively large differences between the lower order and higher order mammals. Figure 5.13 below depicts the percentage coverage of each repetitive element throughout the entire length of intron 34. The main repeats capable of functioning in transposition events are SINE and LINE elements. Analysis of the intron using RepeatMasker also mapped LTR repeats and simple repeats, such as short stretches of nucleotides. 

As can be seen in Figure 5.13, the presence of SINE (Alu and MIR repeats), LTR and simple repeat elements within the intronic sequences was relatively stable throughout the different species. However, analysis of the LINE repetitive elements across species was highly variable. Within the human intron 34, LINE repetitive elements made up 68% of the intron, in Chimps this was reduced to 65%, and in the horse to 52%. In the rat and mouse, LINE repetitive elements made up only 6% and 10% of the intron respectively. This provides evidence to indicate the involvement of retrotransposition of LINE repetitive elements as a mechanism of increasing the relative intronic size throughout mammals.
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	[bookmark: OLE_LINK1]Species
	% coverage of each class of repetitive element within intron

	
	SINE
	LINE
	LTR
	Simple Repeats
	Other
	Non-repetitive

	Human
	11.4
	68.0
	2.0
	1.3
	-
	19.3

	Chimp
	10.7
	65.5
	1.9
	1.0
	-
	20.9

	Horse
	5.6
	52.2
	14.7
	0.3
	12.8
	14.4

	Rat
	9.8
	6.5
	3.6
	1.2
	-
	78.9

	Mouse
	3.3
	10.0
	5.9
	2.7
	-
	78.1



	





Figure 5.13. Representation of percentage of each repetitive element throughout the entire length of intron 34 in a number of mammals. The repetitive element coverage for intron 34 within the different mammalian classes is indicated in the table.

Characteristics of introns involved in deletion breakpoints indicated that the size of the intron and the repetitive element sequences were far higher in comparison to all VWF introns, with the GC content being lower; however, this only provided part of the story in understanding the molecular mechanisms involving the formation of deletions within VWF. It was necessary to analyse all deletions where breakpoints had been mapped to determine the mechanisms by which the deletions arose, thus giving a definitive overview of the mechanisms currently known to be involved. 

Of the 35 deletions known to occur within VWF, only 12 have had the breakpoints mapped (9 from the literature and 3 described previously in chapter 4). Analysis of the known breakpoint regions was undertaken firstly using RepeatMasker to determine the repetitive element content of the genomic DNA 1kb upstream and downstream of each deletion breakpoint. Furthermore, secondary structure predictions were undertaken to determine if the 5’ and 3’ regions of DNA involved in deletion formation came within close proximity and DNA motif analysis was undertaken to identify motifs that may give rise to genomic lesions which would contribute to deletion formation.

Of the 9 deletions within VWF with known breakpoints reported in the literature and the further three deletions characterised in chapter 4, Alu mediated recombination was historically found to be involved in formation of the deletions in four of these (along with the exon 3 deletion described in chapter 4, making 5 in total). However, the deletions reported to involve Alu repetitive elements do not show using current analysis.







0. [bookmark: _Toc368247499]5.2.3 Alu-mediated homologous recombination as a mechanism in VWF deletion rearrangements

The deletion of exons 1-3 is well documented and reported within the literature and involves the total deletion of 35kb of genomic DNA. The 5’ breakpoint is located 30071bp upstream of the VWF  ATG start site, in the 5’ un-translated region (5’UTR), with the 3’ breakpoint located within intron 3, 3445bp downstream of the end of exon 3 (Mohl et al. 2008). Previous in silico analysis identified an AluY repetitive element within the 5’UTR and an AluSp repetitive element present at the 3’ breakpoint region, which according to the Alu repeats mapped in the current analysis corresponds to VWF Alu5. Since this mutation has previously been extensively documented, the findings indicate that this deletion arose due to Alu-mediated homologous recombination.

Another deletion believed to have Alu-mediated recombination as a mechanism is the exon 4-5 deletion, identified as homozygous in type 3 individuals and heterozygous in type 1 VWD individuals (Sutherland et al. 2009). In total the deletion spanned 8631bp, with both the 5’ and 3’ breakpoint regions found to be within AluY repetitive elements. Again, in silico analysis of this deletion has been reported within the literature, however, the Alu repeats found at the breakpoint region can be identified and classified according to the Alu repetitive elements mapped in this investigation. The 5’ AluY repetitive element can be classified as VWF Alu8 and the 3’ AluY repeat can be classified at VWF Alu19. Analysis of the pairwise alignment undertaken on all Alu sequences revealed that both of these Alu repeats are present on the antisense strand of VWF and have a pairwise homology of 83.8%. The in silico analysis described here is in line with previous findings and conclusions for the mechanism of deletion formation (Sutherland et al. 2009)


0. [bookmark: _Toc368247500]5.2.4 Complex deletion rearrangements within VWF involving Alu mediated recombination to bring breakpoints into close proximity
0. 
Bellissimo et al., (2011) reported the out-of-frame deletion of exon 18, present in a type 3 VWD individual through microarray analysis of VWF to identify CNV in a small type 3 VWD cohort. In total the deletion spanned 3.8kb of genomic DNA and can be defined as c.2282-809_2442+2811delinsT according to HGVS guidelines. No previous in silico analysis was undertaken to establish the likely mechanism of this deletion formation. Using current in silico analysis to search for repetitive elements identified an AluY repetitive element present at the 3’ deletion breakpoint within intron 18 (VWF Alu54) an AluSx repetitive element downstream of the 3’ breakpoint (VWF Alu55) and also an AluSz6 680bp upstream of the 5’ breakpoint located in intron 17 (VWF Alu53). Nucleotide BLAST analysis revealed no significant homology between the 5’ and 3’ breakpoint regions, however, the AluSz6 (intron 17) and AluSx (intron 18) repetitive elements located upstream and downstream of the deletion breakpoints were both present on the antisense strand of VWF, sharing 83.1% pairwise homology. Pairwise alignment of the Alu repeat located upstream of the 5’ breakpoint (antisense) and the AluY repeat directly encompassing the 3’ deletion breakpoint (sense orientation) revealed a 85.9% homology, this may explain how the deleted area came to be in close proximity as there may have been a recombination/annealing event involving these homologous regions prior to deletion formation.

This deletion has further characteristics of Alu-mediated homologous recombination, given that there is also the presence of the 26bp Chi-like core sequence (CCTGTAATC-CCAGCACTTTGG-GAGGC) 220bp upstream of the 3’ deletion breakpoint, encompassing the AluY repetitive element. This sequence motif has only been found within 2kb of VWF deletions involving Alu-recombination events. DNA motif analysis of 25bp upstream and downstream of the 5’ and 3’ deletion breakpoints revealed the presence of a number of other motifs, as summarised in Table 5.3.
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Figure 5.14 In silico repetitive element analysis of the exon 18 deletion breakpoint region
Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 18 deletion (Bellissimo et al. 2011).

	Deletion
	Insert at breakpoint (bp)
	Deletion breakpoint characteristics
	Mechanism of deletion formation

	
	
	5’ Proximal Breakpoint
	3’ Distal Breakpoint
	

	
	
	Repetitive Element
	DNA motifs present
(25bp upstream and downstream)
	Repetitive Element
	DNA motifs present
(25bp upstream and downstream)
	

	Exon 18
	-
	
	Five topoisomerase cleavage sites;
Four  DNA α polymerase pause site;
One DNA polymerase arrest site;
	AluY
	Seven topoisomerase cleavage sites;
26bp Chi-like Alu recombination sequence*;
Four DNA α polymerase pause site;
	NHEJ, with regions brought into close proximity due to presence of highly homologous Alu repeats


Table 5.3.  In silico analysis of deletion breakpoint region for exon 18 deletion.
DNA motif analysis was undertaken 25bp upstream and downstream of the deletion breakpoint sequences, with the exception of searching for the Chi-like recombination sequence, where sequence was searched 2.5kb upstream and downstream of the 5’ and 3’ breakpoint regions. *Chi like Alu-recombination sequence is CCTGTAATC-CCAGCACTTTGG-GAGGC, with the middle portion of the sequence being important in recombination events between Alu repeat elements. Topoisomerase cleavage site= CAT,CTY,GTY and RAT; DNA α polymerase pause site= GAG,ACG,GCS; DNA polymerase arrest site= WGGAG; Deletion hotspot consensus sequence= TGRRKM; DNA polymerase β frameshift sequence ACCCWR, TTTT; Deletion hotspot consensus sequence TGRRKM. Y=C/T; R=A/G; S=G/C; W=A/T; K=G/T; M=A/C.

Hampshire et al. (2013) recently reported the breakpoints of the exon 17-18 deletion in a Turkish cohort, where the index case had severe type 3 VWD and the deletion was present in the homozygous state, with both parents having the exon 17-18 deletion in the heterozygous state. The deletion was initially identified due to failure of the PCR reactions for these exons in the IC, with the size of the deletion estimated to be ~8kb after Southern blot analysis. MLPA analysis then identified the exon 17-18 deletion as homozygous in the IC with the parents being heterozygous for the deletion. Long-range PCR and direct sequencing identified the breakpoints within the 5’ region of intron 16 and the 3’ region of intron 18, resulting in the loss of 9683bp of genomic DNA, defined as c.2186+2253_2442+3683del according to HGVS guidelines.

In silico analysis of the deletion breakpoints from 1kb upstream and downstream of the 5’ and 3’ breakpoints revealed the presence of a L2 repeat at the 5’ breakpoint junction and a MIRb repetitive element present at the 3’ breakpoint junction (Figure 5.14). Using NucleotideBLAST analysis to assess for homology between the 5’ and 3’ breakpoint region revealed no significant homology between the repeats. However, analysis revealed the presence of a small dinucleotide CC repeat at the breakpoint junction with no further microhomologous regions found. In addition, analysis of the AluSq (VWF Alu50) in intron 16, located 681bp upstream of the 5’ breakpoint and the AluSx (VWF Alu55) located 849bp downstream of the 3; breakpoint revealed that there was an 82.4% pairwise homology between these two Alu repeats. These repeats are located on the antisense strand in the same orientation and this may explain how the deleted area came to be in close proximity as there may have been a recombination/annealing event involving these homologous regions prior to deletion formation.

Given the evidence of the small microhomologous dinucleotide repeat and the lack of homology between the 5’ and 3’ breakpoint junction repetitive elements, the likely mechanism by which the exon 17-18 deletion was formed is through non-homologous end joining in generation of the exon 17-18 deletion. However, the regions surrounding the breakpoint were likely brought into close proximity due to the presence of Alu repetitive elements in the vicinity of the breakpoint region (within 1kb upstream of the 5’ and 3’ breakpoint junctions). Other than the lack of Alu repeats at the 5’ and 3’ junctions, this deletion has characteristics of homologous recombination, given that there is also the presence of the Chi-like core sequence (CCTGTAATC-CCAGCACTTTGG-GAGGC) in three different regions surrounding the breakpoints. The first two are partial sequences of 17bp in length located 1576bp upstream of the 5’ breakpoint and also 1080bp upstream of the 3’ breakpoint. Finally, there is the presence of the full length 26bp sequence 1549bp downstream of the 5’ breakpoint. This sequence motif has only been found within 2kb of VWF deletions involving Alu recombination events (section 5.2.3 and the exon 3 deletion mechanism described in section 4.2.1.4).  The findings indicate that Alu elements are likely to have participated in bringing sequences adjacent to the deletion into close proximity. Findings from the repetitive element analysis and DNA motif analysis are summarised in Table 5.4.  
[image: ]
Figure 5.15 In silico repetitive element analysis of the exon 17-18 deletion breakpoint region
Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 17-18 deletion (Hampshire et al. 2013).

	Deletion
	Insert at breakpoint (bp)
	Deletion breakpoint characteristics
	Mechanism of deletion formation

	
	
	5’ Proximal Breakpoint
	3’ Distal Breakpoint
	

	
	
	Repetitive Element
	DNA motifs present
(25bp upstream and downstream)
	Repetitive Element
	DNA motifs present
(25bp upstream and downstream)
	

	Exon 
17-18
	-
	L2 (LINE)
	Eight topoisomerase cleavage sites;
26bp and 17bp partial chi-like Alu recombination sequence*;
10  DNA α polymerase pause site;
Two deletion hotspot consensus sequence
	MIRb (SINE)
	Eight topoisomerase cleavage sites;
17bp partial chi-like Alu recombination sequence*;
Four DNA α polymerase pause site;
One DNA polymerase arrest site
One deletion hotspot consensus sequence

	NHEJ, with regions coming into close proximity likely due to highly homologous Alu repetitive elements


Table 5.4.  In silico analysis of deletion breakpoint region for exon 17-18 deletion.
DNA motif analysis was undertaken 25bp upstream and downstream of the deletion breakpoint sequences, with the exception of searching for the Chi-like recombination sequence, where sequence was searched 2.5kb upstream and downstream of the 5’ and 3’ breakpoint regions. *Chi like Alu-recombination sequence is CCTGTAATC-CCAGCACTTTGG-GAGGC, with the middle portion of the sequence being important in recombination events between Alu repeat elements. Topoisomerase cleavage site= CAT,CTY,GTY and RAT; DNA α polymerase pause site= GAG,ACG,GCS; DNA polymerase arrest site= WGGAG; Deletion hotspot consensus sequence= TGRRKM; DNA polymerase β frameshift sequence ACCCWR, TTTT; Deletion hotspot consensus sequence TGRRKM. Y=C/T; R=A/G; S=G/C; W=A/T; K=G/T; M=A/C.

Bernardi et al., (1993) identified the exon 26-34 deletion and the deletion breakpoints, with the deletion spanning 25.5kb in total. The 5’ deletion breakpoint was mapped within intron 25 and the historical in silico analysis suggested that at this 5’ breakpoint region there was an interrupted Alu repetitive element; the intron 34 3’ breakpoint regions showed homology with a number of different repeats but the repetitive element in this region was not fully characterised. Furthermore, Bernardi et al., (2003) suggested that sequences flanking the lesion matched available sequences from Alu repetitive elements and from this hypothesised that the deletion was a result of Alu-mediated recombination.

Applying current in silico analysis techniques to the deletion breakpoints revealed that the 5’ deletion breakpoint encompassed an AluJo (VWF Alu60) repetitive element, however at the 3’ breakpoint region there was a MIRb repetitive element (Figure 5.15). Using NucleotideBLAST analysis revealed no significant homology between these two repeats, however, pairwise alignment revealed that the repeats shared 38% similarity, so showed some minor homology. Furthermore, there was an AluYh3a3 (Alu66) repetitive element 612bp upstream of the 3’ deletion breakpoint. The homology between Alu60 and Alu66 was 75.9% with the repetitive elements being in opposite oritentations (Alu60 sense; Alu66 antisense strand). The finding of Alu repetitive elements surrounding the deletion breakpoint and in close proximity to the 3’ breakpoint is similar to the finding of the proximity of Alu repetitive elements in the case of the exon 17-18 deletion. Interestingly, the 26bp Chi-like element thought to be involved in Alu mediated recombination was found to be present 1394bp upstream of the 3’ breakpoint junction. In chapter 4, deletions of exon 32-34 and exon 33-34, where Alu recombination was not involved in deletion formation, there was no Chi-like sequence found within 2.5kb upstream or downstream of the proximal or distal breakpoint regions.

DNA motif analysis 25bp upstream and downstream of the 5’ and 3’ breakpoint identified a number of different repeats. 5’ breakpoint region motif analysis revealed the presence of seven topoisomerase cleavage sites, a DNA polymerase β frameshift motif, five DNA α polymerase pause sites and a deletion hotspot motif. Analysis of the 3’ breakpoint junction identified 10 topoisomerase cleavage sites and two DNA α polymerase pause sites.

Given the findings from the repetitive element analysis and the DNA motif analysis, the likely mechanism of deletion formation involved the two regions coming into close proximity due to Alu-mediated recombination but the deletion being formed due to MMEJ, due to the low level of homology between the two repeats in the vicinity of the breakpoint regions. Findings from repetitive element and DNA motif analysis is summarised in Table 5.5.
[image: ]Figure 5.16 In silico repetitive element analysis of the exon 26-34 deletion breakpoint region
A) Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 26-34 deletion (Bernardi et al. 1993).

	Deletion
	Insert at breakpoint (bp)
	Deletion breakpoint characteristics
	Mechanism of deletion formation

	
	
	5’ Proximal Breakpoint
	3’ Distal Breakpoint
	

	
	
	Repetitive Element
	DNA motifs present
	Repetitive Element
	DNA motifs present 
	

	Exon 
26-34
	-
	AluJo
	Seven topoisomerase cleavage sites;
One DNA polymerase β frameshift
Five DNA α polymerase pause site;
One deletion hotspot consensus sequence
	MIRb
	10 topoisomerase cleavage sites;
26bp chi-like Alu recombination sequence*;
Two DNA α polymerase pause site;

	MMEJ with the region brought in close proximity due to the presence of Alu repetitive elements


Table 5.5.  In silico analysis of deletion breakpoint region for exon 26-34 deletion.
DNA motif analysis was undertaken 25bp upstream and downstream of the deletion breakpoint sequences, with the exception of searching for the Chi-like recombination sequences, which were searched for 2.5kb upstream and downstream of the 5’ and 3’ breakpoint regions. *Chi like Alu-recombination sequence is CCTGTAATC-CCAGCACTTTGG-GAGGC, with the middle portion of the sequence being important in recombination events between Alu repeat elements. Topoisomerase cleavage site= CAT,CTY,GTY and RAT; DNA α polymerase pause site= GAG,ACG,GCS; DNA polymerase β frameshift sequence ACCCWR, TTTT; Deletion hotspot consensus sequence TGRRKM. Y=C/T; R=A/G; S=G/C; W=A/T; K=G/T; M=A/C.

Mancuso et al., (1994) identified two deletions of VWF, both occurring in type 3 VWD patients. The deletions encompassed exons 22-43 and exons 33-38, however, only the exon 33-38 deletion had the breakpoints mapped. The deletion of exon 33-38 led to the loss of 25.5kb of genomic DNA. Repetitive element analysis of the 5’ and 3’ breakpoint regions revealed the presence of a MIRb repetitive element at the 3’ distal breakpoint region with no repetitive element being identified at the 5’ proximal breakpoint; however, 303bp upstream of the 5’ breakpoint there was an AluY repetitive element (VWF Alu61) (Figure 5.17). In addition to the repetitive element located at the 3’ breakpoint and the Alu repetitive element upstream of the 5’ breakpoint there was an AluSz (VWF Alu67) repetitive element 89bp upstream of the 3’ breakpoint region. Both the 3’ AluSz repeat and the 5’ AluY repeat were in the same orientation (sense strand) and had pairwise alignment homology of 79.7%. NucleotideBLAST analysis of the 200bp upstream and downstream of the 5’ and 3’ deletion breakpoints revealed no significant homology between the 5’ and 3’ breakpoint regions when using the MegaBLAST function to search for highly similar sequences. 

DNA motif analysis of the 25bp upstream and downstream of the 5’ and 3’ breakpoint junctions revealed a number of motifs. The 5’ breakpoint junction had 10 topoisomerase cleavage sites, one DNA polymerase β frameshift sequence and three DNA α polymerase pause sites. At the 3’ breakpoint region, 12 topoisomerase cleavage sites and two DNA α polymerase pause sites were identified; with the 26bp Chi-like Alu recombination sequence being identified 353bp upstream of the 3’ breakpoint, within the AluSz repeat. Analysis of the 25bp upstream from the 5’ proximal breakpoint and 25bp downstream of the 3’ breakpoint also revealed no significant regions or stretches of nucleotide microhomology. Given the findings from repetitive element and DNA motif analysis, the likely mechanism of deletion formation in this instance was through NHEJ, with the regions brought into close proximity due to the homology between the Alu repeat elements in the vicinity of the breakpoint junction regions. DNA motif and repetitive element analysis is summarised in Table 5.6.
[image: ]

Figure 5.17 In silico repetitive element analysis of the exon 33-38 deletion breakpoint region
A) Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 33-38 deletion (Mancuso et al. 1994).

	Deletion
	Insert at breakpoint (bp)
	Deletion breakpoint characteristics
	Mechanism of deletion formation

	
	
	5’ Proximal Breakpoint
	3’ Distal Breakpoint
	

	
	
	Repetitive Element
	DNA motifs present
	Repetitive Element
	DNA motifs present 
	

	Exon 
33-38
	-
	-
	10 topoisomerase cleavage sites;
One DNA polymerase β frameshift
Three DNA α polymerase pause site
	MIRb
	12 topoisomerase cleavage sites;
26bp chi-like Alu recombination sequence*;
Two DNA α polymerase pause site
	NHEJ, with regions brought into close proximity due to presence of highly homologous Alu repeats


Table 5.6.  In silico analysis of deletion breakpoint region for exon 33-38 deletion.
DNA motif analysis was undertaken 25bp upstream and downstream of the deletion breakpoint sequences, with the exception of searching for the Chi-like recombination sequence, which were searched for 2.5kb upstream and downstream of the 5’ and 3’ breakpoint regions. *Chi like Alu-recombination sequence is CCTGTAATC-CCAGCACTTTGG-GAGGC, with the middle portion of the sequence being important in recombination events between Alu repeat elements. Topoisomerase cleavage site= CAT,CTY,GTY and RAT; DNA α polymerase pause site= GAG,ACG,GCS; DNA polymerase β frameshift sequence ACCCWR, TTTT; Deletion hotspot consensus sequence TGRRKM. Y=C/T; R=A/G; S=G/C; W=A/T; K=G/T; M=A/C.

0. [bookmark: _Toc368247501]5.2.5 LINE L1 non-autonomous retrotransposition as a novel mechanism in the deletion of exon 42

Peake et al., (1990) reported the first partial deletion of VWF, involving the homozygous out-of-frame deletion of exon 42, identified in a type 3 VWD individual. The deletion was thought to cause the introduction of a stop codon in the protein within the exon 43 sequence and to result in a null allele. In total the deletion spanned 2322bp of genomic DNA, with no repetitive elements found surrounding the breakpoints; furthermore, there was also a novel 182bp insertion at the breakpoint junction. The original findings indicated that this insert was from the human genome from an undetermined site (Peake et al. 1990).

Similar to the historical findings, repetitive element analysis of the surrounding 5’ and 3’ breakpoint regions revealed no repeats within the vicinity of the breakpoint region (Figure 5.18 A). Since historical findings suggested that the 182bp insert at the breakpoint junction site was from an unknown region within the human genome, the insert was submitted to NucleotideBLAST analysis, using the MegaBLAST function to search for highly homologous regions of the human genome. Findings from the NucleotideBLAST search revealed one hit within the genome. This hit was from within VWF, intron 38 and the homology between this region and the BLAST result was 96% (Figure 5.18 B). This was based on the 182bp insert historically reported and hence there were minor differences in the historical information available and the sequence information now available. The area surrounding the intron 38 insertion sequence (1kb upstream and downstream) was assessed for repetitive element content and revealed that the 182bp insert contained a LINE L1, L1MC1 repetitive element in the first 142bp, with the remainder of the insert containing non-repetitive sequence. Secondary structure prediction analysis was undertaken to determine if the regions were likely to come into close proximity, however, the results did not suggest the intron 38 region and the region surrounding the exon 42 deletion came in close proximity. 

Given the finding of the large insertion originating from within the VWF and the insert comprising part of an L1 element, the deletion was thought to arise from an L1 retrotransposition event. Furthermore, given that the L1 element was 142bp in length and was truncated, the likelihood is that this retrotransposition event occurred in a non-autonomous manner, requiring the transposition proteins from another full-length L1 repetitive element in order to take place (Figure 5.19).

Since the insert originated from within the VWF, the genomic insert and upstream and downstream exons were analysed by splice site prediction software to determine whether the insert was likely to cause alternate splicing. The results suggested that the insert resulted in a new splice acceptor site within the inserted DNA, leading to intron retention. Furthermore, the intron retention was predicted to result in a stop codon introduced four amino acids downstream of the exon 41 sequence, whereas the historical findings suggested introduction of a stop codon within exon 43.
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Figure 5.18. In silico analysis of the exon 42 deletion breakpoint region and the alignment of the insert with a region of VWF intron 38 A) Schematic representation of the repetitive elements present around the proximal (5’) and distal (3’) breakpoint regions of the exon 42 deletion. B) Nucleotide BLAST alignment of the breakpoint insert and a region of intron 38, showing 96% homology.
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Figure 5.19. L1 non autonomous retrotransposition of exon 42 deletion.
The orange circle represents L1 retrotransposition proteins, with the mRNA shown as a green line, the blue half circle represents the reverse transcription proteins.
0. [bookmark: _Toc368247503]5.3. Discussion

To date, the role of Alu repetitive elements leading to VWF exon copy number variations has been documented in seven deletions. In the historical analysis, these Alu sequences were mapped in the vicinity of the VWF deletion breakpoints using RepeatMasker (Mancuso et al. 1994, Xie et al. 2006, Mohl et al. 2008, Sutherland et al. 2009). However, no study has looked at the Alu content throughout VWF.  In this investigation, use of RepeatMasker and CENSOR repetitive element analysis software has led to the identification of 81 Alu sequences throughout the VWF locus. Historically, Alu repetitive sequences were classified as AluJ, AluS and AluY, with further subfamilies being identified over time and these refer to the order of their discovery (AluJo, AluYb, AluSx) (Batzer et al. 1996, Batzer and Deininger 2002, Dagan et al. 2004). The findings from this investigation reveal that there are 15 AluJ class repeats, 39 AluS class repeats and 22 AluY class repeats, with five repeats being undetermined in class since the software used identified two different Alu repeat classes. In addition to this, AluJ repetitive sequences were the repetitive element least likely to be involved in CNV events since this is the oldest form of the Alu family and it is believed that SNP introduced into the sequences over time have inactivated the retrotransposition functionality of this class of Alu repeats (Bennett et al. 2008). Of the Alu repeats in close proximity to the deletion breakpoints (14 in total at the 5’ and 3’ breakpoint regions) only one was an AluJ repetitive element.

There is enrichment of Alu repeats at the 5’ end of VWF with repeats being highly enriched in intron 3, 5 and 6. Gene conversion and duplication events have previously been reported as a result of Alu mediated recombination, however, analysis of VWF and VWFP locations did not reveal the presence of any Alu repeats in the vicinity of the VWFP/VWF start and end homologous regions. However, Alu enrichment has been shown to be present in the 5’ region of genes where there was broad expression within a number of different tissue and cell types, providing evidence that the expression of VWF and its function is potentially important outside of the field of haemostasis (Urrutia et al. 2008). This is in line with findings implicating VWF in recruitment of leukocytes to areas of inflammation and also having an anti-tumour metastasis effect in cancer, acting as a regulator of angiogenesis (Pendu et al. 2006, Pober and Sessa 2007, Franchini et al. 2013).

Furthermore, 5’ Alu enrichment of genes has been associated with the Alu repeats functioning as a regulator of gene expression. Kondo and Issa (2003) showed that 5’ Alu repetitive elements are targets for histone 3-lysine 9 methylation, an epigenetic mark which leads to the formation of heterochromatin, a state which leads to DNA being densely compact and in this state DNA is inaccessible and therefore transcriptionally inactive, leading to reduced gene expression (Kondo and Issa 2003). Other findings suggest that Alu repeats present in the 5’ region of genes may have three functions in gene regulation, the first being in alternative splicing of  transcripts, where Alu elements may influence the exons present in mRNA through Alu exonisation (integrated Alu repeats express in the mRNA as exons) (Hasler and Strub 2006). Additionally, single mutations in Alu repetitive elements may result in an alternative splice transcript becoming a constitutive transcript (Lev-Maor et al. 2003, Sorek et al. 2004). Secondly, Alu repeats may function in post transcriptional RNA-editing, influencing RNA stability and secondary structure formation and finally the repeats may be involved in regulating translation of mRNA to protein (Hasler and Strub 2006).

The frequency of Alu repetitive elements within the genome suggests that one Alu repeat is present every 3kb of genomic DNA (Pavlı́ček et al. 2001, Jurka 2004, Hackenberg et al. 2005). VWF spans a total of 178kb DNA and with 81 Alu repeats present throughout this region; the frequency of Alu repeats in VWF suggests the presence of an Alu every 2kb of DNA. This reveals that VWF as a whole is enriched for Alu repeats and that recombination events within the gene may be more frequent as a result of this. In comparison, F8, which spans 182kb of DNA, has 60 Alu repetitive elements located throughout the gene, giving an average occurrence of one Alu every 3kb, in line with the historical findings (Pavlı́ček et al. 2001, Jurka 2004, Hackenberg et al. 2005). Also, given the high frequency of Alu repetitive elements within VWF, these repeats could be historically involved in leading to the generation of multiple repeat motifs within VWF, since the protein is made up of repeats of A, B, C and D domains to varying degrees; this not only applies to VWF but to other repeated domain protein structures (Li et al. 2001).

Analysis of the introns involved in CNV formation compared to the introns throughout VWF has also given an insight into the likely locations where CNV could potentially occur. The average size of VWF introns involved in CNV was found to be significantly larger than the average of those throughout VWF. Furthermore, there were likely to be more Alu and LINE repetitive elements present in introns involved in VWF CNV events, suggesting that these elements contribute to formation of genomic lesions. Additionally, there was a relationship between the size of an intron and the Alu/LINE repetitive elements present. This finding suggested that the larger intron regions of VWF  are likely the result of historical retro/transposition events of Alu and LINE elements leading to the increased size of introns (Lynch and Conery 2003).

Furthermore, applying in silico analysis to previously reported deletions with known breakpoints has revealed that determining the exact mechanism of deletion formation is difficult, since in silico analysis of a number of the deletion mutations in VWF suggested that the DNA repair mechanisms may act in synergy to repair a genomic lesion or that Alu-mediated recombination has a role in bringing deletion breakpoints into close proximity by forming secondary structures and preventing DNA polymerase from bridging the structure, leading to formation of nicks or double-strand breaks in DNA surrounding these secondary structures. Xie et al., (2006) who reported the out-of-frame exon 6-16 deletion found that within the vicinity of the deletion breakpoints, there were a number of Alu repetitive elements present. In the investigation, they suggested that the deletion of exons 6-16 was likely due to the involvement of such elements forming secondary structures, such as stem loops, which would bring the breakpoints into close proximity. Furthermore, the authors also found a number of recombination motifs surrounding the 5’ and 3’ breakpoint regions.

This has previously been reported by Richardson and Jasin (2000) who found that induction of DSB within/close to highly repetitive sequence in mouse embryonic stem cells led to their repair through two pathways. Firstly, the repair of the DSB is initiated by homologous invasion of the sister chromosome and then NHEJ repairs the actual lesion of DSB (Richardson and Jasin 2000). Therefore, CNV rearrangements and the understanding of such mutations may not be as simple as resulting from one of the three main types of DSB repair mechanisms and may involve the collaboration of multiple mechanisms to ensure the cell remains viable and the lesion is repaired, allowing the cell to re-enter cell cycle progression. However, a large number of the VWF deletions with reported breakpoints involve the homologous recombination/alignment of Alu repetitive elements. Given that VWF is enriched for such sequences, it is possible that this is the predominant mechanism by which CNV within VWF arise. There are a number of ways by which Alu-mediated recombination events can occur, either through inter- or intra- strand annealing and recombination between repeats in the same and opposite orientations (Sen et al. 2006), as illustrated in Figure 5.19. Given the in silico findings for the VWF deletions, the Alu-mediated recombination involving Alu repeats away from the deletion breakpoints are likely the result of intra-chromosomal recombination events leading to secondary structure formation, followed by deletion/ skipping of the secondary structure during DNA replication (Figure 5.19A and B. Where Alu repetitive elements are located within the deletion breakpoints, the recombination mechanism could either be through intra- or inter-chromosomal recombination events (Figure 5.19A or 5.19C).
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Figure 5.19. Alu mediated inter- and intra- chromosomal recombination events leading to deletion formation.
A) Intra-chromosomal recombination between repeats in the same orientation. B) Intra-chromosomal event between repeats in the opposite orientation. C) Inter-chromosomal recombination between repeats leading to deletion of DNA on one chromosome.

A novel mechanism of deletion formation in VWF deletions has been documented in the form of the exon 42 deletion. Peake et al., (1990) previously reported the type 3 VWD mutation and identified the deletion breakpoints with a large 182bp insert at the breakpoint junction. The insert was historically believed to be from within the human genome from an undetermined region. In this investigation, the analysis has revealed that the 182bp insert is from within VWF at a location within intron 38 (with at least 96% homology). The reason for not finding 100% homology with the intron 38 inserted sequence was possibly due to the differences between the historical VWF sequence data and reference sequence information now available.  Given the findings, it is believed that the deletion of exon 42 and the associated intron 38 insert is due to an L1-mediated retrotransposition event. Previously reported L1 retrotransposition events within F8 and F9 contain inserts larger than reported here and are associated with transposition of L1 DNA. They contain long poly-A tails, capable of integrating into the genome at complementary sites, through target-site primed reverse transcription, whereby L1 endonucleases nick complementary sites and integrate reverse transcribed L1 DNA into the genome. The L1 insertion in previously documented deletions causes the disease phenotype, disrupting the reading frame and reducing gene expression. In this instance, the likely mechanism of VWF ex42del is through a non-classical L1 retrotransposition-mediated deletion event; with disease phenotype resulting from the out-of-frame ex42del.   The repair mechanism reported here is a non-classical L1 retrotransposition. Given the frequency of such mutations within the genome, it is likely that these forms of genomic lesion repair events occur very rarely. This first report of a possible VWF deletion arising through non-classical L1-retrotransposition extends understanding of mechanisms responsible for VWF deletion mutations. 

In conclusion, mapping of Alu repeats throughout VWF may be useful in order to facilitate identification of breakpoints for deletions that currently remain unmapped in regions where there is high Alu enrichment (particularly introns 3, 5 and 6). Whilst this could provide useful information to aid in breakpoint mapping when using MLPA, given that VWF is highly enriched for Alu repetitive elements, this may prove problematic when undertaking future genetic screening studies using next generation sequencing or array CGH to look for deep intronic changes. Design of these arrays requires novel probe sets for a particular region of interest and tiling across the highly homologous repetitive-element sequences will be highly problematic, especially given that most designs are undertaken with bioinformatics software and the stringency of these programs is set to avoid regions of highly repetitive sequence (Treangen and Salzberg 2012). Furthermore, the Alu enrichment at the 5’ region of VWF, along with historical findings for the role of Alu repeats in gene regulation suggests a potentially unrecognised mechanism in regulating VWF expression, which may serve as a further line of study to investigate mutations/SNP within Alu repeats and the effect of these in VWF expression (Kondo and Issa 2003, Lev-Maor et al. 2003, Sorek et al. 2004, Hasler and Strub 2006). 
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[bookmark: _Toc368247507]6.1. Introduction

In chapters 3 and 4, three in-frame exon deletions within VWF have been identified and characterised, with deletion breakpoints mapped and pathogenetic mechanisms of deletion rearrangements inferred from the extensive in silico analysis undertaken. The exon deletions identified were all heterozygous in nature and involved deletion of exons 3, 32-34 and 33-34 in three unrelated families. Whilst the genetic mechanisms of deletion formation have been ascertained, the phenotypic consequences of the deletions remain undetermined.

The phenotype of the exon 3 deletion IC from family P9F11 showed that the deletion exerts a severe phenotypic effect on the level of VWF expression, with VWF:Ag level being 31 IU/dL, and the IC having a bleeding score of 10. VWF cDNA and amino acid alignment predicted that deletion of exon 3 would result in an in-frame p.(T20_G74del) shortening of the protein, with a total loss of 103 amino acids from the protein sequence. Analysis of the historical VWF protein structure (Verweij et al. 1986, Sadler 1998) showed that the deleted amino acids resided within the D1 domain of the VWF protein. Alignment and prediction using the revised VWF protein structure (Zhou et al. 2012) indicated that the deleted amino acids resided within the VWD1 domain.

Previous in vitro mutational analysis of missense changes within the D1 domain/ VWD1 domain propeptide region have indicated that both the D1 and D2 (VWD1 and VWD2) domains are functionally important in the VWF multimerisation pathway. Journet et al., (1993) showed that heterologous expression of either the entire D1 or D2 domain deletion mutants led to reduced secretion of VWF into conditioned media, without causing increased intracellular retention. Analysis of the multimer profiles in these deletion mutations also showed the presence of dimeric VWF subunits only, with loss of high molecular weight VWF (HMW-VWF) and also low molecular weight VWF (LMW-VWF). Intracellular storage of VWF was also aberrant (Journet et al. 1993).
Rosenberg et al., (2002) studied the p.Y87S homozygous mutant, located in the VWF D1 domain. Findings from the study indicated that the homozygous mutant results in secretion of dimeric VWF only, indicating that this change has a direct effect on the multimerisation process (Rosenberg et al. 2002). Furthermore, analysis of the VWF storage ability of the mutant in vitro in HEK293 and At-20 cells suggested that Weibel-Palade body (WPB)- like organelle structure was affected, with the normal structure appearing elongated and rod-like but the p.Y87S mutant leading to formation of rounded WPB-like organelles.

Furthermore, there is an important repeat motif within the D1 domain (159-162CGLC) which enables multimerisation through disulphide exchange with protein disulphide isomerase (PDI) via the vicinal cysteine repeat within this region (Mayadas and Wagner 1992). This region is thought to influence multimerisation since it has homology with the active site of the PDI enzyme which catalyses disulphide exchange and bond formation. Altering this conserved region through site directed mutagenesis affected the multimerisation process of VWF-dimers (Mayadas and Wagner 1992). 

The phenotype of the exon 33-34 deletion IC from family P6F1 showed that the deletion also exerts a moderate phenotypic effect on the level of VWF expression, with the bleeding score in the IC being 4 and the VWF:Ag level being 32 IU/dL. VWF cDNA and amino acid alignment predicted that deletion of exon 33-34 would result in an in-frame p.(G1874_C1948del) shortening of the protein, with a total loss of 74 amino acids from the protein sequence. Analysis of the historical VWF protein structure (Verweij et al. 1986, Sadler 1998) showed that the deleted amino acids resided in the linker region between the A3 and D4 domain of the mature VWF protein, with no functional domains being affected by the deletion. However, alignment and prediction using the revised VWF protein structure (Zhou et al. 2012) indicated that the deleted amino acids resided within the D4N/VWD4 domain.
The phenotype of the exon 32-34 deletion IC from P9F3 resulted in a bleeding score of 6 and VWF:Ag level of 12 IU/dL. VWF cDNA and amino acid alignment predicted that deletion of exon 32-34 would result in an in-frame p.(V1820_C1948delinsS) shortening of the protein, with a total loss of 128 amino acids from the protein sequence (nine of which are cysteine residues). Analysis of the historical VWF protein structure (Verweij et al. 1986, Sadler 1998) showed that the deleted amino acids resided in a portion of the A3 domain and the linker region between the A3 and D4 domain of the mature VWF protein. However, alignment and prediction using the revised VWF protein structure (Zhou et al. 2012) indicated that the deleted amino acids resided within the A3/D4N/VWD4 domain.

The exon 33-34 deletion within the protein sequence also results in the loss of eight cysteine residues from within the protein. Marti et al., (1987) showed that cysteine residues are important in the structural maintenance and integrity of the VWF protein due to the ability of such residues to form disulphide bonds in the tertiary structure of VWF. With this finding and the loss of a number of cysteine residues in both exon 33-34 and 32-34 mutants, it is likely that the effect of altering the disulphide bonding will have a dramatic effect on the tertiary structure of the mutant protein monomer in comparison to the wild-type protein and this may therefore lead to differences in the binding ability of the mutant VWF protein. Analysis of mutations in this area is not well defined; however, Yadegari et al., (2013) recently suggested that missense mutations that substitute cysteine residues in the D4-CK domains of VWF affect the formation of  intra- and inter-domain disulphide bonds in this region, resulting in an aberrant structural protein conformation, which then affects multimerisation, storage and secretion of VWF (Yadegari et al. 2013).

In vitro analysis of deletion mutants is not as extensive as the information available for missense changes; however, the phenotypic effect of two deletions has been documented within the literature. These deletions are the in-frame exon 4-5 deletion, which was identified as homozygous in type 3 VWD and heterozygous in type 1 VWD and also the in-frame deletion of exons 26-34, which was found in the heterozygous state in a type 2 VWD individual. 

Sutherland et al., (2009) transiently expressed the heterozygous exon 4-5 deletion in the HEK293 cell line and found that in the homozygous state there was a significant  98% reduction in the level of VWF protein produced within the cell with heterozygous expression of the mutant resulting in a significant 86% reduction in VWF levels present within the supernatant. The authors suggested that the deletion mutation behaved in a dominant negative manner (Sutherland et al. 2009). Further work on this deletion by Bowman et al., (2013) has shown that in the homozygous state, the deletion causes a loss of multimerisation and absence of Weibel-Palade body (WPB) storage organelle formation. In the heterozygous form of the mutant the multimer pattern appears normal and there is restoration of the WPB organelle structure. The findings from these studies highlighted the importance of the VWF propeptide in synthesis, multimerisation and WPB packaging of the VWF protein.

In addition to in vitro expression work undertaken on the exon 4-5 deletion, Casari et al., (2008) have also studied the phenotypic effects of the exon 26-34 deletion, through in vitro expression in COS-1 cells using transiently transfected VWF expression plasmids. The study investigated the effects of transfecting increasing amounts of mutant VWF to determine whether the deletion had a dominant negative character. Increasing levels of VWF deletion mutant led to a decrease in the amount of VWF expressed in the conditioned media (supernatants), with heterozygous expression (50% WT: 50% mutant) resulting in a 76% decrease in expression compared to WT (100%) (Casari et al. 2010). Transfection of 100% mutant (homozygous) resulted in a virtual loss of VWF expression from the cells into the supernatant. In addition, transfection of 1x WT:2x mutant (33% WT: 66% mutant) resulted in an 88% decrease in VWF levels within the supernatants (Casari et al. 2010). The findings from the expression studies showed that the exon 26-34 deletion results in a significant secretion defect through a dominant negative mechanism. Confocal microscopy was also undertaken to determine the intracellular localisation of the deletion mutant and also to determine whether intracellular synthesis was impaired. Findings showed that the level of VWF within the homozygous and heterozygous mutants was similar to the intracellular levels of WT expression, indicating that there was no intracellular retention of the mutant (Casari et al. 2010).

Interestingly, the study investigated whether introduction of siRNA, designed against the mRNA breakpoint junction of the exon 26-34 deletion could restore VWF levels within conditioned media through RNA interference (RNAi) and breakdown of mutant mRNA. Findings showed that upon heterozygous transfection (50% WT: 50% mutant) and siRNA incubation, the secretion was only decreased by 25%, in comparison to the 76% decreased observed in the heterozygous without siRNA treatment, providing further validation of the dominant negative effect of the exon 26-34 deletion (Casari et al. 2010).

[bookmark: _Toc368247508]6.1.1 Aims

The aim of this investigation was to determine the phenotypic effect of the deletion mutations identified and characterised in chapters 3 and 4. In order to do this, mutagenesis was performed on a WT VWF cDNA plasmid vector and after large scale preparation of mutants; the plasmids were transfected into HEK293T cells (in homozygous and heterozygous forms) to determine VWF levels in cellular supernatants and lysates through ELISA quantification and multimer analysis was performed (by collaborators in Hamburg, Germany). Furthermore, confocal microscopy was performed on transiently transfected HEK293 cells in order to study the intracellular fate of the exon mutants in both the homozygous and heterozygous states.

In addition to the three deletions identified in this investigation, Hickson (2009) identified a novel c.7887+2T>A splice site mutation in family P12F14, which was shown to result in exon skipping of exon 47 through mini-gene analysis. Mini-gene analysis involved cloning in the IC DNA from 30bp downstream of exon 47 and 30bp upstream of exon 47 to allow for analysis of the splice mutant, in comparison to the same region, without the splice defect (WT). Within the mini-gene structure bacterial exons are placed upstream and downstream of the VWF exon cloned into the plasmid (Hickson 2009). In vitro expression of the WT/mutant plasmid followed by cDNA analysis would determine whether the bacterial exon 1, exon 47 and bacterial exon 2 are present. Should all three be present, the mutation does not have an effect on splicing. However, if only bacterial exons 1 and 2 are present, then the mutation would be shown to have an effect on splicing. Analysis of the c.7887+2T>A splice change was shown to result in skipping of exon 47 (Hickson 2009), leading to an in-frame deletion within the VWF protein, predicted to result in p.(P2591_L2629del). Since this mutation was also in-frame, the phenotypic effects of this deletion were analysed and assessed through in vitro expression.
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[bookmark: _Toc368247509]6.2. Results

[bookmark: _Toc349824277][bookmark: _Toc368247510]6.2.1. Generation of mutant constructs
[bookmark: _Toc349824279][bookmark: _Toc368247511]6.2.1.1. Exon 3 deletion mutagenesis

Given that commercially available mutagenesis kits are optimised to undertake simple nucleotide substitutions and small scale deletions/insertions, optimising mutagenesis conditions to delete exon 3 of the VWF cDNA in the pcDNA3.1(-) plasmid construct proved difficult. For this reason, a number of different mutagenesis strategies were undertaken to try and overcome the problems and difficulties of generating this mutant construct. 

Initially, mutagenesis was undertaken according to the Quikchange Lightning protocol, with primers being designed as fully complementary, encompassing the deletion in the middle of the primer as shown previously in Figure 2.2.  This mutagenesis strategy proved unsuccessful, with no colony growth after NM554 cells were transformed with the exon 3 mutagenesis PCR end product.  The control mutagenesis reaction was successful, giving an efficiency of 86%, indicating that the problem was not the viability of the transformation cells, but likely due to problems in the initial mutagenesis reaction. 

Liu and Naismith (2008) suggest that the initial PCR mutagenesis reaction in the Quikchange kit is unlike conventional PCR. In the reaction, the complementary primers amplify the template, encompassing the mutation; however, the newly synthesised mutant strand generated is a circular nicked DNA strand, which cannot be used in subsequent cycles as a template. Only the original wild type template can be used to synthesise deletion mutant strands. Therefore, rather than being a conventional exponential PCR reaction, the reaction precedes in a linear manner and thus the efficiency of the reaction is significantly affected. Liu and Naismith modified the existing protocol due to lack of success when introducing deletions. Instead of using symmetrical, fully complementary sequences, asymmetrical primers were designed, whereby only the 5’ primer sequences were complementary with the 3’ primer regions being non-complementary. The modified oligonucleotide primer design was shown to significantly improve the success of the mutagenesis. Based on these findings, mutagenesis primers for the exon 3 deletion were designed to be asymmetrical (partially complementary) as shown previously in Figure 2.3.

Quikchange mutagenesis was again performed using the Quikchange Lightning protocol with the partially complementary primers. However, this design amendment did not increase the efficiency of the mutagenesis reaction and no colony formation was observed after transformation of competent NM554 cells. 

The mutagenesis kits available were explored and the Phusion mutagenesis kit provided a different method of generating mutants with phosphorylated primers (mutagenesis reaction shown in Figure 2.4). Upon undertaking mutagenesis with this kit and transformation of NM554 cells there was successful generation of colonies, of which five were selected for mini-prep and sequencing. Whilst the deletion was present within the sequence of four of the colonies selected, maxi-prep revealed the presence of plasmid DNA insertions throughout the VWF cDNA. Since the mutagenesis strategies were not successful in generation of the deletion mutant without further changes throughout the cDNA sequence when using the pcDNA3.1(-) WT-VWF plasmid, the same strategies (Quikchange complementary and partially complementary primers; Phusion mutagenesis phosphorylated primers) were explored using the pCIneoVWF plasmid template. 

Quikchange mutagenesis was undertaken using both the overlapping and non-overlapping primers and upon transformation of NM554 cells there were a number of colonies formed. Of these, five colonies from each mutagenesis were selected for small scale plasmid preparation, with sequencing indicating that the exon 3 deletion was present in 1/5 colonies for the fully overlapping primers and deletion present in 3/5 colonies of the partially complementary primers. One colony from the partially complementary primer set was selected for large scale preparation and sequencing indicated the presence of the exon 3 deletion only (Figure 6.1).Exon 4
Exon 2


Figure 6.1 Sequencing across the exon 3 region deleted during mutagenesis.
Sequencing across the deleted region after large scale preparation showed that only the exon 3 deletion was introduced into the plasmid sequence.
[bookmark: _Toc349824278][bookmark: _Toc368247512]6.2.1.2. p.P2722A mutagenesis

In the P9F11 IC, the exon 3 deletion was present on the same allele as another mutation within VWF. This mutation was present at the 3’ end of the gene located in exon 51 (c.8164C>G) and encodes the p.P2722A amino acid change in the VWF protein. In order to fully determine the effect of the deletion in vitro, it was necessary to mimic the patient phenotype (exon 3 deletion and p.P2722A mutation on the same plasmid “allele”), along with expression of the exon 3 deletion and p.P2722A mutants alone. This would establish whether the exon 3 deletion or the p.P2722A mutation is responsible for the clinical phenotype or whether there is an additive effect of both the 5’ deletion and the 3’ missense mutation leading to the clinical phenotype observed in the affected individuals.

Given that the deletion was successfully generated on the pCIneoVWF expression plasmid, mutagenesis was performed on this plasmid vector (containing the exon 3 deletion and also the WT vector) to obtain mutants for the conditions discussed above. Primers were designed according to the Quikchange Lightning mutagenesis protocol, whereby the primers were designed to be fully complementary and the missense mutation was present in the middle of the primer sequence. Mutagenesis and transformation of the NM554 cells led to a large number of colonies for each plasmid, of which 10 were selected for mini-prep and sequencing across the mutagenized sequence to determine the presence of the mutation. Of the 10 colonies selected, sequencing results indicated that the mutation had successfully been introduced into five colonies. Of these five colonies, one each (p.P2722A in WT plasmid and p.P2722A in exon 3 deletion plasmid) was processed and plasmid preparation scaled up to a maxi prep and the plasmid sent for sequencing of the entire VWF cDNA coding region to ensure no further changes had been introduced. Sequencing of the entire VWF cDNA indicated that only the c.8164C>G, encoding for the p.P2722A amino acid change had been introduced (Figure 6.2) and hence these mutants were used in downstream in vitro expression experiments.
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[bookmark: _Toc368247513][bookmark: _Toc349824280]Figure 6.2 Sequencing to illustrate the successful introduction of the c.8164C>G (p.P2722A) change into the pCIneo WT and exon 3 deletion vector.


[bookmark: _Toc368247514]6.2.1.3. Exon 33-34 deletion mutagenesis

Similarly to the problems described in generation of the exon 3 deletion mutant, the same problems presented in generation of the exon 33-34 deletion mutant, with the fully overlapping and partially overlapping primers for Quikchange mutagenesis failing to produce colonies after transformation for further downstream analysis. Furthermore, Phusion mutagenesis of the pcDNA3.1(-) VWF plasmid using phosphorylated primers adjacent to the region to be deleted failed to generate any colonies after mutagenesis and transformation. 

In order to generate the exon 4-5 deletion, Sutherland et al., (2009) performed mutagenesis on the pCIneoVWF plasmid. Therefore, the pCIneo WT-VWF cDNA plasmid was obtained from Mackenzie Bowman (Kingston, Canada) and mutagenesis was undertaken on the pCIneoVWF plasmid, with several colonies screened through small scale preparation indicating the presence of the exon 33-34 deletion, of which one was selected for large scale preparation, leading to the successful introduction of the exon 33-34 deletion only (Figure 6.3)
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Figure 6.3 Sequencing across the 33-34 region deleted during mutagenesis.
Sequencing across the deleted region after large scale preparation showed that only the exon 33-34 deletion was introduced into the plasmid sequence.
[bookmark: _Toc349824282][bookmark: _Toc368247515]6.2.1.4. Exon 32-34 deletion mutagenesis

Whilst generation of the exon 3 and 33-34 deletion mutations proved difficult when using the pcDNA3.1(-) VWF expression vector, the exon 32-34 deletion was successfully introduced into the plasmid vector VWF cDNA sequence using the methodology and primer design described in the Quikchange lightning mutagenesis manual. Primers were designed to be fully complementary and transformation of the mutagenesis product generated a large number of colonies, with several colonies screened through small scale preparation indicating the presence of the exon 32-34 deletion, of which one was selected for large scale preparation, leading to the successful introduction of the exon 32-34 deletion only (Figure 6.4).
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Figure 6.4 Sequencing across the 32-34 region deleted during mutagenesis.
Sequencing across the deleted region after large scale preparation showed that only the exon 32-34 deletion was introduced into the plasmid sequence.
[bookmark: _Toc368247516]6.2.1.5. Exon 47 deletion mutagenesis

The exon 47 deletion mutation was previously unsuccessfully introduced into the pcDNA3.1(-) VWF plasmid expression vector (Al-Qadi 2012). In the previous investigation of this deletion, only the pcDNA3.1(-) VWF expression vector was available for mutagenesis and hence, given the problems described by Al-Qadi (2012) and the problems highlighted in this investigation in the introduction of deletion of exons 3 and 33-34, the mutagenesis reaction was performed using the pCIneoVWF plasmid expression vector. Mutagenesis was successful using this plasmid template and large scale preparation and sequencing of the plasmid revealed that the exon 47 deletion was the only mutation introduced into the VWF cDNA (Figure 6.5).
Exon 48
Exon 46


Figure 6.5 Sequencing across the exon 47 region deleted during mutagenesis.
Sequencing across the deleted region after large scale preparation showed that only the exon 47 deletion was introduced into the plasmid sequence.
[bookmark: _Toc368247517]6.2.2. In vitro expression of deletion mutants

In order to assess the phenotypic effect of the deletion mutations, HEK293T cells were transiently transfected in the homozygous (100% mutant), heterozygous (50% WT: 50% mutant) forms and WT (100% WT), along with the pRL-null Renilla control plasmid to correct for differences in transfection efficiencies. 48 hours post transfection, conditioned media (supernatants) were collected and cells lysed with 1x Passive lysis buffer. Conditioned media and cellular lysates were then analysed by ELISA to determine VWF:Ag levels.

[bookmark: _Toc368247518]6.2.2.1 Analysis of the expressed exon 3 deletion

Analysis of the VWF:Ag level in conditioned media in comparison to WT (100%) revealed a significant secretion defect in both the homozygous and heterozygous forms of the exon 3 deletion mutant. In the homozygous form, there was a significant 81% reduction in secretion into the conditioned media when compared to WT; this was significant at p<0.0001 when analysed by one-way ANOVA. Furthermore, the heterozygous form of the exon 3 deletion mutant resulted in a significant 63% reduction (p<0.0001, one-way ANOVA). There was also a significant difference observed between the homozygous and heterozygous forms of the deletion, with this difference being 18% (p<0.05) (Figure 6.6A). The reduction in secretion suggested that this was one mechanism by which the exon 3 deletion mutation was exerting an effect on the observed clinical phenotype in the patient. 

Analysis of the cellular lysates for the exon 3 deletion mutation illustrated an absence of intracellular retention, which was interesting given that the deletion mutation significantly reduced VWF secretion into the conditioned media. In both the homozygous and heterozygous forms of the deletion, the VWF levels in the lysates were comparable to WT levels, with the homozygous form having 95% of WT expression and the heterozygous form having 91% of WT expression, which was significant at p<0.05 (Figure 6.6B). 
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[bookmark: _Toc368247519]Figure 6.6. VWF expression of recombinant WT and exon 3 deletion mutants in cell supernatants and lysates. 
A) Analysis of cell supernatants revealed a significant difference between the WT (100%), homozygous (19%) and heterozygous (37%) exon 3 deletion mutants, indicating that the exon 3 deletion results in defective secretion of VWF B) Analysis of cell lysates revealed no significant difference between the WT (100%) and homozygous (95%) exon 3 deletion with the heterozygous mutant resulting in 91% compared to WT, which was significant at p<0.05. (****= p<0.0001; **= p<0.01; *=p<0.05).

Since the homozygous form of the exon 3 deletion resulted in a 81% reduction in VWF secretion into the media and the heterozygous form resulted in 37% of WT expression, it was hypothesised that the deletion could be exerting an effect on WT secretion in the heterozygote through a dominant negative effect, as previously described in the case of the exon 4-5 and exon 26-34 deletions. In order to investigate this hypothesis, WT and mutant plasmids were transfected at different ratios (100:0; 75:25; 50:50; 25:75 and 0:100). 

Analysis of the conditioned media from the different ratios demonstrated that with increasing amounts of transfected mutant, there was a decrease in the VWF expression within the conditioned media. As shown in Figure 6.7, transfection of 25% mutant: 75% WT led to a significant 42% reduction in VWF secretion into the cellular supernatants, indicating that the deletion was acting in a dominant negative manner when transfected at increased WT concentration, since the mutant interfered with the WT ability to secrete. In the 75% mutant: 25%WT transfection, there was a significant 77% reduction in the level of VWF secreted from the cells into the supernatants. VWF expression within the intracellular lysates showed that VWF was expressed at a similar proportion in all forms of transfected mutant.

[bookmark: _Toc368247520][image: ]

[bookmark: _Toc368247521]Figure 6.7. VWF expression of recombinant WT and exon 3 deletion mutants in cell supernatants, showing a dominant negative effect.
Transfection of 25% mutant: 75% WT led to a 42% reduction in VWF secretion, with transfection of 75% mutant:25% WT leading to a reduction of 77% (****=p<0.0001)



[bookmark: _Toc368247522]6.2.2.2 p.P2722A missense mutation

Since the exon 3 deletion mutant was also inherited with a p.P2722A missense mutation, the phenotypic effect of the p.P2722A missense change was assessed in vitro. Findings from the VWF:Ag ELISA revealed that in the cellular supernatants, the homozygous p.P2722A mutation led to no significant change in VWF secretion in comparison to WT (WT:100%; p.P2722A homozygous 102%). In the heterozygous form, the secretion pattern observed was also similar to WT (92%) (Figure 6.8A).

Furthermore, analysis of the cellular lysates showed that the VWF levels were comparable to WT levels, with the homozygous form showing 108% of WT levels and the heterozygous form showing 93% of WT levels (Figure 6.8B). This suggested that the exon 3 deletion was primarily responsible for the observed phenotype in the index case (IC) and affected family members (AFM) from family P9F11 and the p.P2722A change was having no phenotypic effect on VWF secretion and synthesis in this system. 
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[bookmark: _Toc368247523]Figure 6.8. VWF expression of recombinant WT and p.P2722A mutants in cell supernatants and lysates. 
A) Analysis of cell supernatants revealed no significant difference between the WT (100%), homozygous (102%) and heterozygous (92%) p.P2722A mutants. B) Analysis of cell lysates revealed no significant difference between the WT (100%), homozygous (108%) and heterozygous (93%) p.P2722A mutants.


[bookmark: _Toc368247524]6.2.2.3 Double exon 3 deletion and p.P2722A missense mutant

Whilst the in vitro expression analysis indicated that the p.P2722A change had no effect on VWF expression, the p.P2722A change was also generated on the same plasmid as the exon 3 deletion to fully replicate the observed genotype in the IC and AFM of family P9F11. In the homozygous exon 3 deletion, p.P2722A mutant there was a significant 86% decrease in the VWF level expressed in conditioned media (p<0.0001, one-way ANOVA), with the heterozygous form resulting in a 65% decrease in VWF in the conditioned media in comparison to WT (p<0.0001) (Figure 6.9A). The VWF expression in the cellular supernatants was comparable to the expression levels observed in the exon 3 deletion mutants alone.

Analysis of the cellular lysate indicated a similar pattern to the mutants previous observed for the exon 3 deletion genotype, with the homozygous having 94% of WT VWF levels and the heterozygous form of the mutation having 91% levels of WT within the cellular lysates (Figure 6.9B). 


[bookmark: _Toc368247525][image: ]Figure 6.9. VWF expression of recombinant WT and exon 3 deletion; p.P2722A mutants in cell supernatants and lysates. 
A) Analysis of cell supernatants revealed a significant difference between the WT (100%), homozygous (14%) and heterozygous (35%) p.P2722A mutants. B) Analysis of cell lysates revealed no significant difference between the WT (100.0%), homozygous (94%) and heterozygous (91%) p.P2722A mutants. (****= p<0.0001).

[bookmark: _Toc368247526]6.2.2.4 Exon 33-34 deletion

Analysis of the cellular supernatants of the exon 33-34 homozygous and heterozygous mutants, revealed a secretion defect that was less severe than observed for the exon 3 deletion. In both the homozygous and heterozygous exon 3 deletion mutants, the reduction in VWF secretion into the cellular supernatants was similar, with the homozygous form of the deletion leading to a significant 52% reduction (p<0.0001) and the heterozygous form leading to a significant 38% reduction (p<0.0001) (Figure 6.10A).

Intracellular lysate analysis revealed no significant differences in the VWF expressed within the cells when the exon 33-34 deletion mutants were compared to the WT. The homozygous mutant had 107% of WT levels, with the heterozygous mutant having 80.0% of WT (Figure 6.10B).
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[bookmark: _Toc368247527]Figure 6.10. VWF expression of recombinant WT and exon 33-34 deletion mutants in cell supernatants and lysates. 
[bookmark: _Toc368247528]A) Analysis of cell supernatants revealed a significant difference between the WT (100%), homozygous (48%) and heterozygous (62%) exon 33-34 deletion mutants, indicating that the exon 33-34 deletion results in defective secretion of VWF. B) Analysis of cell lysates revealed no significant difference between the WT (100%), homozygous (107%) and heterozygous (80%) forms of exon 33-34.(****= p<0.0001).

[bookmark: _Toc368247529]6.2.2.5 Exon 32-34 deletion

The structure of the multi-domain VWF protein has previously been reported, however, X-ray crystallography of individual domain structures is only available for the A domains from the protein data bank (PDB). Since the only deletion to occur within a VWF A domain was the exon 32-34 deletion, the A3 domain crystal structure was analysed to determine the location and extent of the deletion in this domain. The A3 domain is the location where VWF interacts with type III collagen. Analysis of the crystal structure (Figure 6.11 A) showed that the deletion occurred away from the site of collagen binding (collagen shown as triplicate helical structure). Figure 6.11B and C show the VWF amino acids in close proximity to collagen binding sites (p.S1783, p.H1786 and p.P1776 interacting with p.F20 of collagen). VWF collagen binding is impaired in the AFM and IC with the exon 32-34 deletion, suggesting that whilst the deletion is away from the collagen binding site, the deletion is likely to affect the tertiary structure of the multi-domain VWF and impair the interaction of VWF with collagen.

[image: ]Figure 6.11. Pymol representation of the A3 domain, which is partially deleted in the exon 32-34 deletion.
A) Representation of the entire A3 domain binding to type I collagen, with the deleted portion highlighted in red. B &C) Amino acid interactions between the VWF A3 domain and type I collagen. A3 domain structure was obtained from the Protein Data Bank (PDB) (Huizinga et al. 1997).
In the conditioned media of the exon 32-34 homozygous and heterozygous mutants, secretion was significantly reduced when compared to WT secretion. In the homozygous state there was a significant 92% reduction in secretion (p<0.0001, one-way ANOVA). Initially this suggested a potential secretion defect mechanism for the exon 32-34 deletion, similarly to the exon 3 deletion. Analysis of the heterozygous state revealed that there was a significant 61% reduction in secretion compared to WT (Figure 6.12A). This further suggested that whilst the homozygous form of the deletion virtually abolished secretion of VWF into the media, in the heterozygous form, the exon 32-34 mutant protein was interfering with the ability of the WT protein to be secreted normally. This finding suggested that in the heterozygous exon 32-34 deletion, this mutation was acting through a dominant-negative effect.

Interestingly, a decrease in the secretion of VWF in media in the homozygous state did not lead to a significant increase in intracellular retention, as shown in Fig 6.12B. In the homozygous form of the deletion, the intracellular levels were comparable with WT at 85%. In the heterozygous state, there was a 33% increase in the retained VWF within the cell, giving further support to the idea that the mutant VWF was affecting the normal secretory ability of the VWF multimers. 
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[bookmark: _Toc368247530]Figure 6.12. VWF expression of recombinant WT and exon 32-34 deletion mutants in cell supernatants and lysates. 
[bookmark: _Toc368247531]A) Analysis of cell supernatants revealed a significant difference between the WT (100%), homozygous (8%) and heterozygous (39%) exon 32-34 deletion mutants, indicating that the exon 32-34 deletion results in defective secretion of VWF. B) Analysis of cell lysates revealed no significant difference between the WT (100.0%) and homozygous (85%) form of exon 32-34, however, there was significant intracellular retention in  the heterozygous form of exon 32-34 deletion (133% of WT).
[bookmark: _Toc368247532](****= p<0.0001; **= p<0.01).

Since the homozygous and heterozygous forms of the exon 32-34 deletion resulted in a 92% and 61% reduction respectively, in VWF secretion into the media it was hypothesised that the deletion could be exerting an effect on WT secretion in the heterozygote through a dominant-negative effect, as previously described in the case of the exon 4-5 and exon 26-34 deletions. In order to investigate this hypothesis, WT and mutant plasmids were transfected at different ratios (100:0; 75:25; 50:50; 25:75 and 0:100). 

Analysis of the conditioned media from the different ratios demonstrated that with increasing amount of transfected mutant there was a decrease in the VWF expression within the conditioned media. As shown in Figure 6.13, transfection of 25% mutant: 75% WT led to a significant 53% reduction in VWF secretion into the cellular supernatants, indicating that the deletion was acting in a dominant-negative manner when transfected at increased WT concentration, since the mutant interfered with the WT ability to secrete. In the 75% mutant: 25% WT transfection, there was a significant 82% reduction in the level of VWF secreted from the cells into the supernatants. 
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[bookmark: _Toc368247533]Figure 6.13. VWF expression of recombinant WT and exon 32-34 deletion mutants at differing ratios. 
Transfection of 25% mutant: 75% WT led to a 53% reduction in VWF secretion, with transfection of 75% mutant:25% WT leading to a reduction of 77% (****=p<0.0001; ***=p<0.001; **=p<0.01).

[bookmark: _Toc368247534]6.2.2.6 Exon 47 deletion

Analysis of the VWF:Ag levels in the exon 47 deletion mutants indicated that the deletion resulted in aberrant secretion of VWF into the conditioned media. In the exon 47 deletion homozygous state, there was a significant 58% reduction in VWF expression within the conditioned media (p<0.0001, one-way ANOVA). Furthermore, in the heterozygous state, there was a significant reduction of 51%, when compared to the WT VWF expression levels (p<0.0001) (Figure 6.14A). In comparison to the deletions of exon 3 and exon 32-34, the secretion defect was less severe and demonstrated that the deletion of exon 47 in the heterozygous state is not the result of a dominant-negative mechanism, since the heterozygous expression produced VWF levels comparable to expected if the WT:mutant ratio was 50:50.

Analysis of VWF expression levels in the cellular lysates in comparison to WT levels revealed that in both the homozygous and heterozygous forms of the exon 47 deletion, there was similar expression levels to those observed in the WT. In the exon 47 homozygous deletion mutant there was 90% of WT expression and in the exon 47 heterozygous mutant there was 92% of WT VWF expression levels, neither of which reached significance when analysed using one-way ANOVA (Figure 6.14B).

[bookmark: _Toc368247535][image: ]Figure 6.14. VWF expression of recombinant WT and exon 47 deletion mutants in cell supernatants and lysates. 
[bookmark: _Toc368247536]A) Analysis of cell supernatants revealed a significant difference between the WT (100%), homozygous (42%) and heterozygous (49%) exon 47 deletion mutants, indicating that the exon 47 deletion results in defective secretion of VWF. B) Analysis of cell lysates revealed no significant difference between the WT (100.0%), homozygous (90%) and heterozygous (92%) exon 47 deletion.(****= p<0.0001).

[bookmark: _Toc368247537]6.2.3. Multimer analysis of deletion mutants

Multimer analysis of the homozygous and heterozygous deletion mutants in comparison to WT was undertaken by Prof. Ulrich Budde (Hamburg, Germany) on medium resolution 1.6% SDS polyacrylamide gels, with the protein then being transferred to nitrocellulose membranes and probed for VWF. 

[bookmark: _Toc368247538]6.2.3.1 Multimer analysis for the exon 3 deletion

Analysis of the exon 3 deletion multimers revealed that in the homozygous state there was a significant multimerisation defect, with a complete loss of high-molecular weight VWF (HMW-VWF) multimers, with only dimeric VWF formed, highlighting the importance of the D1 domain in multimer formation. In comparison, heterozygous exon 3 deletion multimers did not appear to be different from WT multimers from in vitro expression (Figure 6.15).
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[bookmark: _Toc368247539]Figure 6.15. Multimer analysis of the exon 3 deletion mutations.
[bookmark: _Toc368247540]Multimer patterns of the homozygous and heterozygous exon 3 deletion mutants are shown in comparison to WT. Cellular supernatants from each were electrophoresed on 1.6% medium resolution SDS-agarose gels at 1:3 dilutions. The homozygous form of the exon 3 deletion resulted in complete loss of HMW-VWF, with only dimers formed. The heterozygous exon 3 deletion multimer profile was comparable with WT multimers 


[bookmark: _Toc368247541]6.2.3.2 Multimer analysis for the exon 33-34 deletion

Analysis of the exon 33-34 deletion multimers revealed that both the homozygous and heterozygous form of the deletion mutation produced all multimers from low molecular weight (LMW) VWF through to HMW-VWF (Figure 6.16). The multimer profile reflected the in vitro expression data which indicated that the exon 33-34 deletion did not result in as severe a secretion defect as the exon 3 or 32-34 deletion.
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[bookmark: _Toc368247542]Figure 6.16. Multimer analysis of the exon 33-34 deletion mutations.
[bookmark: _Toc368247543]Multimer patterns of the homozygous and heterozygous exon 33-34 deletion mutants are shown in comparison to WT. Cellular supernatants from each were electrophoresed on 1.6% medium resolution SDS-agarose gels at 1:3 dilutions. Both the homozygous and heterozygous forms of the exon 33-34 deletion showed a multimer profile comparable with WT multimers 
[bookmark: _Toc368247544]6.2.3.3 Multimer analysis for the exon 32-34 deletion 

Multimer analysis for the exon 32-34 deletion in the homozygous form revealed a complete loss of HMW-VWF multimers, only dimeric VWF subunits were present in the gel image (Figure 6.17). However, in the heterozygous form of the deletion there appeared to be restoration of the normal multimer profile when compared to WT VWF multimers from in vitro expression. However, in comparison to WT multimers there appeared to be a relative loss of HMW multimers.
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[bookmark: _Toc368247545]Figure 6.17. Multimer analysis of the exon 32-34 deletion mutations.
[bookmark: _Toc368247546]Multimer patterns of the homozygous and heterozygous exon 32-34 deletion mutants are shown in comparison to WT. Cellular supernatants from each were electrophoresed on 1.6% medium resolution SDS-agarose gels at a 1:3 dilution. The homozygous form of the exon 32-34 deletion resulted in complete loss of HMW-VWF, with only dimers formed. The heterozygous exon 32-34 deletion multimer profile was comparable with WT multimers. 
[bookmark: _Toc368247547]6.2.3.4 Multimer analysis for the exon 47 deletion

The exon 47 deletion multimers revealed that both the homozygous and heterozygous forms of the deletion produced all multimers from LMW-VWF through to HMW-VWF (Figure 6.18), similar to the multimer profile observed for the exon 33-34 deletion. The multimer profile reflected the in vitro expression data which indicated that the exon 47 deletion did not result in as severe a secretion defect as the exon 3 or 32-34 deletion.
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[bookmark: _Toc368247548]Figure 6.18. Multimer analysis of the exon 47 deletion mutations.
[bookmark: _Toc368247549]Multimer patterns of the homozygous and heterozygous exon 47 deletion mutants are shown in comparison to WT. Cellular supernatants from each were electrophoresed on 1.6% medium resolution SDS-agarose gels at a 1:3 dilution. Both the homozygous and heterozygous forms of the exon 47 deletion gave multimer profiles comparable with WT multimers. 

[bookmark: _Toc368247550]6.2.4. Confocal microscopy imaging of deletion mutants

In order to investigate the intracellular localisation of VWF deletion mutations, confocal microscopy was undertaken in the WT and compared to homozygous and heterozygous forms of the deletions. Cells were stained for the presence of VWF with an anti-VWF rabbit primary antibody and an anti-rabbit Alexa Fluor 488 green secondary antibody. In addition, cells were also stained for α-tubulin to act as a cell membrane marker; the α-tubulin was stained with a mouse anti-α-tubulin primary antibody and an anti-mouse Alexa Fluor 555 red secondary antibody.

[bookmark: _Toc368247551]6.2.4.1 Exon 3 deletion

Analysis of the WT confocal images (Figure 6.22 A and C) showed that there was Weibel-Palade body (WPB)-like organelle storage (green staining pattern, Figure 6.19A) within the HEK293 heterologous cell system and the cell membrane was clearly visualised by staining for α-tubulin (red, Figure 6.19B and C). In the WT, the WPB-like organelles were rounded and punctate in appearance in some instances, whilst other WPB structures appeared as elongated rod shapes. Given that the images were obtained in the X, Y stack within one optical slice, this was likely to represent the orientation of the WPB in the cell slice (front on or side on view). In the homozygous exon 3 deletion mutant, there appeared to be a complete loss of WPB like storage vesicles and VWF showed as diffuse staining throughout the cell (green staining, Figure 6.19D and E), whereas in the heterozygous exon 3 deletion, mutant there appeared to be some rounded VWF WPB storage vesicles but as a whole there seemed to be a more diffuse pattern of staining for VWF when compared to the regularly punctate storage of the WT VWF.
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Figure 6.19 Intracellular localisation and storage of recombinant WT and exon 3 deletion mutant VWF in HEK293 cells. A) WT transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. B) WT transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. C) Merge of image A and B. D) Exon 3 homozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. E) Exon 3 homozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. F) Merge of image D and E. G) Exon 3 heterozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. H) Exon 3 heterozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. I) Merge of image G and H. Scale bar=10µm.

[bookmark: _Toc368247552]6.2.4.2 p.P2722A missense mutation

In vitro expression of the p.P2722A mutation indicated that the secretion and intracellular VWF was not abnormal or affected by introduction of the nucleotide change leading to the amino acid substitution. Observation of the confocal imaging also reiterated this finding, since intracellular VWF staining in both the homozygous and heterozygous form of the p.P2722A substitution did not affect the WPB-like structures present within the transiently transfected HEK293 cell system when compared to the WPB-like structures present in the WT. As can be seen in Figure 6.20 D and F, the homozygous mutant led to the formation of punctate WPB-like vesicles throughout the cell, which were of similar size and shape to the WT WPB-like vesicles (Figure 6.20 A and C). In the heterozygous form of the mutant, a similar punctate staining pattern was observed and again was comparable with WT WPB-like vesicle storage (Figure 6.20 G and I).
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Figure 6.20 Intracellular localisation and storage of recombinant WT and p.P2722A mutant VWF in HEK293 cells. A) WT transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. B) WT transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. C) Merge of image A and B. D) p.P2722A homozygous transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. E) p.P2722A homozygous transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. F) Merge of image D and E. G) p.P2722A heterozygous transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. H) p.P2722A heterozygous transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. I) Merge of image G and H. Scale bar=10µm.

[bookmark: _Toc368247553]6.2.4.3 Double exon 3 deletion and p.P2722A missense mutant

Similarly to the exon 3 deletion mutant, in the homozygous exon 3 del; p.P2722A mutant, confocal imaging showed the presence of diffuse staining for VWF throughout the cell (Figure 6.21 D and F), in comparison to the round/rod shaped punctate WPB-like structures present in the WT images (Figure 6.21 A and C). The diffuse staining pattern was highly similar to the pattern observed in the exon 3 deletion mutant when expressed alone. In the heterozygous form of the mutant, the VWF also stained throughout the cell in a diffuse pattern. Some small rounded WPB-like structures were observed, however, these were a lot smaller than the ones visualised in WT. As previously indicated, this highlighted the importance of the D1/VWD1 domain in the multimerisation, storage and packaging into WPB.
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Figure 6.21 Intracellular localisation and storage of recombinant WT and exon 3 deletion; p.P2722A mutant VWF in HEK293 cells. A) WT transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. B) WT transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. C) Merge of image A and B. D) Exon 3 deletion;p.P2722A homozygous transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. E) Exon 3 deletion;p.P2722A homozygous transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. F) Merge of image D and E. G) Exon 3 deletion;p.P2722A heterozygous transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. H) Exon 3 deletion;p.P2722A heterozygous transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. I) Merge of image G and H. Scale bar=10µm.

[bookmark: _Toc368247554]6.2.4.4 Exon 33-34 deletion

Confocal analysis of the exon 33-34 deletion mutant revealed that in the homozygous form of the deletion the WPB-like structure appeared disorganised, with small punctate organelles present after intracellular VWF staining (Figure 6.22 D and F). The small punctate organelles occurred in a greater number than the larger WPB-like structures present in the WT confocal analysis (Figure 6.22 A and C). In the heterozygous form of the deletion, the disorganised WPB-like structures were also present (Figure 6.22 G and I), however, in comparison to the homozygous state, the structures appeared larger but not of a similar size to the WT structures. The pattern of increased numbers of smaller vesicles was similar to the pattern observed in the homozygous form of the mutation.



[bookmark: _Toc368247040][bookmark: _Toc368247555][image: ]
Figure 6.22 Intracellular localisation and storage of recombinant WT and exon 33-34 deletion mutant VWF in HEK293 cells. A) WT transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. B) WT transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. C) Merge of image A and B. D) Exon 33-34 homozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. E) Exon 33-34 homozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. F) Merge of image D and E. G) Exon 33-34 heterozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. H) Exon 33-34 heterozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. I) Merge of image G and H. Scale bar=10µm.

[bookmark: _Toc368247556]6.2.4.5 Exon 32-34 deletion

Unlike the exon 33-34 deletion, the pattern of intracellular VWF staining was similar to the exon 3 deletion in the homozygous form of the exon 32-34 deletion mutation. The intracellular staining appeared to be diffuse with no WPB-like storage structures present (Figure 6.23 D and F) in comparison to the rigid round and rod WPB-like structures visualised in the WT (Figure 6.23 A and C). Whilst this pattern was also observed in the heterozygous form of the deletion (Figure 6.23 G and I), confocal microscopy indicated the presence of some WPB-like organelles (indicated by white arrows) that appeared smaller than WT organelles but suggesting a partial restoration of the storage ability of the exon 32-34 deletion mutation in the presence of WT.
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Figure 6.23 Intracellular localisation and storage of recombinant WT and exon 32-24 deletion mutant VWF in HEK293 cells. A) WT transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. B) WT transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. C) Merge of image A and B. D) Exon 32-34 homozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. E) Exon 32-34 homozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. F) Merge of image D and E. G) Exon 32-34 heterozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. H) Exon 32-34 heterozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. I) Merge of image G and H. Scale bar=10µm.

[bookmark: _Toc368247557]6.2.4.6 Exon 47 deletion

Intracellular imaging of the exon 47 deletion showed a similar pattern of staining to the exon 33-34 deletion mutations. In the homozygous form of the deletion, punctate WPB-like structures were present, however, these structures were smaller than the punctate WPB-like organelles present in the WT. Similarly to the exon 33-34 homozygous mutant, the WPB structures appeared smaller but there were more WPB structures observed when compared to the WT. This was also the case for the exon 47 heterozygous deletion mutation. This further highlighted previous findings that the exon 33-34 and 47 in vitro expression analysis did not produce as severe a secretion defect as observed in the exon 3 and 32-34 deletion mutations.
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Figure 6.24 Intracellular localisation and storage of recombinant WT and exon 47 deletion mutant VWF in HEK293 cells. A) WT transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. B) WT transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. C) Merge of image A and B. D) Exon 47 homozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. E) Exon 47 homozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. F) Merge of image D and E. G) Exon 47 heterozygous deletion transfected HEK293 cells stained with rabbit anti-VWF primary and anti-rabbit Alexa Fluor 488 for VWF. H) Exon 47 heterozygous deletion transfected HEK293 cells stained with mouse anti-α-tubulin and anti-mouse Alexa Fluor 555 for the cell membrane α-tubulin marker. I) Merge of image G and H. Scale bar=10µm.

[bookmark: _Toc368247558]6.2.3. Discussion

Previous in vitro expression work on VWF exon deletions is limited to two mutations, the in-frame exon 4-5 deletion and the in-frame exon 26-34 deletion (Sutherland et al. 2009, Casari et al. 2010). Findings from these investigations indicated that these two in-frame deletions have a dominant- negative effect on VWF secretion into conditioned media. Furthermore, the deletions resulted in aberrant multimer formation in the homozygous forms of the deletions. WPB-like formation in the exon 4-5 deletion was absent in the homozygous form of the deletion, with some restoration of WPB organelle formation in the heterozygous form. 

Mutagenesis on the pcDNA3.1(-) vector proved difficult, with multiple methodology amendments resulting in lack of colony formation or successful introduction of the exon 3 and 33-34 deletions. However, the exon 32-34 deletion was successfully introduced at the first attempt. The GC content surrounding the areas to be deleted were found to be highly variable and hence may play a role in the efficiency of introducing deletion mutations in the pcDNA3.1(-) vector. Furthermore, Phusion mutagenesis produced several colonies, which when sequenced after mini-prep where shown to contain the desired deletions. However, when large-scale preparation of the exon 3 and 33-34 colonies from the Phusion mutagenesis was undertaken the VWF cDNA was shown to present with a number of plasmid vector backbone insertions within the cDNA. The vector inserts were >100bp in size and when analysed by NucleotideBLAST found to come from the plasmid vector. Whilst the efficiency of the Phusion kit appeared to be higher in comparison to the Quikchange mutagenesis kit, the insertions suggested that the phosphorylated primers and PCR reaction products in the presence of DNA ligase resulted in multiple inserts of phosphorylated DNA products. 

Similar to the findings observed for the exon 4-5 and 26-34 deletions, the in-frame deletions resulted in a reduction of secretion into the cell supernatant. For the exon 3 and 32-34 deletions, this secretion defect occurred through a dominant-negative mechanism as previously described for the deletions reported in the literature. The deletions of exons 33-34 and exon 47 resulted in a less severe secretion defect that was not acting through a dominant-negative mechanism, demonstrated by the similar expression levels observed for the homozygous and heterozygous forms of the deletions.

Interestingly, the decreased secretion into the cell supernatant did not correlate with an increase in intracellular retention, as also observed for the exon 26-34 deletion (Casari et al. 2010). A number of possible mechanisms could explain the lack of increased intracellular retention observed in the deletions. The mutant form of the deletions could be being degraded via one of two intracellular protein degradation pathways: the ubiquitin-proteasome pathway or the endoplasmic-reticulum-associated protein degradation pathway (ERAD) (Korolchuk et al. 2010).

In the ubiquitin proteasome degradation pathway, misfolded mutant protein is recognised as abnormal within the cell and is tagged with a polypeptide called ubiquitin, with the mutant protein being tagged a number of times (polyubiquitination) (Korolchuk et al. 2010, Shang and Taylor 2011). The proteasome within the cell recognises proteins tagged for degradation when four or more ubiquitin polypeptide sequences are present on the misfolded protein. Upon polyubiquitination of the mutant protein, the proteasome degrades the protein into small polypeptides and amino acids, which are recycled within the cell to be used in the synthesis of new cellular proteins (Shang and Taylor 2011).

The second possible explanation for the lack of intracellular retention is degradation of the mutant VWF proteins by the endoplasmic reticulum (ER) unfolded protein response, which then leads to ER-associated degradation via the ERAD pathway (Schroder and Kaufman 2005). Protein synthesis and correct folding occurs in the ER, with only correctly folded proteins being transported to the Golgi apparatus and trans-Golgi network for further processing.  When correct folding of protein in the ER is inhibited through prevention or intracellular disulphide bonding through ER protein disulphide isomerase proteins and N-linked glycosylation formation, this leads to the activation of the ER stress response (Schroder and Kaufman 2005, Walter and Ron 2011). Rather than being transferred to the Golgi for further maturation and processing, the misfolded protein is transported out of the ER through retrotranslocation, whereby the misfolded protein undergoes unfolding, transportation across the ER membrane and then release into the cytosol where the mutant protein is then degraded via the proteasome degradation pathway (Tsai et al. 2002).

The exon 3 deletion results showed that in the homozygous form there was a severe secretion defect, resulting from a dominant-negative mechanism of the exon 3 deletion mutant VWF protein interfering with the ability of mutant VWF to secrete into the conditioned media. However, in the heterozygous form of the mutant, there were normal multimers present, which were indistinguishable from the in vitro WT expressed VWF. In the AFM from P9F11, the multimer pattern present in the plasma depicted a normal multimer profile, providing further evidence of the reliability of in vitro expression in heterologous cellular systems.

WPB-like organelle storage in the exon 3 deletion mutants led to the complete loss of punctate VWF storage, with VWF staining seen as a diffuse pattern throughout the cells. In the heterozygous form of the deletion, there appeared to be some recovery of the WPB-like vesicular VWF storage, a similar pattern to that observed in the exon 4-5 deletion (Sutherland et al. 2009). 

The findings described herein for the exon 3 deletion are in line with historical findings for deletions of the D1 and D2 domain of VWF. Journet et al., (1993) showed that heterologous expression of either D1 or D2 domain deletion mutants led to reduced secretion of VWF into conditioned media, without causing increased intracellular retention. The same pattern of expression was identified in this investigation, whilst also being undertaken in a different cell line. Analysis of the historical homozygous D1 and D2 deletion domain multimer profiles also showed the presence of dimeric VWF subunits only, a finding mirrored in this investigation, with loss of high molecular weight VWF (HMW-VWF) and also low molecular weight VWF (LMW-VWF). Furthermore, intracellular storage of VWF was also aberrant (Journet et al. 1993). The findings from the investigation undertaken on the exon 3 deletion highlights the importance of the D1 domain in correct VWF multimerisation and storage into WPB.

The findings from the exon 33-34 and exon 47 deletions suggest that these deletions do not exert a dominant-negative effect on VWF WT protein, although they significantly affect VWF secretion into the cellular supernatants. Furthermore, these deletions also result in aberrant storage of VWF in WPB-like structures. Similar results for the exon 33-34 deletion were obtained by Hawke et al., (2012), who analysed the effect of exon 33-34 skipping as a result of a c.5842+1G>C mutation, albeit with a different transient-transfection system. Heterologous expression of the mutant in HEK293T cells by Hawke et al., (2012) led to the observation of a significantly reduced VWF expression profile in cellular supernatants, which in the homozygous form led to a ~60% reduction and in the heterozygous form a 50% reduction in VWF secretion. Similarly, in the multimer analysis of in vitro homozygous and heterozygous deletions, normal multimers were observed, with the authors stating that this was in line with observations of the patient plasma multimers (Hawke et al. 2012). 

Whilst the multimers observed in the in vitro expression analysis in the current investigation showed the presence of normal multimers, this is in stark contrast to both the findings from Hawke et al., (2012) and the patient multimer analysis performed by Budde et al., (2008) in the P6F1 AFM. The IC and AFM with the exon 33-34 deletion were found to present with abnormal multimers, sub-classified as type 2A (sm) multimers. In the IC from this family, the exon 33-34 deletion was the only mutation present, however, the AFM was compound heterozygous for the p.R854Q mutant. Whilst mutagenesis on the VWF plasmid was undertaken in order to determine if this was having an effect, multiple methodologies were explored with each resulting in failure to introduce the p.R854Q mutation. However, the multimer patterns in the patients were both 2A (sm) inferring that the missense change potentially had little bearing on multimer formation. Previous multimer analysis of this p.R854Q mutation in the homozygous form also demonstrated no effect on the multimer profile and was comparable to WT (Hilbert et al. 2006).

In relation to the differences observed in the multimer patterns in vitro and in the patient for the exon 33-34 deletion and the differences between patient multimers in the Canadian cohort, James et al., (2009) suggest that the sensitivity of multimer analysis between European and North American methodologies may result in multimer classification differences when the VWF:Ag levels are low (James et al. 2009). Furthermore, the in vitro expression system used to evaluate the phenotypic consequences of the deletions cannot replicate the clearance of VWF from the heterologous system and an increased clearance was observed in IC and AFM with the exon 32-34 and 33-34 deletions, seen as an increase in VWF propeptide/VWF:Ag ratio (Goodeve et al. 2007).

The exon 32-34 deletion resulted in a severe secretion defect, resulting from a dominant negative-mechanism. The homozygous form of the mutant also showed complete loss of HMW-VWF after multimer analysis, however, in the heterozygous form of the mutant, there were normal multimers present, which were indistinguishable from the in vitro WT expressed VWF. In the AFM from P9F3, the multimer pattern present in the plasma was abnormal. Similar to the exon 33-34 deletion, there were differences observed between the in vitro heterozygous multimer analysis and the multimer analysis present in the AFM who inherited the exon 32-34 deletion in a heterozygous manner (Budde et al. 2008). It is possible that the observed differences are due to the lack of glycosylation of VWF multimers in the heterologous cellular system and since 20% of the mass of VWF in circulation  in individuals is made up of glycan structures (O’Donnell et al. 2002), this could lead to differences in the in vivo and in vitro multimer pattern. 

WPB-like organelle storage in the exon 32-34 deletion mutants was associated with a reduction in the size of WPB, similar to the exon 33-34 and 47 deletion mutants. Recently Yadegari et al., (2013) suggested that VWF mutations in the D4-CK domains that affect cysteine residues lead to the loss of normal multimerisation, storage and secretion. The phenotype in the exon 32-34 deletion is likely to be more severe due to the loss of nine cysteine residues, with the exon 33-34 and exon 47 deletions leading to loss of eight and six cysteine residues respectively. In the D4-CK domains, inter- and intra- disulphide bonding between cysteine residues within the VWF monomers and multimers is functionally important in facilitating the correct VWF structural orientation and folding (Yadegari et al. 2013). Since the exon 32-34 deletion results in loss of an odd number of cysteine residues, this may leave an unpaired cysteine residue in the D4 domain and lead to further structural abnormalities, depending on whether an inter- or intra- cysteine bonding is affected, in comparison to the exon 33-34 and exon 47 deletions.

Given the findings of the in vitro analysis, deletions of exons 3, 33-34, 32-34 and 47 can be classified depending on the nature of the deletion (homozygous or heterozygous) and on the characteristics of the deletion mutation, with focus on their effects on the VWF protein, as shown in Figure 6.25. The deletions of exon 3 and 32-34 are dominant negative, with even small amounts of transfected mutant VWF leading to a severe secretion defect within the heterologous expression system. The findings from the in vitro expression system are in line with the in vivo data from the IC, showing reduced VWF:Ag in patient plasma, due to the decreased secretion ability found in the in vitro system. Furthermore, these deletions also affected the multimerisation of VWF and intracellular storage of VWF in WPB. In the heterozygous forms of these deletions, the severe WPB storage and secretion defects remained, however, multimer formation was restored. The exon 33-34 and exon 47 homozygous and heterozygous deletions resulted in milder secretion defects that were not dominant-negative but led to aberrant formation of intracellular WPB, furthermore their multimer profiles were not affected.
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Figure 6.25 Venn diagram to illustrate defective in vitro mechanisms of VWF in-frame deletions reported herein.
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Previous investigation into the genetic determinants of type 1 VWD was undertaken in the MCMDM-1VWD cohort (Goodeve et al. 2007). The findings from the investigation revealed that missense mutations predominate in type 1 VWD, along with a small proportion of splice and nonsense mutations and small nucleotide insertions and deletions. However, in 30% of IC from within the cohort, a genetic mutation within VWF was not identified. The genetic screening methodology in the initial investigation utilised a range of techniques to identify mutations within VWF, including conformation-sensitive gel electrophoresis (CSGE), single-strand conformation polymorphism (SSCP) analysis, denaturing high-pressure liquid chromatography (DHPLC) and direct PCR and sequencing. However, the sensitivity of the methods used varied, with mutations missed due to less than 100% technique sensitivity or even in some instances of direct PCR sequencing, variants missed due to the presence of SNP underneath the amplification primers (Hampshire et al. 2010).

In addition to mutations being missed due to lack of sensitivity of the techniques, the screening methodology used in the initial study failed to identify heterozygous deletions or duplications due to the presence of a normal allele. Initial sequencing techniques undertaken in the original study were not able to quantify the exons present within an IC with standard DNA sequencing failing to identify heterozygous deletions due to the presence of one wild-type allele, leading to monoallelic amplification in these individuals and the appearance of only normal sequence being present.

The aim of this project was to further investigate and understand the genetic mechanisms involved in type 1 VWD in a subset of index cases from the EU-1VWD cohort study. This involved analysis of VWF to determine the prevalence of exonic copy number variation, i.e. presence of homozygous or heterozygous duplication or deletion events within the gene. 

For the initial part of this project, the hypothesis that exonic VWF copy number variations, missed by previous molecular analysis could contribute to type 1 VWD pathogenesis was investigated. Previous identification of a heterozygous exon 4-5 deletion in type 1 VWD required identification of the deletion mutation in the homozygous state in type 3 individuals, mapping of deletion breakpoints and generation of a deletion-specific PCR assay, prior to using the assay to seek the same mutation in type 1 VWD patients (Sutherland et al. 2009). However, for the current investigation, MLPA was available as a molecular screening tool, which used comparative dosage analysis to determine relative quantity of exons of VWF against healthy control individuals to determine if copy number variations were present within the IC. According to the Human Genome Mutation Database (HGMD), there are 2376 gross duplications and 10267 gross deletions reported throughout the genome (Stenson et al. 2009).

Of the 62 IC screened for copy number variation in this investigation, two novel exon deletions  were identified; an exon 3 deletion and an exon 33-34 deletion, both of which segregated with disease phenotype amongst affected family members. These findings along with previous identification of 4 further deletions (a heterozygous exon 4-5 deletion in 3 IC and a heterozygous exon 32-34 deletion in one IC) in a further 42 IC reported during initial validation of the MLPA kit (Hampshire et al. 2009), showed that exon CNV are a significant contributor to type 1 VWD pathogenesis amongst the MCMDM-1VWD cohort (6% of the IC screened for CNV). Large duplications have been identified in a number of genes, however, these CNV are less common than deletions and this finding also appears to be the case for VWF, with 35 deletions reported in comparison to two duplications. 

Additionally, breakpoints of the deletions were sought to further understand the recombination mechanisms involved in the generation of heterozygous exon deletions in type 1 VWD. This study fully characterised three heterozygous deletion breakpoints; the novel exon 3 and 33-34 deletions and the breakpoints of the previously reported exon 32-34 deletion. All deletion breakpoints were located in VWF intronic regions, with repetitive element analysis indicating that the exon 3 deletion was likely the result of homologous recombination between Alu repetitive elements. The deletions of exons 32-34 and 33-34 were likely the result of MMEJ due to the microhomologous regions surrounding the deletion breakpoints.

Whilst breakpoints were characterised, the identification of deletions and deletion breakpoint junctions through quantification of VWF exons by MLPA, followed by intronic haplotyping and LR-PCR was a laborious process since the MLPA technique is not capable of quantifying any intronic locations and hence cannot provide information on the intronic locations of deletion breakpoints. Array CGH may be a better approach to identify deletions and their breakpoints. In addition to enabling easier identification of deletions, array CGH has the potential to identify partial exon deletions within VWF. MLPA cannot identify partial exon deletions that may be present within the affected individuals from the EU cohort, since the half probes for MLPA are designed within an exon and only cover a portion of the exon and not the full exon. If partial deletions of the exons do not encompass the MLPA probes, then the technique still amplifies the probes in that exon and indicates that the exon is present.

Previous in vitro expression analysis of deletions involving exons 4-5 and 26-34 identified a dominant negative mechanism leading to a severe secretion defect (Sutherland et al. 2009, Casari et al. 2010). Furthermore, in the homozygous form of the historically reported deletions, multimerisation was defective and in the case of the exon 4-5 deletion, WPB-like storage was lost. The exon 4-5 deletion resulted in the D1 domain of VWF being deleted, which is involved in multimerisation. The exon 26-34 deletion also results in loss of part of the D3 domain and complete loss of A1-A3 domains, involved in collagen binding and binding to the GpIb glycoprotein.

This investigation found that not all in-frame deletions resulted in reduction in VWF secretion through a dominant-negative mechanism, as reported for exon 4-5 and exon 26-34 deletions. Only deletions resulting in loss of functional domains within the VWF protein sequence appeared to result in the dominant-negative mechanism of the deletion on WT VWF secretion and storage within the heterologous cell system. The deletion of exon 32-34 resulted in the deletion of part of the A3 domain of VWF, which is involved in collagen binding, with the loss of exon 3 resulting in loss of part of the propeptide D1 domain, involved in multimerisation of VWF, with the propeptide also involved in storage of VWF in WPB structures. Exon 33-34 and exon 47 deletions did result in a reduction in secretion of VWF but this was not through a dominant-negative mechanism. The loss of exons 33-34 led to loss of the linker region between A3 and D4 (D4N according to the updated protein alignment), whilst the exon 47 deletion resulted in partial loss of the C2 domain (C5/C6 domain in the updated protein alignment). Whilst the C2 domain is involved in binding to activated platelets, the partial loss of this domain did not result in the dominant-negative pattern observed in vitro for the exon 32-34 and exon 3 deletions. Whilst the dominant-negative deletion mechanism was observed to affect functional domains this cannot be fully determined, as domains involved in maintenance of VWF protein structural integrity could also be important.

In summary, this thesis has contributed to the overall understanding of the genetics of type 1 VWD through identification of heterozygous deletions of VWF, previously unable to be identified due to the lack of quantitative methods being available. Furthermore, this thesis has characterised deletions within VWF through LR-PCR and intronic haplotyping, the first time deletion breakpoints have been identified in type 1 VWD without the breakpoints first being identified in type 3 VWD/ individuals homozygous for the deletion. Furthermore, analysis of historical VWF deletion breakpoints and mapping of Alu sequences throughout VWF has shown that there is Alu enrichment throughout the VWF locus and that these repetitive elements, whilst not present at all deletion breakpoint junctions, have a role in bringing regions into close proximity. In vitro expression analysis has also shown that in-frame deletions of VWF do not all have a dominant-negative effect on VWF secretion, storage or multimerisation. Only deletions involving functional domains of VWF appear to lead to a dominant-negative mechanism of in vitro expression, as illustrated here for deletions of exons 3 and 32-34 and historical deletions of exons 26-34 and 4-5.

Whilst this thesis has identified and characterised deletions and associated breakpoints in IC affected by such deletions, the characteristics that the deletions have on VWF protein expression have also been identified to understand the phenotypic consequences of such deletions. The phenotypes correlate with the in vitro expression results for all deletions expressed. This provides novel insight into the effects of heterozygous deletions in type 1 VWD. 

[bookmark: _Toc368247563]7.1 Future Work

In this study, whilst novel deletions were identified in two IC, MLPA analysis failed to identify CNV in the remaining 60 IC, where no mutation was identified or the mutation present was not sufficient to explain the observed clinical phenotype. With this analysis and the previous validation and optimisation, four deletions were identified in 6 of 104 IC screened by MLPA. In these individuals, array CGH and next generation DNA sequencing of VWF would enable analysis for intronic copy number variations, which may activate cryptic splice sites within the introns, or lead to the expression of ‘pseudo exons’, each of which may influence levels of VWF and give rise to disease phenotype. Whilst intronic copy number variation has to date not been reported in VWF, such rearrangements have recently been reported in DMD, leading to the formation of ‘pseudo-exon’ expression within the mRNA and cDNA product (Khelifi et al. 2011). In addition, deep intronic variants have been reported to contribute to mild haemophilia A, with intronic regions sequenced through RT-PCR amplification of RNA (Castaman et al. 2011). Given the large size of VWF intronic regions, PCR and Sanger DNA sequencing seems unlikely and hence intronic variations may be identified through next generation sequencing, or through cDNA analysis.

Furthermore, it is possible that the historical diagnosis of VWD in the cohort study was incorrect and VWD was misdiagnosed as the causative bleeding disorder.  Whilst the Canadian cohort study analysed individuals with a VWF:Ag level <50 IU/dL, the MCMDM-1VWD study analysed IC with a historically reported type 1 VWD diagnosis. A small number of IC from within the EU study had low bleeding scores (<3) and borderline VWF:Ag levels (30-60 IU/dL), these individuals may not have had many bleeding challenges prior to recruitment and follow up of these patients would aid in determining whether the historical diagnosis of type 1 VWD was in fact a misdiagnosis. If misdiagnosis was likely, other potentially causal bleeding disorders could be investigated. If misdiagnosis was likely, platelet function tests could be undertaken to determine the aggregation response in the presence of platelet agonists and assess whether this response is aberrant. Any aberrant response could indicate which platelet receptor is affected and further genetic screening analysis could be undertaken on the platelet receptor genes.

Among the IC that remained mutation-negative, the aetiology of VWD may arise from the influence of other genetic loci on VWF expression levels. GWAS (CHARGE and GAIT) studies have identified a number of genetic loci and variants shown to be associated with VWF levels, however, in a complex polygenic disease, such as type 1-VWD, appears to be that these variants have a modest effect on VWF levels (Rydz et al. 2013). In performing GWAS studies there is an assumption of ‘common disease, common variant’ implying that individuals diagnosed with a disease share common variants that lead to the disease. Whilst this assumption can be correct for simple diseases where a small number of genes are involved, the same cannot be said for more complex diseases. The variants in the CHARGE study have been shown to have small differences in modifying VWF levels in IC from within the MCMDM-1VWD cohort, with additive effects only explaining a small amount of heritability (Mufti et al. 2013). Whilst the SNP identified in GWAS analyses have shown only modest associations, in depth analysis of these genes could be undertaken to determine whether more severe pathogenic variants including (small/large scale deletions or duplications) or rare pathogenic sequence variants which lead to more severe phenotypes than the polymorphic changes identified thus far. This could potentially contribute to bleeding in type 1 VWD in comparison to healthy individuals.

The likelihood of influences other than the genetic loci previously identified can also be explained by looking at the normal population. Within the normal population, VWF:Ag levels vary from 50-200 IU/dL (400% difference) and ABO blood group accounts for 50-70% variation in levels amongst the general population (Gill et al. 1987, Gallinaro et al. 2008, Desch et al. 2013). Therefore, there is over 300% variation in VWF levels within the normal population that cannot be accounted for. It remains to be seen whether the search for extremely rare mutations and the focus on the genetic loci identified in the CHARGE and GAIT studies is blighting the understanding of type 1 VWD through analysis of loci which only perturb VWF expression moderately. In order to increase understanding of the genetic determinants of type 1 VWD, next generation DNA sequence analysis of the EU-cohort who remain mutation negative could be undertaken in comparison to a panel of healthy control individuals, to screen out common, non-disease causing SNP and to identify rare disease-causing variants.

Whilst the role of genes identified in the GWAS studies require further investigation to fully elucidate the mechanisms by which these genes are having an effect; the role of epigenetics in the pathology of type 1-VWD may explain the missing heritability in individuals with missing mutations and where influences of other genetic loci alone are not enough to explain the disease phenotype. Additionally, epigenetics could also explain the large variance of VWF levels observed in the general population. This area of molecular biology is vastly under investigated in diseases outside of oncology and immune-inflammatory diseases (Esteller 2008, Hewagama and Richardson 2009). 

Epigenetics refers to the heritable changes in gene expression due to mechanisms other than changes in the underlying DNA nucleotide sequence. These epigenetic mechanisms act on chromatin and DNA, including DNA methylation, histone acetylation, methylation and ubiquitination, all of which can alter the expression of genes. Within a eukaryotic cell, DNA is tightly packaged into the nucleus through the interaction with histone proteins assembling to become nucleosome complexes. Each nucleosome is made up of four core histone proteins, H2A, H2B, H3 and H4, each present in pairs, along with a non-core histone H1 protein, which acts as a linker. This nucleosome complex contains 146bp of genomic DNA, multiple nucleosome structures and DNA that together is referred to as chromatin. Within the cell, chromatin can be present in two forms, which influences the transcriptional activity of the DNA. Heterochromatin is densely compact and in this state, DNA is inaccessible and therefore transcriptionally inactive. In the euchromatic chromatin state, chromatin is less condensed and more accessible by the basal transcriptional machinery, leading to transcriptional activation. The differences in the two states are primarily due to changes in DNA methylation, histone acetylation, histone methylation and histone ubiquitination.

An initial area for epigenetic analysis would be an analysis of VWF promoter methylation patterns. VWF levels are known to increase with increasing age, this observation could easily be attributable to epigenetic changes in VWF promoter methylation/ histone methylation, given that with increasing age, there is a decrease in global methylation within the cell (hypomethylation) (Heyn et al. 2012, Martino et al. 2013, Shimoda et al. 2013). Decreased global methylation would lead to the formation of euchromatic regions of DNA, which are transcriptionally active in comparison to heterochromatic regions of DNA.

[bookmark: _Toc368247564]7.2 Concluding remarks

Although this thesis has provided insight into the genetic mechanisms of type 1 VWD, further understanding is likely to be developed as molecular techniques evolve and the costs of next generation sequencing reduce. However, the further understanding of type 1 VWD is likely to focus on individuals with borderline VWF:Ag levels (30-50IU/dL), hence it is likely that the search for rare variants may not bring a vast array of developments into the understanding of type 1 VWD. Instead, understanding the variability in VWF:Ag levels within the normal population (50-200IU/dL) through epigenetic modification analysis may help to shed light into understanding disease pathogenesis in individuals with borderline levels.
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P9F11, exon 3 deletion family pedigree, phenotypes and multimer analysis
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	Family Member
	Status
	Bleeding Score
	VWF: Ag (IU/dL)
	VWF: RCo (IU/dL)
	VWF:RCo/
VWF:Ag Ratio
	FVIII:C (IU/dL)
	Multimer profile

	I 2
	UFM
	-2
	114
	143
	0.80
	68
	Normal

	I 1
	AFM
	10
	28
	35
	0.80
	21
	Normal

	II 1
	IC
	10
	31
	20
	0.65
	5
	Normal

	II 2
	UFM
	0
	87
	119
	0.73
	37
	Normal

	II 4
	UFM
	0
	97
	112
	0.87
	68
	Normal

	II 5
	AFM
	6
	-
	-
	-
	16
	-
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P6F1, exon 33-34 deletion family pedigree, phenotypes and multimer analysis
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	Family Member
	Status
	Bleeding Score
	VWF: Ag (IU/dL)
	VWF: RCo (IU/dL)
	VWF:RCo/
VWF:Ag Ratio
	FVIII:C (IU/dL)
	Multimer profile

	II1
	IC
	4
	32
	23
	0.72
	25
	2A (sm)

	II 2
	UFM
	0
	145
	178
	1.23
	110
	Normal

	II 3
	UFM
	0
	109
	180
	1.65
	99
	Normal

	II 4
	UFM
	4
	145
	224
	1.54
	89
	Normal

	II 5
	UFM
	3
	176
	242
	1.38
	122
	Normal

	III 1
	UFM
	5
	73
	114
	1.56
	59
	Normal

	III 2
	AFM
	8
	21
	14
	0.67
	29
	2A (sm)
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The arrows indicate the loss of VWF satellite bands and the slight reduction in the band size of the individual multimers.
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P9F3, exon 32-34 deletion family pedigree, phenotypes and multimer 
	Family Member
	Status
	Bleeding Score
	VWF:Ag (IU/dL)
	VWF: RCo (IU/dL)
	VWF:RCo/
VWF:Ag Ratio
	FVIII:C (IU/dL)
	Multimer profile

	I 2
	IC
	6
	12
	11
	0.92
	17
	2A (IIE)

	I 1
	UFM
	0
	105
	89
	0.85
	72
	Normal

	I 3
	AFM
	7
	19
	11
	0.58
	34
	2A (IIE)

	II 1
	AFM
	5
	12
	8
	0.67
	22
	2A (IIE)

	II 2
	UFM
	0
	122
	99
	0.81
	65
	Normal

	III 3
	UFM
	0
	-
	-
	-
	114
	-

	III 4
	UFM
	0
	-
	-
	-
	99
	-
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VWF Alu repetitive element sequences 

>Alu1
ggccgggcacagtggctcacgcctataatcccagcactttgggaggccgaggtgggcagatcacctgaggtcaggaattcaagaccagcctgcccaacatggcgaaaccctgtctctactaaaaatacaaaaactagccgggtgtagtggtgggcgcctgtaatcccagctactggtgaggctgaggcaggagaatcacttgagcccaggaggcagaggttgcagggagccaacatcataccactgcactctagactgggcgacagagtgagactctgtctc

>Alu2
ggccgggcacggtggctcatgcctgtaatcccagtactttgggaggccaaggtgggtggatcacctgaggtcaagagtttgagaccagcctggccaacatggtgaaaccccatctctactaaaaatacaaaaattagccgggtgtggtggtgtgtgtctataatcccagctacttgggaggctgaggcaggagaatcgcttgaacctggttgcaataagctgagatacactccagcctgggcaacagagcgagactccatctca

>Alu3
gaccaggcatggtggctcatgcctgtaatcccagcactttgggaggctgaggcgggtggatcacctgaggtcaggagttcgagaccagcctggccaatatggtgaaaccctgtctctactaaaaatacaaaaattagccaagcatggtggcacctgtaagcccagctacttgggaggctgaggcaggagaattgcttgaacccaggaggcggaggttgcagtgagccaagatcgcaccactcactgcactccagcctgggcaacagagcaagactccgtctca

>Alu4
cgggtgcaatggctcatgcttgcagtcccagcactttgggaggccgaggggggcggatcacctgaggttgggagatcgagaccagcctggccaacatggtgaaaccccgtcactactaaaaatacaaaaattagccaggcgttgtggtgggtgcctgtatcccagctgctcgggaggttgaggcacaagaatcacttgaacttgggaggtggaggttgctgtgagccgagattgcgccattgcactccagcctgggcacagagtgagactctgtctca

>Alu5
aggccgaggcgggcggatcacctgaggtcgggagttcgagaccagcctgaccaacatggagaaaccccgtctctactaaaaacacaaaattagcagggtgtggtggcgcacgcctgtaatcccagctactcgggaggctgaggcaggagaatcgcttgaacctgggagggggaggttgcagtgagccgagatcgcaccactgcaatccagccttccagcctggacaacacgagcgagattccatttca

>Alu6
ggctggacacagttactcatgcctataatcccaatgctttgggaggctgaagcgggaggattgcttgagcccaggagttcgatgccagcctgggcaacatagcgagacccccatctgtacaaaaatatacaaaaattagctgggcatggtggcacacacctgtagttccagctatttgggaagttgtgacaataggattgcttgagcccaggagttcgagggtgaagtgagctgtgatcatatcactacatgtcatcctgagcgatagagcaagacc

>Alu7
gcagggcacggtggctcacgcctgtaatcctagcactttgggaggcccaggcaggcagatcatgaggtcaggagatcgagaccatcctggctatggtgaaaccccatctgtactaaaaatacaacaaattagctgggcatggtggcgggcacctgtagtcccagctactcgggaggctgaggcaggagaatggcgtgaacccgggaggcggagcttgcagtgagccgagatcgcgccactgcactccagcctgggcgacagagcgagactctgtctca


>Alu8
ggtcgagtgcggtggctcacgcctgtaatcccagcactttgggaggctgaggcgggtggatcacgaggtcaggagatcgagaccatcctggctaacacggtgaaaccccgtctctactaaaaatatgaagaaaaaaaaaattagccaggcgaggtggctggcgtctgtggtcccagttctttgggaggctgaggcagaagaacggcgtgaacccaggaggcggagcttgcagtgagcggagatcgcgccactgcactccagcctgggtgacagagcaagactctgtctca

>Alu9
attactcgcaccaaggagctcaagaccagcctgggcgacacggtgagatcttgtctctacaaaaagaaaaaaaaaattagctggatgtggtggtacatacttgtgatcccagttaccctggaggctgaggtgggaggataacctgggcccaggaggcagaaactgcagcgagccatgttcacatcactgcaccccaacctgggcaacagagcacaaccctgtctca

>Alu10
ggctgggcgcagtggcttacccctgtaatcccagcattttgggaggccgaggcaggcggatcatgaggtcaggagattgagaccatcctggctaacatggtgaaaccatgtctctactaaaaatacagaaaattagccaggcgtggtggcgggtgcctgtagttccagctacttgggaggctgagacaggagaatggcgtgaacccgggagggagaacttgcagtgagcagtgatcgtgccgcttcactccagcctgggcgacagagcgagactccgtctca

>Alu11
gctgggcacagtaacacacacctataattccactaggaaggctgaggcaagaggattccttgagcccaagagttcaagatcagtttgggcaacttagcaagaccttatctctaaataca

>Alu12
ggccaggtacagtggctcacacctgtaagcccagcactttgggaggccgaggggggcagatcacgaggtcaggagttggagaccaccctggctaacacagtgaaaccctgtctctactaaaaatacaaaaaattagccaggcatggtggcgggtgcctgtagtcccagctactcggaaggctgaggcaggagaatggcgtgaacccaggaggcagagcttgcagtgagccgagatcgcgccactgcactccagcctgggtgacagagcgagactccgtctca

>Alu13
ggccaggcacggtgactcacgcctgtaatcccagcactttgggaggcagaggcggagagatcacttgaggtcaggagttcaagactagcctggccaacatgctgaaacctcatctctactaaaaatacaaaaattagccaggcgtggtgacacctggatgtagtcccagctactcaggaggctgaggtagaagaatcgcttgaatctgggaggtggaggctgtagtgagctgagatctcaccactgcaatccggcctgggtgacagagcaagactctgtct

>Alu14
ggctgggtgcggtggctcaagcctgtcatcccagcactttgggaggccgaagtgggcggatcatgaggtcaggagatggagactatcctggctaccacggtgaaaccccgtctctactaaaaatacaaaaaatgagccaggtgtggtggcaggtgcctgtagtcccagctactcgggaagctgaggcaggagaatggcatgaaccttggaggcggagcttgcagtgagctgaaatcgcaccactgcactccagcctgggcgacagagtgagactccgtctca

>Alu15
ggccaggcgcggtggctcacgcctgtaatcccagcactttgggaggctaagcggaggcggatcacctgaggtcaggagttcaagagcagcctggccaacatggtgaaaccccgtctctactaaaaatacaaaaattagctggacatagtagcggacacctgtaatcccagctactagggaagctgagactggagaattgcttcagcccgggaggcggaggttggagtgagctgagatcacaccattgcactgcagcctgggcaacaagagtgaaactccgactca
>Alu16
gccggacgcggtggttcatgcctgtaatcccagcactctgggaggccaaggtgggcagatcaagaggtcaagagatggagaccctcctggccaacatggtgaaaccccatctctactaaaaatacaaaaaaaaaaaaattagctgtgcgtggtggcatgcgcctgtagtcccagctactcaggaggctgaggcaggagaatcacttgaacccgggaggtggaggttgcagtaagccgagatcaggccactgcacttcagcctggcgacagagggaaactccatctca

>Alu17
ggccgggcgtggtggcccacgcctgtaatcctgtaatcccagcacttcaggaggccgaggtggatggatcatttgaggtcagaagttcaagaccagcctggccaacatgtgaaaccccatctctactaaaaatataaaaattagctgggggtggtagcacatgcctgtaatcctagctactagggaggctgaggcaggagagttgcttgaacccaggggacggaggttgcaatgagccgagatcgccccactgcactctagcctgggtgacaaagcgagactctgtctca

>Alu18
cggtggctcacacctgtaatcccagcactttgggaggctgaggcgggcgtatcacgaggtcaggagtttgagaccagcctggccaacatggtgaaaccccgcctctactaaaaaaatacaaaagaaaaaaaaatgagccggacgtggtgacatgcgcctgtagtcccagctactcaggagtctgaggcaggagaattgcttgaacccgggaactggaggttgcagtgagctgagatcaggccactgcactccagcc

>Alu19
ggccaggcgtggtggctcatgcctgtaatcccagcactttgggaggccaaggtgggtggatcacaaggtcaggagattgagaccatccctggctaacacggtgaaaccccatctctactaaaaatacaaaaaattagccgggtgtggtggtgggcacctgtagtcccagctactagggaggctgaggcaggagaatggcatgaacccaggaggcggagcttgcagtgagccaatccacgccactgcactccagcctgggcaacagagcgagactccgtctca

>Alu20
ggcagagcacgttggctcacacctgtaatcccagcactgtgggaggccgaggcaggcggatcacgaggtcaagagatccagaccatcctggccaacacggtgaaaccccgtctctactaaaaatacaaaaattagccaggcgtggtggcaggcgcctgtagtcccagctactcaggaggctgaggcaggagaatggcatgaacctgggaggtggaccttgcagtgagccgagattgtgccactgcacccagcctgggtgactgagcgagactccgtctca

>Alu21
gctgggcaaggtggctcacacctgtaatcccagcacttcgggaggccgaggtgggcggaccacttgaggtcaggagtttgagaccagcttggtcaacatggtgaaaccctgtctctaataaacatacaaaaattagctgcgcatggtgatgtgtgcctgtaatcccagctactccagaggctgaggcaggagaatagcttgaacctgggaggtggaggttgcagtgagccgagattgctctgctgcactccagactgggctacacagtaagactgtctca

>Alu22
ggccaggcgcggtggctcacgcctgtaatctcagcattttgggaggccgaggagggcagatcacgacgtcaggagattgagaccagcctggccgatatggtgaaaccccgtctctattaaaaatacaaaaaattagccaggcatggtggcgggcgcctgtagtcccagttattcaggaggctgaggcaggacaattgcttgaacccggcaggcggaggttgctgtgagccgagacacgccgctgcactccagcctaggcgacagagtgagactccatctca





>Alu23
ggctggccacagtggctcacatctataattcttgcactttgggaggccgaggcaggtggatcacttgaggtcaagagttcaagatcagcctgtccaacatggtgaaaccctgtttctactaaaactacaaaaattagccaggcgtgggggtggatgcctgtaatcccagctactcaggaggctgaggcagaagaaccacttgaactgggcagaggaggttgcagtgagccccgatcgcgccactgcactccagcctgggggacagagcaagactctatctca

>Alu24
gcctggcgcagtggttcatgcttgtaatcccagcactttgggaggccgaggcgggcggatcacgaggtcgggagatcgagaccatcctggctaacatggtgaaaccccatctctactaaaaataaacaaaaattagccaggtgtggtggcaggcacctgtagtcccagctactcgggaggctgaggcaggagaatggtgtgaacctgggaggcggaccttgcagtgagccaagatggcaccactgcactccagcatgggcaacagagacaccatctca

>Alu25
ggccgggcacggtggctgacacctgtaatccagcactttgggaggccaaggagggtggatcacgaggtcaggagatcaagaccatcctggccaagatggtgaaaccccgtctctactaaaaatacaaaaaaattagccaggcatggtggcacgtgcctgtaatcccagttactcgggaggctgaggcaggagaattgcttgaacctggaaggcgaagactacagtgagccgagaatgcaccactgcactccagcctggtgacagagcatgactccatccca

>Alu26
agcctggtgtggtggcccacacctgcattcccagctactggggaggctgatgggggaggattgcttgagcccaggtgttctgggctgcagagcactatg

>Alu27
gccgggtcctgtggctcattcctgtaatcccagcactttgggaggccaaggtgggtggatcacgagatcaggagatcgaaaccatctggg

>Alu28
cgcctgtagtcccagctactcgggagactgaggcaggagaatgacgtgaacccaggaggcggagcttagcactccagcctgggcgacagagtgagactctgtctcaaaaaaaaaaaaaaaaaaaaaattagctgggcatggtggcatgtgcctataatcccagctactcaggaggctgaggcaggagaattgcttgaacctgggaggtggaggtttcagtgaactgagatcgtgccactgcactccatcctgggtgacagagccagactctgtctca

>Alu29
acacatactagctgggcatggtggtgcaccagtaatcccagctaatgggagggctgaggtgggaagatggcttgaacctgggaggcagaagctgcagtgagttgagattgcatcactacactccagcctgggtgaaaatgtgagaccctgtctca

>Alu30
attagcctggtgcggtggctcatacctgtagacccagctgctcaggaggctgagtcaggaggatcacttgagcccaggaggtagaggctgcagtgagctacaattgcaccactgcactccagcctgggcaacagagtgagaccctgtct






>Alu31
ggccgggcacggtggctcacgcctgtaatcccagcactttgggaggctgaggtgggtggatcacgaggtcaggagattgagaccatcctggctaacatggtgaaaccccgtctctactaaaaatacaaaaaattagccaggtgtggtggcaggtgcctgtagtcccagctactcgggaggctgaggcaggagaatggcatgaacctgggaggcagagcttgcagtgagccgagattgcactactgcactccagcctgggtgacacagcgagactccatctca

>Alu32
ggccgggcgcggtggctcacgcctgtaatcccaacactttcggaggccgaggcgggcagatcatgagatcaggagatcgagaccatcctggctaacacggtgaaaacccgtctctactaaaaaatataaagaattaactgggcgtggtgacaggcgcatgtagtcccagctactcgggaggctgaggcgggagaatggcgtgaacccgggaggcggagcttgcagtgagccaagatcgcactactgcactccagcctgggcgacagagcgagactctgtct

>Alu33
ggccaggcgcgggggctcagcctgtaatcccggcactttgggaggccgaggcgggcggatcacgaggtcaggaggtcgagaccatcctggctaacacagtgaagccccgtctctactaacaatacaaaaaaaaaaaaattagccgggcgtggtggcgggcgcctgtagtcccagctactcgggaggctgaagcaggagaatggcgtgaacccgggaggcgaagcttgcagtgagccgagatcgcaccactgcactccagcctgggcgacagggtgagactctgtctca

>Alu34
gcctgatcccagcacttttggaggccaaagtgggcagatcacttgagtccaggagtttgagaccagcaatatggcaaaaccttatctctacaaaaatatccaaaattagccaggcgtggtggcacgtgcctgtagtctcagctactagagaggctgaggtgggaggatcacttgagcctgggaggcagaggttgcagtgagccaagattgcaccacggcactccagcctgggcaagagagcgagactccgtcgca

>Alu35
cggttgcggtggctcacgcctgtaatcccagtactttgggaggccgaggtgggtggatcatgaggtcagaagtttgagactacccttccaacatggcaaaaccccatctctactaaaaatacaagagtgctgggattacaggtgtgagccactgcacttggccaagatcattttcttaaagtcacacgctttgaaagtgatgggttgcgagaggcagaggttgcattgagctgagatcacgccattgcactccagcctgggcaacaagagcgagacttcatct

>Alu36
ggccaggcgcggtggctcacgcctgcaatcccagcactttgggaggcctaggcgggcagatcatgaggtcaggagttcgagaccagcctgaccaacatggtggaacccagtctctactaaaaatacaaaaattagccgggcgtggtggtgtgcacctgtaatatcagctactcaggaggctgaggcaagagaattgcttgaaccctagaggcagaggttgcagtgagccgagattgtgccactgcactccagcctgggcgacagagcgagactgcgtttca

>Alu37
ggccaggtgccgtggctcactcctgtaatcccagagctttgggaggcaaaggcgggtggatcacgaggtcaggagatcgaggccatcctggccaacatggtgaaactccgtctgtactaaaaatacaaaaattagctgggcatggttgcgcgtacctgtaatcccagctacttgggaggctgaggcaggagaatcccttgaaccaggaagtcggaggttgcagtgagctgagatcgtgccactatactccagcctggtgacagagcgagactctgtctca






>Alu38
ggccaggcgcggtggctcacacctgtaatcccagcacttttggaggccaaggcgggcggatcaagaggtcaggagatcaagaccatcctggctaacacggtgaaaccccatctctactaaaaatacaaaaaaaaaattagccgggcatggtggcgggcacctgtagtcccagctattcgggaggctgaggcaggagaatggcatgaagccgggaggcaacgcttgcagtgagctgagatcgcaccactgcactctagcctgggcgacagagtgagactctgtctc

>Alu39
gcccacacttgtaatcccagcactttgggaggccaagtcgggcggatcacttgagatcaggaatttgaaaccagcctggccaatatggtgagaccccatctctactgaaaatataaaacttagtggggcgtggtggcgcatgcttgtaatcccagctactcgggaggctggggcaagagaattgcttgaacggcggggcaggggtggaggttaaagtgagctgagattgtgccactgcacttcagcctgggtgacagagcgagaccctgtctca

>Alu40
ggctgggtgcggtggctcatgcctgtaatcccagcacttttggaagccgagatgggcggatcacttgagttcaggagtttgagaccagcctggccaacctggtgaaatcccgtctccactaaaaatacaaaaattagctgggggtggtggtgcacacctataatcccagctacttgggaaactgaggcaggagaatcacttgaacccaggcggcggaagttgcagtgaaccgagatcgcaccactgcactccatcctgggtgacagaacgagactcggtctca

>Alu41
gccaggcatggtggctcacgcctgtaatcccagctttttgggaggctcagtgggcagagcgcttgagcccaggggttggagaccagcctgggcaacatggtgaaaccccatggctacaaaaaatacaaacattagccaggcatagtggtgtgtgcctgtagtcccaggtacttgggaggctgagatggggggatcgcttgagcctgggagattaaggctgcagtgagctgtgatggcatcactgcactccagcctgctgggtgacagag

>Alu42
cgcaaaaaaaaaaaaaaaaggaagaaaaagaa

>Alu43
ggccaggcgcggcagctcatgcctgtaatcccagcactttgggaggccaaggcaggtggatcatttgaggtcaggagtttgagaccaacctggccaatggtgaaaccctgtctatactaaaaacaaaaacaaaaacaaaaaacccacagaaattagctgggcatggtggcacatgcctgtaatctcagctactcgggaagctgaggcaggagaattgtgagagccccggagatagagtcttcagtgagccgagatggcgccactgcactccacgccgggcaacagagcgagactgtctca

>Alu44
ggccgggccgtcatggctcatgcctataatcccagcactttgggaggctgagacaggcggagcacccaaggtcaggagttcgagaccagcctggccaacatggtgaaaccccgtctctactaaaaatacaaaaaattagccgggtgtggtggcaggtgcctgtaatcccagctactcgggaggctgaggcaggagaattgcttgaacccaggaggcagaggttgcagtgagctgagatcacgccactgcaccccagcctgggcgactgagtgaaactctgtctca

>Alu45
ggccgggcgtggtggctcatgcccgtaatcccagcactttgggaggctgaggagggtggatcatttgaggtcaggagttcaagaccagcctggccaacatggtgaaaccccatctctattaaaaatacaaaaattagctgggcatgatggtgggcacctgtaatctcagctactcgggaggttgaggcaggagaatcgcttcagcctggaaggcggaggttgtggtgagccaagatcgtgccactgccctccagcctgggcaacagagtgagaccctctctca


>Alu46
ccgaggcgggaggatcgcttgagggcaggagttcgagaccagtctgggcaacgtagggagcccccatttctattaaaataataataataataataataataataataataataataataataaatttgccgggcgtggtggggcgcgcctgtaatcccaactacttgggagctacgtgggacggttgcatgaacccaggaaggcaaggccgcagtgagccaagatcgcatttctgcactccagcccgggcgacagagcaagaccgtgtctc

>Alu47
tgtagtcccagctacttgggaggttgaggcaagaggattgcttgagtctaggaatttaaggctgcagtgagttatgatcgcaccactgcactctgacctggccaacagagaaagaccctgt

>Alu48
ggctggggcagtggctcacatctgtaatccccagcactttgggaggtggaagtgggaggaatgcttgagcctgggagtttgagagcagcctgggcaacatagtgaggccctgtccctaaatacaaagaaaaaaaaatagttggccatggtggtgcatacctgtagacccagccacttgaaatactgaggtgggaagattgcttgagcccaggaagccaaggctgcagtgaactgtgatcgcgccactgcattctagcccgggcgacagagggaaatccagtc

>Alu49
ggccaggcacagtggctcacgcctgtaatcccaacacttagggaggccgaggtgggcggatcacgaggtcagtagatcgagaccatcctggctaacacggtgaaaatacaaaaaattagctgggtgtggtagcgggtgcctgtagtcccagctatttgggaggctgaggcaggagaattgcttgaacccaggaggcggaggttgcagtgagctgagatcttgccactgcactccagcctgggtgacagagcgagactctatctca

>Alu50
ggctgggcgtggtggctcatgcctataatcccagcactctgggaggccgaggcgggcagatcatttgaggtcaggagttcgagaccagcctgacatggcgaaaccccgtctctactaaaatacaaaaattagcggggcgtggtggcaggtgcctgtaatcccagctactcgggaggatgaggcaagagaatcgcttgaaccccagaggtggaggttgcagcgagccgagattgtgccactgcactccagcctgggcaacaagagcaaaattcagtctca

>Alu51
gctgggcaaggtggctcacgcctgtaatcccagcactttgggaggccgaggtgggcggatcacttgaggtcaggagtttgagaccagcctggtcaacatggtgaaaccctgtctccactaaacatacaaaaattagctgggcatggtgatgtgtgcctgtaatcccagctactctggaggctgaggccggagaattgcttgaacccgggaagtggaggttgcagtgagctgagatcatgccgctgcactccagcctgggcgacagagtaagactctgtctca

>Alu52
ggcagggcacgttggctcacgcctgtaatcccagcactgtaggaggctgaggcgggtagatcacaaggtcaggagatcgagatcatcctggccaacatggggaaaccccgtctctactaaaaatacaaaaattagctgggtgtggtggcacatgcctgtaatcccagctactcgggaggctgaggcaggagaatcgcttgaaccagggagtaggaggttgcagtgagccgagatcgaaccactgcactccagcctggtgacagagtgagacttggtctcttctcctccagggctgattcactgaatggtgacgccatccatctggcttcgcaaccagaaacccaagatc

>Alu53
ggccaggcgtggtggctcatgcctgtaatcccagcactttgggaggccgaggcaggcagatcacttgaggtcaggagttcaagaccagcctggccaacatggcaaaaccccgtctctactaaaaatacaaaaaattagccaggtgtggtggcgcatgcctgtaattccagctacttgggaggctgaggcacgagaattgcttgaacccaggaggcagaggttgcagtgagctgagattgcaccactgcactccaacctgggtgacagagtgagactct

>Alu54
gctgggcgcagtggctcacgcctgtaatcccagcactttgggaggctgaggcgggcggattacgaggtcaggagatcgagaccatcccggtaacacggtgaaacgctgtctctactaaaaatacaaaaaattagctgggcgtggtggcgggcgcctgtagtcccagctacttgggaggctgaggcaggagaatgccgtgaacccaggaggcggaggttgcagtgagctgagattgcaccactgcactccagcctgagcgacagagcgagactccgtctca

>Alu55
ggccgggcatggtggctcacacctgtaatcccagcactttgggagacagaggtaggcagaccacctaaggtcaggagttcgagaccagcctggccaacacggcaaaaccccatctctactaaaaatacaaaaatcagctgggtgtggtcgtgtgcgcctgtaatcccagctactcagaaggctgaggcaggagaatcactagaacctgggaggtgggggttgcagtgagccgagaccatgccactgcactgcagcctgggtgacagagcaaaactccgtctca

>Alu56
ggccgggcatggtggcccacgcctgtaatcccagcactttgggaggctgaggcgggcggatcacgaggtcaggagatcgagaccagcctggttaacacggtgaaaccccgtctctactaaaatacaaaaaattagccgggcgtggtggcgggcgcctgtagtcccagctactagggaggccgaggcaggagaatggcatgaatcgaggaggcggagcttgcagtgagccgagatcgcaccactgcactccagcctgggtgacagagcgagactctgtctca

>Alu57
tcgcttgaacccgggaggcggaggctgcagtgagccgagatcgcaccactgcactccagcctggtgacagagcgagactccatctca

>Alu58
ggccaggcatggtggctcatgcctgtaatctcagcactttgggaggccaaggcaggtagatcacctggggtctggagttcgagaccagcctggccaacatggcgaaatcctatctctactaaaaatacaagaaattagccgggcacggtggtgtacacctgtagtcccagctactaaggaggctgatgcaggagaatcgtttgaaccctagaggtggaggttgcagtgagcagagagatcacaccactacactccagcctaggcaaaagagcgagactccatctca

>Alu59
ggtcgggcatggtggctcacacctgtaatcccagcactttgggaggccgaggtgggtagatcacctgagtcaggagttcaaggccagcctgaccaacatggtgaaaccttgactctactaaaaatacaaaaattagctgggcgtggtggcaggtgcctgtaatcccaggtactcgggaggttgaggcaggagaatcgcttgagcccaggaggcagaggctgcactaagccaagatcatgccattgcactccagcctgggtgacagagcgagactctgtctca

>Alu60
ggccgggcacagtgactcatacctgtaatccctgtgttttgggaggctgaggccagaggattccttgagcccaggagttcaagaccagcctgggcaacatagcaagaccccatctgtacaaaaattaaaaaaa

>Alu61
ggccaggtgcagtggctcacgtctgtaatcccagcactttgggaggccgaggcgggcggatcatgaggtcaggagatcgagaccatcttggctaacacagtgaaaccctgtctctactaaaaatacaaaaaattagccgggcgtggtggcgggcacctgtagtaccagctacttgggaggctgaggcaggagaatggtgtgaacccgggaggcagagcttgcagtgagccgagatcgcgccactgtactccagcctgggcaacagagtgagactccatctca


>Alu62
gccaggtgcggtggctcatgtctgtgatcccagcactttgggaggctgaggtaggcagatcatgagagatcaggagatcgagaccatcctggctaacatggtgaaaccccgtctctactaaaaatacaaaaaattagccaggcatggtggcacgtgcttgtagttccagctacttaggaggctgagggaggagaatcacttgaacccgggaggcagaggttgcagtgagccgagatcgagccattgcactccagcctgggcaacagagcaagactccatct

>Alu63
gaggtcaggagattgagaccagcctggctaacacacggtgaaaccccgtctctactaaaaatacaaaaaattagccgggcgtggtggcgggcgcctgtagttccagttactcgggaggctgaggcaggagaatggcgtgaacccgggaggtggagcttgtagtgagccgagatcttgccactgcactccagcctgggcaacagagcgagactccgtctca

>Alu64
ccaggcgcggtggctcacgcctggaatcccagaactttgggaggccgaggcaggcggatcacgaggtcaggtgatggagaccatcccggctaacacggtgaaaccccgtctctacaaaaaaaaaaatacgaaaaattagccaggcgtggtggcgggcgcctgtagtcccagctactcgggaggctgaggcaggagaatggcgtgaacctgggaggcggagcttgcagtgagccgagatcgcgcctctgcactccagcctgagccacagagcgagactctgtctca

>Alu65
ggctgggtgcagtggctcacgcctgtaatcccagcactttgggaggtcaaggcagatcacgaggtcaggagttcgagaccagcctggccaacatggtgaaactctgtctccactaaaaatacaaaagttagccaggtgtggtggcgcatgcctgtaatcctagctacttgggaggctgaggcaggagaatcgcctgaacccggggaggcggaggttgcagtgagccaagatcgcgccattgcgctctggccttggtgacaagagtgacacttc

>Alu66
ggccgggcacagtggctcatacctgtaatctcagcactttggaaggccgaggcgggcggatcacaaggtcaggagatcgagaccatcctggctaacatggtgaaaccccaactctactaaaaatacaaaaaattagccaggcatggtggcgggcacctgtagtcccagctactcgggaggctgaggcaggagactggcgtgaactcgggaggcagagcttgcagtgagccgagattccg

>Alu6
ggccgggcatagtggctcacacctgtaatcccagcactttgggaggctgaggcaggtggatcacttgaggtcaggaattcgagacccagcctggccaacatggtgaaatcctgtctctactaaaatacaaaaattagctgggtatggtggcacatgcctatagtcccaactatttgggaggctgaggcaggagaatcacttaaactcgggaggcagaggttgcaatgagccgagatcatgccactgcactgcagtctaggcgagagagtgcgactctgtctca
>Alu68
gccaggtgtggtggtgtgcacttgtaatctcacctactcgtgaggcagaggtgggaggatcacttgagcccaggagtccaagaccagcctaggcaacatagcaagacctcatctcaaca

>Alu69
ggccaggcacggtggttcatgccagtaatcccagcaccttgggaggcagaggcgggtggatcacaaggtcaggagatcgagaccatcctggctaacacagtgaaaccgtgtctctactaaaaatacaaaaaattagccgggcgtggtggcgggcgcctgtagtcccagctactcgggaggctgaggtaggagaatggtgtgaacccgggaggtggagcttgcagtgagccgagactgcgccactgcactccagcctgggcgacagagcgagactccatctca



>Alu70
ggccaggcatggtggctgacgcctgtaatcccagcactttgggaggtcgaggcgggtggatcacaaggtcaagagattgagaccatcctggccaacatggtgaaatcccgtctctactaataatacaaaaattagctgggtgtggtggtgtgcgcctgcaatcccagctactcaggaggctgaggcaagagaatcgcttgaaccagggagtacgaggctacaatcagccaagatcgtgccactgcactccaacctggccacagagcga

>Alu71
cctgtaatcctagcactttgggaggccaaggtgggcgggttacctgaagttgggagttcaagaccagctggccaacatggtgaaaccccatctctactaaaaaatacaaaaaattagttgggtgtggtggtgtgcacctgtaattccagctactctgtaggctgaagcaggagaatcacttgaatccgggaggtggaggttgcagtgagccgagattgtgccattgcactctggcctgggctacagagtgagactttgtctca

>Alu72
ggctgggcacggtggctgatgtctgtaatctcagcactttgggaggctgaggcgggcagattggttgagttcagaagctccagaccggcatgggtaacatgatgaaaccttgtctctacaaaaacatacaaaaattagccggatgtggtggcatatgtctgtagttccagctactcaggaggctgagggggaggatcgtctgagcctagggggtggaggctgaagttagttgaggtcgcataactgcacttgtgcctgggtgacagagcaagaccctatctc

>Alu73
tgaacccgggaggcagagcttgcagtgagccgagattgtgccactgcactccagcctgggcgacagagcgagtctccatttca

>Alu74
ggccaggcacagtggctcatgcctgtaatcccagcactctgggaggccgaggtgggcagatcacttgaggtcaggagttcaagaccagcccagccaacatagcaaaaccacatctctactagaaatacaaaaattagccgagtgtggtggcgcacgcctgtaatcccagctacttggaggctgaggcaggaaaagtgcttgaacccaggaggccaaggttgcagtgagccaaaatagtgccactgcactctagcct

>Alu75
gccaggcgcagtggctcacgcctgtaatcccagcactttgggaggccaaggtgggcagatcacgaggtcaggagattgagaccattctggttaacacggtgaaaccccgtctctactaaaaatacaaaaaaaagaaaaaaattagctgggcatggcggtgggcgcctgtagtcccagctactcaggaggctgaggcaggagaatggcgtgaacctgggaggcggggcttgcagtgagccgagatctcaccactgcactccagcctgggcgacagagagagactctgtct

>Alu76
gctgcgctgagctatgattgcaccacttgccctccagcctgggtgacagagcgagaccttgtctca

>Alu77
ggccgggcgtgctggctcacgcctgtaatcccagcactttgggaggctgaggcaggtggatcaccaggtcaagagatcaagaccatcgtggctaacatggtgaaaccccttctctactaaaaatacaaaaattagctgggggtggtggcaggtgcctgtaatcccagctactcaggaggctgaggcaggagaatcacttgaacacttgaacccagggggcagaggttgcagtgagccgagattgtaccactgcactccagcctggtgacagagcgagactctgtctca

>Alu78
ggctgggtgcggtggctcacacctgtaatcccagcattttgggaggctgaggtgggaggatcgcttgagcccaggaattcatgaccagcctgggcaacatagcaaaactccatctccacaaaaattagttggacatggtggcacacacctctagtctcagctaggtgggaggctgaggtgggagaatcacctgagcctaggaggccaaggctgtagtgagccatgattgtgccacttcactccaggcctgggc

>Alu79
ggtggcttcatgcccgtaatatcagcactttgggaagcccagataggaagatcgcttgagcccaagagtttgtgaccagcctgtgaaacatggcaaaaccccatctctacaaaaaatacaaaaaatcagttaggcatggtggtgcacaactgtagtctcagctacctggaaggctgagatgggaggatcacctgagcccaggaagtcaaggctgcaatgagccatgatcataccgctgcactccagcctggaagacagagtgagaccctgtctca

>Alu80
tttttaatttgtttaacttcttttttttttttttcgagacagggtctcattcgtcacccaggctggagtgcagaggcattatcatagctcattgcagcttaaactcctgggatcaactgatcctcctgcctcagcctcccaaacaggtggaactataggc

>Alu81
ggccaggcacggtggctcacacctgtaatcccagcactttgggaggccgaggtgggcggatcacgaggtcaagagatcgagaccatcctggccaacatgatgaaatcccatctctactaaaactacaaaaattagctgggtgtggtggcacgtgcctgcagtcccagctactcgggaggctgagacagggaaatcgcttgaacccaggaggcggaggttgcagtgagccgagatcgtgacattgcactccagcctggcaacagagcaagactccatctca
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