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ABSTRACT

Chromosome 7 abnormalities are observed in a wide range of myeloid disorders, 

particularly myelodysplasia (MDS) and acute myeloid leukaemia (AML). Monosomy 7 

and 7q deletions are the most frequent abnormalities, although translocations and 

inversions involving 7q also occur. The region 7q22-q34 may include as many as four 

distinct minimal regions of deletion (MDRs) which are thought to contain one or more 

myeloid tumour suppressor genes. Previous work in this laboratory defined the 

proximal breakpoint of a constitutional 7q22-q34 inversion, carried in a cell line derived 

from a member of a family which has a history of MDS. A Y AC clone spanning this 

breakpoint and PAC clones flanking this breakpoint were identified.

This thesis describes the molecular cloning and sequencing of both breakpoints of this 

inversion and analysis of the breakpoint sequences. Contigs of PAC and cosmid clones 

spanning the proximal inversion breakpoint were constructed. FISH and Southern 

analyses employing these clones allowed the position of this breakpoint to be further 

refined. Both breakpoints were then cloned by PGR techniques and sequenced. 

Analysis of these sequences revealed that the proxim al breakpoint was 40kb 

centromeric to the TAC2 (tachykinin 2) gene and that the distal breakpoint was 42kb 

telomeric to the SSBP (mitochondrial ssDNA-binding protein) gene. Regions of 

sequence homology to other genes and ESTs (expressed sequence tags) suggested the 

presence of additional expressed sequences close to both breakpoints which may have 

been disrupted by the inversion. Sequence alignments revealed small (3-4bp) 

duplications at both breakpoints, suggesting that the mechanism of the inversion 

involved the creation of staggered breaks and filling-in of the overhanging ends. A 

190bp Alu-Alu deletion, partial consensus DNA topoisomerase II binding sites, chi-likt 

sequences, partial V(D)J recognition signal sequences and a (CA)„ repeat were also 

detected and may have contributed to the inversion.
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CHAPTER 1 INTRODUCTION

1.1 Leukaemia

Leukaemia is characterised by the accumulation of large numbers of immature 

haematopoietic cells. There are a large number of different leukaemias which are 

defined primarily by the type of cell involved. Leukaemia is caused by the acquisition 

of genetic lesions in a haematopoietic cell which impede the normal development of 

that cell.

1.1.1 Haematopoiesis

Haematopoiesis is the process by which the full range of blood cell types are generated 

in appropriate numbers from a single pluripotent cell type, the haematopoietic stem cell 

(HSC) (reviewed in Orkin (2000)). The different types of mature blood cell and their 

functions are listed in Table 1.1. HSCs reside in the bone marrow and are characterised 

by a self-renewing ability to reconstitute the entire haematopoietic system. It is now 

thought that HSCs arise early in development from a progenitor cell called the 

haemangioblast which also has the ability to generate vascular endothelial cell 

precursors (Choi et al, 1998). HSCs were thought to be restricted to blood cell 

lineages, however, there is now evidence that in certain circumstances they can 

contribute to muscle and liver cell lineages (Gussoni et al, 1999; Petersen et al, 1999). 

This suggests that HSCs are capable of de-differentiation to a more multipotent 

progenitor cell and re-differentiation along an alternative developmental pathway.

The process of haematopoiesis involves a series of commitment steps by which the 

developm ental potential of the haematopoietic cell becomes progressively more 

restricted until it differentiates into a single mature cell type. This process is illustrated 

in Figure 1.1. Initially, HSCs differentiate to become either a common lymphoid

23



progenitor cell (CLP) or a common myeloid progenitor cell (CMP), which are capable 

of generating all of the lymphoid or myeloid cell lineages respectively. The CLP may 

then become restricted to either the B-cell or T-cell lineage and differentiate to become 

a mature B- or T-cell respectively. The CMP, meanwhile, may first become restricted 

to a granulocyte/macrophage progenitor (GMP), which is capable of differentiating 

along the granulocyte or macrophage lineages, or a megakaryocyte/erythrocyte 

progenitor (MEP), which can form the megakaryocyte or erythrocyte lineages. Each of 

these progenitor cells then becomes further restricted to a single lineage and eventually 

differentiates into the respective mature cell type.
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Table 1.1 -  List of the major types of haematopoietic cell and their functions.

Lineage Cell type Function

Lymphoid B cell Antibody-producing cells.

T cell Act in cell-mediated 

immunity and stimulate B 

cells. Divided into T-helper, 

T-suppressor and cytotoxic T 

cells.

Natural killer (NK) cell Involved in cell-mediated 

immunity.

Erythroid Erythrocyte Enucleated cells containing 

haemoglobin which carry 

oxygen to tissues.

(continued on next page)
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Lineage Cell type Function

Myeloid Monocyte Mononuclear phagocytes that 

circulate in the blood and 

migrate to tissues where they 

differentiate into 

macrophages.

Macrophage Release substances in 

response to foreign materials 

which stimulate other cells of 

the immune system.

Neutrophil Cells which ingest and 

destroy micro-organisms. 

Have a lobed and variably 

shaped nucleus and a granular 

cytoplasm.

Eosinophil Destroy larger parasites and 

modulate allergic 

inflammatory responses.

Basophil Release histamine in certain 

immune reactions.

Megakaryocyte Giant, polyploid cells each 

giving rise to thousands of 

platelets, which are required 

for blood clotting.
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Figure 1.1 - Schematic diagram showing differentiation pathways by which 
the entire haematopoietic system is generated from a haematopoietic stem cell 
(HSC). Other abbreviations are: CLP = common lymphoid progenitor, Pro-B 
= B-cell progenitor, Pro-T = T-cell progenitor, NK = natural killer, CMP = 
common myeloid progenitor, MEP = myeloid/erythroid progenitor, Megakar. 
= megakaryocyte, GMP = granulocyte/monocyte progenitor and Macroph. = 
macrophage. Lymphoid cells are shown in blue, myeloid cells in green and 
erythroid cells in red.
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Commitment to different haematopoietic lineages is driven by the expression of specific 

combinations of transcription factors. Many of these genes have now been identified, 

some of which are listed in Table 1.2. For example, expression of the ets-like 

transcription factor PU. 1 in transformed chicken haematopoietic progenitor cells has 

been shown to induce myeloid differentiation (Nerlov and Graf, 1998). When this is 

combined with expression of the zinc finger transcription factor GATA-1 and basic 

zipper (B-zipper) transcription factor C-EBP the progenitor cells differentiate into 

eosinophils (Nerlov et al, 1998). In the same system, different levels of GATA-1 

expression have been shown to induce differentiation into erythrocyte, eosinophil or 

megakaryocyte lineages (Kulessa et al, 1995). Another B-zipper transcription factor, 

MafB, has been shown to induce monocytic differentiation (Kelly et al, 2000).
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Table 1.2 -  List of some of the best understood haematopoietic transcription factors, 

showing the type of molecule and evidence for the function of each. Arrows (T or -I) 

indicate increased or decreased levels of cell types. Prog=progenitors, 

E =ery throcy tes, M eg=m egakaryocyte, E os=eosinophils, blocked=arrested  

development, Zn=zinc.

Transcription

factor

Type Expression

pattern

Overexpression

effects

Phenotype of 

mouse knockout

References

GATA-1 Zn finger Prog, E, Meg, 

Eos, Mast

T E, Meg, Eos 

■i myeloid

Blocked E, Meg Kulessa (1995)

GATA-2 Zn finger Prog, Meg, Mast f  Mature E i Prog Zhang (1999)

GATA-3 Zn finger Prog, T cells, 

Th2

ÎT h 2  f  Thl No T cells Zheng (1997)

PU.l Ets Prog, myeloid, 

B cells

T myeloid No myeloid, T or B 

cells

DeKoter (2000)

FOG-1 multi-type 

Zn fingers

Prog, E, Meg, 

Mast

f  Eos Blocked E, no Meg Tsang (1998)

C/EBPa B-zipper Myeloid, Eos f  Eos No neutrophils, Eos Nerlov (1998b)

MafB B-zipper Monocyte T monocyte Kelly (2000)

Runxl

(Cbfa2/AML1)

Runt Haematopoietic

(?other)

No definitive 

haematopoiesis

DeBruijn (2000)

T-bet T-box TH l cells Î  THl i TH2 Szabo (2000)

Pax5 Paired box B cells i  other lineages No B cells Nutt (1999)

Ikaros Zn finger Prog, T cells, 

Th2

No lymphoid cells Wang (1996)
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1.1.2 Neoplasia

Leukaemias can be broadly divided into two groups; lymphoid and myeloid. The 

lymphoid leukaemias are usually diseases that solely affect either the B-cell or T-cell 

lineages, whereas the myeloid leukaemias often affect more than one of the myeloid cell 

lineages. Leukaemias are also defined as being acute, where symptoms develop rapidly 

to become life-threatening (usually in children or young adults), or chronic, where 

symptoms develop more gradually over a period of time (usually in middle-aged or 

elderly adults). The main types of myeloid leukaemia are acute myeloid leukaemia 

(AML) and chronic myeloid leukaemia (CML). Myelodysplasia (MDS) is a common 

‘pre-leukaemic’ condition, which frequently develops into AML. AML and MDS are 

classified into different subtypes according to phenotype. These are listed in Tables 1.3 

and 1.4.
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Table 1.3 -  List of different sub-types of AML according to the FAB (French- 

American-British) classification. The sub-types are defined according to the 

phenotype of the cell which has accumulated in large numbers.

AML sub-type Myeloid cell type affected

AML-Ml myeloblastic, poorly differentiated

AML-M2 myeloblastic, well differentiated

AML-M3 promyelocytic

AML-M4 myelomonocytic

AML-M5 monocytic

AML-M6 erythrocytic

AML-M7 megakaryoblastic

Table 1.4 -  List of different sub-types of MDS according to the FAB (French- 

American-British) classification. The sub-types are defined according to the 

morphology and percentage of blasts in the bone marrow.

MDS sub-type Definition

RA refractory anaemia

RARS refractory anaemia with ringed 

sideroblasts

RAEB refractory anaemia with excess blasts

RAEB-T refractory anaemia with excess blasts 

in transformation

CMML chronic myelomonocytic leukaemia

JMML juvenile myelomonocytic leukaemia
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Leukaemia usually occurs when a haematopoietic progenitor cell becomes incapable of 

further differentiation. This cell type then begins to accumulate in the bone marrow, 

leading to a shortage of one or more mature cell types. The development of other cell 

types is also impeded, at least partly due to lack of space for normal cell division. The 

symptoms of the disease are caused by this disruption of the normal balance of 

haematopoietic cells, which leads eventually to bone marrow failure. Anaemia is 

caused by a lack of red blood cells, thrombocytopenia (susceptibility to bruising and 

bleeding) is caused by a lack of platelets and neutropenia (susceptibility to infections) is 

caused by a lack of neutrophils. Infiltration of other organs by the over-abundant cell 

type(s) can also occur, leading to failure of those organs.

The failure of a haematopoietic cell to mature properly is caused by the acquisition of 

genetic mutations which alter the expression of genes required for the normal 

development process. A single haematopoietic progenitor cell acquires an initial 

mutation which alters its developmental potential. This single, abnormal, immature cell 

then proliferates to create a growing clonal population of such cells. Some of these will 

then acquire further mutations which improve their growth or survival potential in a 

process known as clonal evolution (Nowell, 1976). This process is fairly well 

understood in certain solid tumours such as colon cancer, in which at least four to five 

mutational events are thought to be required for the evolution of a cancer cell, the 

majority of which are somatic mutations or deletions resulting in inactivation of tumour 

suppressor genes (Fearon and Vogelstein, 1990). The sequence of events involved in 

the evolution of leukaemic cells is less well understood, but in general the activation of 

oncogenes by chromosomal translocations plays a far greater role and, in some cases at 

least, only one or two mutational events may be required. It seems likely that a single 

translocation, such as the 12;21 translocation resulting in the TEL-AMLl fusion gene or 

translocations involving the MLL gene at llq23 , is the initiating event in many cases of 

childhood leukaemia and frequently occurs in utero (Ford et al, 1993; Wiemels et al, 

1999). The presence of clonotypic immunoglobulin heavy chain (IgH) and T-cell
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receptor P (TCRP) rearrangements in newborn children without chromosomal 

abnormalities who later develop leukaemia suggests that other initiating events also 

occur in utero (Fasching et al, 2000; Yagi et al, 2000). It has also been suggested that 

translocations involving A M L l  and M LL  may be initiating events in secondary 

leukaemias arising from prior treatment with topoisomerase II inhibitors (Stanulla et al,

1997).
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1.2 Common Molecular Abnormalities in Leukaemia

Different types of leukaemia are associated with different types of chromosomal 

abnormality. The lymphoid leukaemias are most commonly associated with specific 

chromosomal translocations, often involving IgH and TCR loci. Myeloid leukaemias 

are more commonly associated with the loss or addition of whole chromosomes and 

with large deletions which occur at specific chromosomal loci. Translocations still 

occur relatively frequently though and certain myeloid leukaemias are characterised by 

particular translocations, e.g. the t(8;21) with AML-M2 (Nucifora and Rowley, 1995) 

and the t(15;17) with AML-M3 (Kakizuka et al, 1991). Some of these associations 

have diagnostic or prognostic implications. The t(15;17)(q21;q21) is observed in 95% 

of cases of AML-M3, which is also known as acute promyelocytic leukaemia (APML). 

This translocation fuses the a-retinoic acid receptor gene (RARa) on chromosome 17 to 

the PM L  gene on chromosome 15 (Kakizuka et al, 1991). Patients with this 

translocation can be effectively treated with all-trans-retinoic acid (ATRA) (Huang et 

al, 1988), whereas a minority of cases in which RARa  is fused to the PLZF  gene on 

chromosome 11 do not respond to this treatment (Licht et al, 1995).

Gross chromosomal changes are observed in up to 80% of MDS patients (Luna- 

Fineman et al, 1999) and a similar number of AML patients (Barnard et al, 1996). The 

most frequently observed abnormalities in these diseases are -5 , 5q-, -7, 7q-, +8, -Y and 

20q- (Parlier et al, 1994). Chromosome 7 abnormalities and complex karyotypes are 

nearly always associated with a poor prognosis, whereas patients with a normal 

karyotype or with 5q-, -Y or 20q- as the sole abnormality usually have a good prognosis 

(Greenberg et al, 1997). Translocations such as the t(8;21), t(15;17), t(6;9) and inv(16) 

are commonly associated with AML (Barnard et al, 1996), but are generally not 

observed in MDS (Luna-Fineman et al, 1999).
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1.2.1 Cloning Translocation Breakpoints

The vast majority of genes known to be frequently mutated in leukaemia are oncogenes 

which are activated by chromosomal translocations. This is partly because it has been 

much easier to identify genes which are disrupted by gross chromosomal 

rearrangements than those which are inactivated by large deletions, but it is also partly 

because the large number of tumour suppressor genes identified in solid tumours, e.g. 

p53  and Rb, are far less frequently inactivated in leukaemias. Consequently, the extent 

and importance of tumour suppressor gene inactivation in leukaemia is not yet known.

Over 150 leukaemia translocation and inversion breakpoints have now been cloned 

(reviewed in Rowley (1999)). These rearrangements usually result either in a fusion of 

the coding regions of two separate genes or the juxtaposition of the regulatory region of 

one gene upstream of the coding region of another. Some fusion genes express a novel 

fusion protein containing domains from each fusion partner, whereas others express a 

truncated protein encoded by one of the partners. Genes which acquire a novel 

regulatory region as the result of a translocation generally become inappropriately 

expressed. In all cases the effect of the rearrangement is to alter the normal pattern of 

gene expression in the cell in a way which contributes to disease progression. Some of 

the genes which have been identified from rearrangements commonly found in myeloid 

leukaemias can be grouped into 3 broad categories; transcription factors, tyrosine 

kinases and nuclear pore proteins (reviewed in Sawyers (1998)). Understanding the 

normal functions of these genes and how subverting these functions contributes to the 

leukaemic process is a major step towards designing new therapies.

1.2.1 (i) Transcription Factors

The best studied myeloid leukaemia transcription factor gene is probably the A M L l 

gene at 21q22. This gene was first identified from the cloning of the 8;21 translocation.
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which is found in 20% of patients with AML and is associated with the AML-M2 

subtype (Miyoshi et al, 1991), AMLl contains an N-terminal DNA-binding domain 

that is homologous to the Drosophila segmentation gene runt and a C-terminal 

transactivation domain. AMLl binding sites are present in T-cell specific genes such as 

thos for T-cell receptors, and in myeloid-specific genes such as granulocyte- 

macrophage colony-stimulating factor (GM-CSF), colony-stimulating factor 1 receptor 

(C SF -IR ), interleukin-3 (IL-3), myeloperoxidase and neutrophil elastase (ELA2), 

suggesting that AMLl is a transcription factor which is involved in haematopoietic 

differentiation (Nucifora and Rowley, 1995). This hypothesis is supported by the 

phenotype of mice lacking functional AMLl which die during embryogenesis due to a 

failure of haematopoiesis in the foetal liver (Okuda et al, 1996). In the 8;21 

translocation AM Ll is fused with the ETO {MTG8) gene at 8q22 (Miyoshi et al, 1991). 

ETO is a zinc finger transcription factor which is expressed in nerve cells and has 

homology to the Drosophila gene Nervy. This translocation results in replacement of 

the AM Ll transactivation domain with part of the ETO protein. The AMLl-ETO 

fusion protein appears to act as a dominant negative suppressor of activation of AMLl 

target genes. AM Ll is also involved in the 3;21 translocation in which it is fused with 

the EAP, M D Sl and EVIl genes (Nucifora and Rowley, 1995), the 16;21 translocation 

in which it is fused to M TG16, which has high homology with ETO, (Gamou et al,

1998) and the 12;21 translocation in which it is fused to TEL (Golub et al, 1995). Like 

the t(8;21), the t(3;21) and the t(16;21) also result in fusion proteins in which the C- 

terminal transactivation domain of AMLl is replaced by part of the partner protein, 

whereas in the t(12;21) the TEL protein is fused to the N-terminal end of the entire 

AM Ll protein. AMLl is also known as C B Fa since it is the a  subunit of a 

transcription factor complex known as core binding factor (CBF). AMLl is the DNA- 

binding subunit of this complex and another subunit, CBFP, is required for 

transcriptional activation. Interestingly, the CBFP  gene is involved in the inv(16) 

rearrangement, which is also seen in myeloid leukaemias, in which it is fused with the 

smooth muscle myosin heavy chain gene (SMMHC) (Liu et al, 1993).
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As stated previously, RA R a  is fused to P M L  in the 15; 17 translocation. This 

translocation is unique because all cases of APML with this translocation are treatable 

with ATRA and the success of this therapy can be partly explained by the molecular 

basis of the translocation (de The et al, 1990; Huang et al, 1988). RA Ra is a classic 

steroid hormone receptor with a DNA-binding domain, a ligand-binding domain and a 

transactivation domain. In the t(15;17) the N-terminal transactivation domain of RARa 

is replaced by the N-terminal region of PML. This fusion protein blocks the response of 

monocyte precursor cells to vitamin D (Grignani et al, 1993). Normal RA Ra works in 

combination with RXR, an auxiliary nuclear receptor which also heterodimerizes with 

receptors for vitamin D and thyroid hormone. It is thought that PM L-RARa acts as a 

dominant negative inhibitor of differentiation pathways regulated by retinoic acids, 

vitamin D and thyroid hormone by sequestering RXR in inactive complexes (Perez et 

al, 1993). It is also possible, however, that PML-RARa acts as a dominant inhibitor of 

PML since normal PML has been shown to suppress the growth of a number of 

transformed cell lines (Mu et al, 1994). This may be an example of the inactivation of a 

tumour suppressor gene by a translocation. As mentioned earlier, a minority of APML 

patients have either a t(5;17) or a t(ll;17 ) rather than the t(15;I7) and these patients do 

not respond to ATRA (Licht et al, 1995). In these cases R A Ra is fused with PLZF 

(promyelocytic leukaemia zinc finger) or NPM (nucleophosmin) respectively, replacing 

the N-terminal transactivation domain of RA Ra with sections of the partner proteins 

(Chen et al, 1993; Redner et al, 1996). Both of these fusion proteins form heterodimers 

with RXR which interfere with RXR-dependent transcription (Licht et al, 1996).

The M LL  gene at llq 2 3  (also known as ALL-1 or H TRX) is involved in over 40 

different translocations and is unusual because these translocations are associated with 

both myeloid and lymphoid leukaemias. They are also occasionally associated with 

biphenotypic leukaemias, i.e. leukaemias which affect both lymphoid and myeloid cells. 

The most common M LL  translocations in myeloid leukaemias are the t(9;l 1), the
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t(6 ;ll)  and the t(ll;19)(19pl3.1), whereas the most common translocations in lymphoid 

leukaemias are the t(4 ;ll)  and the t(ll;19)(19pl3.3) (reviewed in Bernard and Berger

(1995)). The normal function of M LL  is poorly understood, but in mammalian 

haematopoiesis MLL is thought to regulate expression of homeobox (HOX) genes (Yu 

et al, 1995). The MLL gene product has A-T hook DNA-binding domains, a methyl 

transferase regulatory domain, zinc finger (Zn finger) dimérisation domains and a 

region of homology to the Drosophila trithorax gene, which is involved in maintaining 

transcriptional repression of regions of the genome by regulating chromatin structure 

(Ma et al, 1993). The region of homology to trithorax contains a SET protein-protein 

interaction domain which has been shown to bind two proteins involved in regulating 

chromatin structure (Rozenblatt-Rosen et al, 1998). MLL  translocation breakpoints 

cluster in an 8.5kb region N-terminal to the trithorax domain. In all of the MLL fusion 

proteins the A-T hook and methyl transferase domains are retained and the Zn finger 

and SET domains are lost and replaced by a portion of the fusion partner (Zeleznik-Le 

et al, 1994). Along with the large number of different fusion partners, this suggests that 

loss of function of MLL due to loss of the trithorax domain might be responsible for the 

phenotype. However, mice which do not express MLL do not develop leukaemia, 

although they do exhibit disrupted haematopoiesis (Yu et al, 1995), and mice which 

express an MLL-AF9 fusion protein (created by the 9; 11 translocation) do develop 

leukaemia, suggesting that the fusion partner is partly responsible for the phenotype 

(Corral et al, 1996). MLL translocations are also commonly seen in cases of secondary 

MDS and AML after treatment with DNA topoisomerase 11 inhibitors.

1.2.1 (ii) Tyrosine Kinases

The first leukaemic translocation to be cloned was the t(9;22), known as the 

Philadelphia chromosome, which creates the BCR-ABL  fusion gene (Groffen and 

Heisterkamp, 1987). This translocation is observed in over 95% of patients with CML. 

ABL is a cytoplasmic tyrosine kinase which activates the Ras mitogenic signalling
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pathway through interactions with small adaptor proteins such as GRB2 and CRKL 

(Pendergast et al, 1993; Senechal et al, 1996). Mutations in the binding sites for these 

proteins result in a cooperative loss of transforming activity of BCR-ABL, suggesting 

that interactions with both are important for this activity. BCR-ABL may also activate a 

second signalling pathway involving the transcription factor STATS (signal transducer 

and activator of transcription 5) (Shuai et al, 1996). The t(9;22) fuses the N-terminal 

half of BCR to the N-terminal end of ABL minus the first exon, creating a fusion 

protein. ABL is constitutively activated by the fusion with BCR, thus deregulating cell 

growth. BCR-ABL can stimulate the growth of cytokine-dependent haematopoietic 

cells in the absence of cytokines (Gishizky and Witte, 1992).

ABL is also constitutively activated by the TEL-ABL fusion in the t(9;12) which is 

observed in AML (Papadopoulos et al, 1995). TEL is an ets family transcription factor 

which has an N-terminal helix-loop-helix (HLH) domain in addition to the ets DNA- 

binding domain. In the fusion protein the HLH domain is fused to the ABL kinase 

domain and appears to be responsible for the elevated kinase activity of this fusion 

protein.

TEL is also involved in another fusion with a tyrosine kinase. The TEL-PDGFRP 

fusion protein is created by the t(5;12) and is associated with the CMML subgroup of 

MDS (Golub et al, 1994). PDGFRP (platelet-derived growth factor receptor (3) is a 

receptor tyrosine kinase which is involved in the Ras signalling pathway. The HLH 

domain of TEL is again fused to a portion of the partner containing the kinase domain. 

In this case the ligand-binding domain of PDGFRp is replaced by the HLH domain of 

TEL. Expression of the TEL-PDGFRp fusion gene in the haematopoietic cells of 

transgenic mice results in a myeloproliferative disorder similar to CMML (Ritchie et al, 

1999). PDGFRp is also involved in two additional fusion genes, the CEV14-PDGFRp 

fusion gene in an AML patient (Abe et al, 1997) and the HIP-PDGFRP fusion gene in 

a CMML patient (Ross et al, 1998).
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All of these fusion proteins are similar to BCR-ABL in that the majority of the tyrosine 

kinase (ABL or PDGFR(3) including the kinase domain is retained. In each case a 

dimérisation domain from the partner gene is fused to the N-terminal end of the tyrosine 

kinase resulting in constitutive activation. Activation of these tyrosine kinases normally 

involves dimérisation, suggesting that the dimérisation domains contributed by BCR 

and TEL may cause constitutive ligand-independent activation of these kinases.

The search for treatments that target these specific molecular abnormalities is focussing 

on compounds that inhibit either the tyrosine kinase or downstream effector molecules 

such as Ras (Beaupre and Kurzrock, 1999b).

1.2.1 (iii) Nuclear Pore Proteins

A number of translocations have been cloned from MDS/AML patients (mostly 

therapy-related secondary disorders) which involve the nuclear pore proteins CAN (also 

known as NUP214) and NUP98. CAN was first identified from the t(6;9) which creates 

the DEK-CAN fusion protein (von Lindern et al, 1990) and is also involved in the 

inv(9) resulting in the SET-CAN fusion protein (von Lindern et al, 1992). NUP98 was 

first found in the t(7 ;ll)  creating the NUP98-HOXA9 fusion protein but has since also 

been found in the in v (ll) (NUP98-DDX10), the t(2 ;ll)  (NUP98-HOXD13), the t ( l ; l l )  

(NUP98-PMX1) and the t(ll;2 0 ) (NUP98-TOP1) (Ahuja et al, 1999; Arai et al, 1997; 

Borrow et al, 1996; Nakamura et al, 1999; Raza-Egilmez et al, 1998). CAN/NUP214 

and NUP98 are both components of the nuclear pore complex (NPC). NPCs are 

essential for the transport of RNA and proteins through the nuclear membrane 

(reviewed in Bodoor et al (1999)), however, it is unclear whether the transforming 

activities of these fusion proteins are related to this function. Fusion with DEK or SET 

prevents localisation of CAN to the nuclear pore complex, suggesting there may be a 

connection (Fomerod et al, 1995). However, three of the five NUP98 fusion partners
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(H0XA9, HOXD13 and PM Xl) are homeobox transcription factors and in each case 

the strong transactivation domain of NUP98 is fused to a portion of the partner protein 

containing the homeodomain. H0XA9 is involved in haematopoietic differentiation 

and it has been shown that the NUP98-HOXA9 fusion protein is capable of 

transforming human fibroblasts (Kasper et al, 1999). This strongly suggests that the 

NUP98 transactivation domain is responsible for the constitutive activation of the 

homeobox transcription factors to which it is fused (Nakamura et al, 1999). It is not 

known how the other two NUP98 fusion partners, DDXIO (a putative RNA helicase) 

and TOPI (DNA topoisomerase I), contribute to leukaemogenesis. The DEK-CAN 

and SET-CAN fusion proteins both contain multiple EG repeat-rich docking sites from 

the C-terminal of CAN which may contribute to the transforming effects of these fusion 

proteins in a similar way to the N-terminal transactivation domain of NUP98.
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T able  1.5 -  List of some of the genes commonly involved in chromosomal 

translocations in different types of leukaemia. For each gene, the most common 

translocations, the diseases they are associated with and the function of the gene are 

shown.

Gene Translocations Disease Function

AM Ll t(3;21) AML i?«nMype transcription factor

t(8;21) AML-M2 involved in haematopoietic

t(12;21) Pre-B ALL differentiation.

t(16;21) AML

RARa t(5;17) APML Steroid hormone receptor

t(ll;17 ) APML involved in haematopoietic

t(15;17) APML differentiation.

MLL t(4 ;ll) B-cell ALL Transcriptional regulator

t(ll;19)(19pl3.3) B-cell ALL related to Drosophila trithorax

t(6 ;ll) AML gene.

t(9 ;ll) AML

t(ll;19)(19pl3.1) AML

and many others

ABL t(9;12) ALL Cytoplasmic tyrosine kinase

t(9;22) CML which regulates Ras signalling 

pathway.

TEL t(5;12)

t(9;12)

t(12;21)

and many others

CMML

ALL

Pre-B ALL

F^^-type transcription factor.
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Gene Translocations Disease Function

CAN{NUP214) t(6;9) AML Component of the nuclear pore

inv(9) AML complex.

NUP98 t ( l ; l l ) AML Component of the nuclear pore

t(2 ;ll) AML complex.

t(7 ;ll) AML

in v (ll) MDS/AML

t(ll;20 ) MDS
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1.2.1(iv) Techniques

Leukaemia translocation and inversion breakpoints, such as those described above, have 

been cloned using a variety of different techniques. Before the development of PCR- 

based techniques, this would classically have been done by constructing a genomic 

DNA library from a patient with the rearrangement of interest and then carrying out 

multiple rounds of screening by Southern blotting to select rearranged fragments. A 

number of PCR-based techniques are now available which allow much quicker and 

easier amplification of rearranged fragments. Those which have been most commonly 

used to clone breakpoints are Alu PCR, bubble (or vectorette) PCR and inverse PCR. 

The common feature of these techniques is that they effectively allow ‘one-sided PCR’, 

i.e. it is only necessary to have DNA sequence information from one side of the region 

to be amplified. For example, when cloning a translocation breakpoint, typically only 

the DNA sequence on one side of the breakpoint will be known. These techniques 

allow amplification of the breakpoint without having to know the sequence on the other 

side of the breakpoint. More recently, the combination of long distance PCR with these 

PCR cloning techniques has greatly extended the scope of this technology (Proffitt et al, 

1999; Willis et al, 1997). Inverse PCR has been used to clone the breakpoints of 

rearrangements involving the IgH locus at 14q32 in B-cell leukaemias (Willis et al, 

1997), the TEL-AMLl fusion in ALL (Wiemels et al, 1999; Wiemels and Greaves, 

1999), the t(l;14)(q21;q32) in ALL (Willis et al, 1998) and the t(l;14)(p22;q32) in 

MALT B-cell lymphoma (Willis et al, 1999). Breakpoints of BCR-ABL rearrangements 

in CML (How et al, 1999; Zhang et al, 1995) and rearrangements involving the 14q32 

IgH locus in the B-cell malignancy, multiple myeloma, (Proffitt et al, 1999) have been 

cloned by bubble PCR.
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1.2.2 Defining Minimally Deleted Regions

The three chromosomal regions where large deletions most commonly occur in myeloid 

leukaemias are 5q, 7q and 20q. The consistent occurrence of deletions within these 

regions suggests that they contain tumour suppressor genes. The loss of function of 

such genes is likely to be an important part of disease progression (Johansson et al, 

1993). In order to identify these genes, investigators have attempted to accurately 

delineate the precise regions which are lost in large numbers of patients allowing the 

definition of minimally deleted regions (MDRs), e.g. the minimal region which is 

deleted in all patients with 5q deletions. This is usually done by using a number of 

Y AC clones which are spread across the region of interest as probes in FISH 

experiments against patient metaphase chromosomes (studies of this type on 7q are 

described in Section 1.6.1). These MDRs are frequently many megabases in length and 

multiple, distinct MDRs have been defined in each of the chromosomal regions 

mentioned above, suggesting that each contains multiple tumour suppressor genes. 

Once an MDR has been defined it is necessary to identify all of the expressed genes 

within that region and then to assess likely candidates for loss of function in patients. 

Laboratory techniques such as exon trapping and cDNA selection have been used to 

identify genes within large genomic regions, but sequence data generated by the Human 

Genome Mapping Project now allows candidates to be initially identified by computer 

sequence analysis. No such studies have yet been reported for chromosome 7q MDRs, 

however, MDRs of both 5q and 20q have been analysed in this way (Bench et al, 2000; 

Horrigan et al, 2000; Lai et al, 2000; Wang et al, 2000).
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1.3 Mechanisms of Chromosome Breakage

The incidence of leukaemia in western countries is steadily increasing. Ionising 

radiation is the only known cause of primary acute leukaemia in children, but non

ionising radiation, some chemicals and infection have also been implicated (Greaves, 

1997). There is some evidence for low level clustering of cases of leukaemia but the 

reasons for this are unclear (Alexander et al, 1998). There is likely to be a direct 

mechanistic link between some causes of leukaemia and particular chromosomal 

abnormalities, so understanding how chromosomal rearrangements occur could help 

identify these causes.

Sequences surrounding cloned translocation and inversion breakpoints have been 

extensively studied for evidence of how the chromosomal rearrangement occurred. A 

number of sequence elements and motifs have been identified and proposed as evidence 

for a variety of different mechanisms. In some cases there is good evidence for a 

particular mechanism to explain how the rearrangement occurred, however, in many 

cases there is no obvious explanation. Sequence elem ents im plicated in 

recombinational mechanisms include the conserved heptamers and nonamers of the 

V(D)J recognition signal sequence, consensus DNA topoisomerase II binding sites, chi- 

like sequences, binding sites for the recombination hotspot binding protein translin, 

fragile sites, Alu repeats, LINE repeats, dinucleotide repeats, repeat gene clusters and 

small duplications, deletions and insertions.

1.3.1 VfDlJ Recombination

V(D)J recombination is the mechanism by which B and T cells create such a huge 

diversity of antibodies and T cell receptors. The immunoglobulin (Ig) and T cell 

receptor (TCR) genes are created early in the development of B and T cells respectively 

by a sequence of site-specific DNA recombination events carried out by the V(D)J
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recombinase system. Normal V(D)J recombination involves the binding of the V(D)J 

recombinase to recognition signal sequences (RSS) adjacent to the two loci which are to 

be juxtaposed, cleavage at those sites and then religation between them, resulting in a 

large deletion and the juxtaposition of the two loci. Additional random nucleotides, 

referred to as N regions, are often inserted during this process. Each RSS consists of a 

conserved heptamer and a conserved nonamer sequence, separated by either a 12bp or a 

23bp spacer. V(D)J recombination is most efficient between an RSS with a 12bp spacer 

and one with a 23bp spacer (reviewed in Lewis (1994)). Recombination is initiated by 

the products of the recombination activation genes, RA G l and RAG2, which bind to 

each RSS and create a double strand break (DSB) (Oettinger et al, 1990). RAGl and 

RAG2 are essential for V(D)J recombination and ectopic expression of these genes is 

sufficient for V(D)J recombination to occur in non-lymphoid cells (Schlissel and 

Stanhope-Baker, 1997).

Illegitimate recombination events, where an Ig or TCR gene is incorrectly juxtaposed 

with a non-Ig/TCR locus, are commonly observed in B and T cell lymphomas. They 

are also relatively frequently observed in myeloid leukaemias, which is more surprising 

since the V(D)J recombinase system is not usually activated in myeloid cells. 

Rearrangements involving Ig or TCR genes are seen in 10-20% of cases of AML 

(Negrini et al, 1993). There have also been some reports of illegitimate recombination 

events where neither locus is an Ig or TCR gene, e.g. the SIL-TALl fusion (Apian et al, 

1990; Brown et al, 1990) and deletion of M DSl (Cayuela et al, 1997). Illegitimate 

V(D)J recombination events may involve two loci on the same chromosome, resulting 

in a deletion, or loci on different chromosomes, resulting in a translocation. They have 

been shown to result in both proto-oncogene activation (e.g. TAL-1) and tumour 

suppressor gene inactivation (e.g. (Cayuela et al, 1997). Where an illegitimate

V(D)J recombination event has occurred, sequence motifs with some homology to an 

RSS can often be found adjacent to the breakpoint at the non-Ig/TCR locus (Gu et al, 

1992). These motifs are sometimes homologous to only the conserved heptamer or
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nonamer; the full RSS does not appear to be required. Recombination efficiency is 

much reduced by the presence of only a partial RSS (Cuomo et al, 1996), but 

presumably the selection pressure exerted by the resultant growth advantage allows 

such events to occur more frequently than would otherwise be expected.

The V(D)J recombinase system may have evolved from an ancient transposable 

element. This is suggested by the similarity of the V(D)J RSS to transposon sequences, 

the homology of the RAGl homeodomain to those of certain transposase proteins and 

the similarity of the mechanism of V(D)J recombination to those of transposable 

elements in bacteria, nematodes and Drosophila. It is possible that illegitimate V(D)J 

recombination represents the diversion of the V(D)J recombinase system down a 

transpositional pathway (Hiom et al, 1998; Spanopoulou et at, 1996).

1.3.2 DNA Topoisomerase II

DNA topoisomerases are enzymes which regulate DNA topology by cleaving, 

unwinding and then religating the DNA. They are particularly important during cellular 

events such as DNA replication and transcription. DNA topoisomerase inhibitors, 

widely used as cancer therapeutics, are known to induce chromosomal rearrangements 

and treatment with these drugs is associated with secondary leukaemia, frequently 

involving rearrangement of the MLL gene at llq23 . DNA topoisomerases are thought 

to have an important role in catalysing some recombination events and may be required 

for the formation and/or resolution of recombination intermediates (reviewed in Wang 

et al (1990)). The mechanism of action of DNA topoisomerases is very similar to that 

of DNA strand transferases which catalyse site-specific recombination events. DNA 

topoisomerases are also important suppressors of recombination -  mutations in DNA 

topoisomerase genes significantly increase the frequencies of certain types of 

recombination. DNA topoisomerase II (topo II) is known to have a structural as well as 

a catalytic role in the cell nucleus since it is required for chromosome condensation at
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mitosis. It is thought to be involved in the scaffold which forms the basis of the 

chromatin loop structure and high concentrations of topo II binding sites are found in 

scaffold attachment regions (SARs). It has been suggested that the breakpoints of 

many rearrangements involving topo II may lie within these regions (Sperry et al, 

1989).

Sequence motifs similar to the consensus topo II recognition site of Spitzner and Muller 

(1988) have been found close to a number of breakpoints of chromosomal 

rearrangements in both primary leukaemias and therapy-related secondary leukaemias. 

The MLL  gene has been most intensively studied because of the association between 

rearrangements involving this gene and treatment with topoisomerase inhibitors. A 

large number of MLL translocation breakpoints have now been cloned and most of these 

occur within a breakpoint cluster region (bcr) spanning an 8.3kb BamYil fragment in the 

middle of MLL (Bernard and Berger, 1995). Topo II consensus binding sites have been 

found near many of these breakpoints (Atlas et al, 1998; Domer et al, 1995; Negrini et 

al, 1993) and in vitro topo II cleavage sites have been found to coincide with some, but 

not all, of these consensus binding sites (Apian et al, 1996; Felix et al, 1995). It seems 

likely that chromatin structure is an important determinant of in vivo topo II cleavage 

sites and that identification of consensus topo II binding sites near a breakpoint is 

insufficient to demonstrate the involvement of topo II in the rearrangement event. It has 

been suggested that most MLL breakpoints in childhood de novo acute leukaemias and 

in therapy-related secondary leukaemias occur within an SAR contained in the bcr 

(Cimino et al, 1997; Strissel et al, 1998). This observation may be related to the more 

open chromatin structure of these regions.

Topo II consensus binding sites have also been found close to a breakpoint in the PML 

gene in a patient with a t(15;17) (Dong et al, 1993) and topoisomerase inhibitors have 

been shown to induce cleavage in a region of the A M Ll gene where breakages often 

occur (Stanulla et al, 1997).

49



1.3.3 Çhi

Chi (cross-over hot-spot instigator) is a c/5-acting octamer sequence found in 

Escherichia coli (E.coli) which promotes homologous recombination through the 

RecBCD system. The chi sequence directs RecBCD to degrade one DNA strand at 

double-stranded DNA breaks, leaving a single strand containing the chi sequence onto 

which a specific domain of RecBC loads RecA. This protein promotes repair of the 

break through homologous recombination, a process which is regulated by RecD 

(Anderson et al, 1997; Churchill and Kowalczykowski, 2000). A single chi sequence 

promotes recombination, but the presence of chi sequences at both recombination sites, 

or multiple chi sequences at one site, is synergistic (Friedman-Ohana et at, 1998). 

Similar sequences have been found in humans within minisatellite repeats, which may 

be recombination hotspots, (Wahls et al, 1990) and near translocation breakpoints 

(Krowczynska et al, 1990). However, some differences have been observed in the 

recombinogenic effects of the c/zMike sequence in minisatellites and the chi sequence in 

E.coli (Wahls et al, 1990).

Chi-like sequences have been most frequently associated with translocations involving 

the Bcl-2  oncogene in follicular lymphoma (Jaeger et al, 1994; Jaeger et al, 1993; 

Krowczynska et al, 1990; Wyatt et al, 1992). These sequences have also been found 

close to breakpoints in the AM Ll gene in a CML patient (Hirai et al, 1999) and the MLL 

gene in a mixed lineage leukaemia cell line (Domer et al, 1993). Other genes in which 

chi-like sequences have been found near translocation breakpoints include c-Myc, Bcl-1, 

Tcl-1 and Tcl-2 (Krowczynska et al, 1990). A nuclear minisatellite-binding protein has 

been observed (Wahls et al, 1990) and a 45kd nuclear protein which binds to chi-like 

sequences has been identified (Jaeger et al, 1993). This 45kd nuclear protein was found 

to bind to chi-like sequences in the major breakpoint region (mbr) and minor breakpoint 

cluster region (mcr) of the Bcl-2  gene and also within the IgH  gene in a 14; 18
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translocation in follicular lymphoma. It is present in early B-cells, where the 

illegitimate recombination event occurred, and is capable of cleaving the Bcl-2 mbr. It 

has been suggested, as seems likely in this case, that chi-\ike sequences may promote 

V(D)J recombination as well as homologous recombination. Wyatt et al (1992) found 

that 53/64 translocation breakpoints in Bcl-2 were in 3 clusters, each adjacent to cAz-like 

sequences and showing evidence that V(D)J recombination had occurred. Schatz et al 

(1992) showed, in an experimental system where expression of RAG-1 and RAG-2 

leads to normal V(D)J recombination, that expression of RAG-1 alone leads to 

recombination at c/zi-like sequences (Schatz et al, 1992).

1.3.4 Translin

Translin is a recombination hotspot binding protein. It was originally identified as a 

protein which specifically binds to consensus sequences found near the breakpoints of a 

number of translocations involving the TCR(3 gene locus at 14q ll and the IgH locus at 

14q32. Translin is expressed in lymphoid, myeloid and non-haematopoietic cells, but 

nuclear localisation is seen only in lymphoid cell lines with rearranged Ig or TCR loci, 

suggesting that it may have a role in V(D)J recombination. It has no homologies to any 

known proteins, but has a potential leucine zipper domain which may be involved in 

dimérisation and two basic regions which may be involved in DNA binding. There are 

two types of consensus sequence bound by Translin. One consists of one copy each of 

two different sequences and the other consists of two copies of the same sequence. The 

fact that both have two distinct elements suggests that they are bound by homo- or 

heterodimers, which is consistent with the presence of the potential leucine zipper 

protein-protein interaction domain (Aoki et al, 1995). Translin has since been shown to 

interact with another novel protein, TRAX, with which it has extensive homology. 

TRAX contains an NLS (nuclear localisation signal) domain, which Translin does not, 

suggesting that heterodimerisation with TRAX is required for nuclear localisation of 

Translin. TRAX could therefore be a regulator of this process (Aoki et al, 1997).
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Translin is localised to the nucleus in response to DNA damage and binds to ssDNA 

ends containing the consensus binding sequence as ring-shaped multimers. This 

supports the hypothesis that staggered breaks are created at recombination hotspots and 

that Translin has an important role in recognising the ssDNA ends that are created 

(Kasai et al, 1997). The leucine zipper domain is required for the formation of the 

multimeric ring structure and for DNA binding, and the basic region of Translin is 

required for DNA binding (Aoki et al, 1999). Translin has been shown to be 

differentially expressed in proliferating human erythroid cells (Gubin et al, 1999) and 

to interact with the product of the growth arrest- and DNA damage-inducible gene 

GADD34, which induces apoptosis in response to DNA damage (Hasegawa and Isobe,

1999). Translin has also been shown to be 99% identical to the murine protein TB-RBP 

(testis brain RNA-binding protein). This protein binds to single-stranded RNA and 

DNA and is thought to be involved in DNA recombination and repair, mRNA transport 

and translational regulation (Wu et al, 1999; Wu et al, 1997; Wu et al, 1998).

Translin binding sites have been found at both breakpoints of a t(9;l I)(p22;q23) in t- 

AML (Atlas et al, 1998) and at breakpoints of the BCR-ABL  translocation in CML 

(Jeffs et al, 1998). Analysis of t(2;13)(q35;ql4) and t(12;16)(q32;ql6) rearrangements 

in alveolar rhabdomyosarcoma cell lines and liposarcomas respectively have also found 

translin binding sites close to breakpoints (Chalk et al, 1997; Kanoe et al, 1999).

1.3.5 Fragile Sites

Chromosomal fragile sites are specific loci which are particularly susceptible to 

chromosome breakage when cells are cultured under conditions which inhibit DNA 

replication (reviewed in Glover (1998)). It has been hypothesized that fragile sites may 

be responsible for some chromosomal abnormalities observed in tumour cells (Le Beau 

and Rowley, 1984; Yunis and Soreng, 1984). Common fragile sites (of which 

approximately 90 have been identified so far) are thought to be present in all individuals
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and are mostly induced by aphidicolin. Rare fragile sites (of which approximately 30 

are known) are observed in less than 5% of the population and are induced by low 

levels of folic acid or thymidine or the presence of dystamycin A or bromodeoxyuridine 

(BrdU). Folate-sensitive fragile sites, e.g. F R A llB , are caused by the expansion of 

CCG trinucleotide repeats, typically from several copies in the normal population to 

several hundred copies on chromosomes expressing the fragile site (reviewed in Warren

(1996)). One rare fragile site, FRA16B, is caused by the expansion of a 33bp AT-rich 

minisatellite repeat (Yu et al, 1997), however, other types of fragile site do not appear 

to have any characteristic sequence elements. Despite this, the different types of fragile 

site may cause DNA breakage in vivo by a common mechanism. Several studies have 

shown that fragile sites are late-replicating sequences and that any delay in the 

replication of these sequences causes the cell to enter mitosis before replication is 

complete, resulting in chromosome breaks (Heilman et al, 2000; Le Beau et al, 1998; 

Wang et al, 1999). It has been suggested that hypermethylation may be responsible for 

the normal late replication of these sequences and that chemicals such as aphidicolin 

induce fragile site expression by further delaying replication (Jones et al, 2000).

There is evidence that some chromosomal breakpoints in leukaemia patients may be 

associated with fragile sites. Lindquist et al (2000) studied thirteen AML patients with 

chromosome 3 abnormalities and showed that all chromosome 3 breakpoints in these 

patients were located in one of the three known fragile site regions on that chromosome. 

Kolialexi et al (1998) had previously shown that children with newly-diagnosed 

haematopoietic malignancies had significantly higher fragile site expression than a 

series of normal children and adults. In particular, it was shown that patients with 

chromosomal abnormalities had increased expression of fragile sites compared to those 

with normal karyotypes. The FRA16D fragile site has been associated with several 

different malignancies. The t(14;16)(q32;q23) is observed in up to 25% of patients with 

multiple myeloma. Krummel et al (2000) studied four patients with this translocation 

and found that all four chromosome 16 breakpoints were within the FRA16D region. In

53



addition, loss of this region is associated with prostate, breast and ovarian cancer. 

Expression of specific fragile sites may be associated with certain chromosomal 

abnormalities in CLL (Fundia et al, 1998).

Ten fragile sites have so far been identified on chromosome 7. These are listed in Table 

1.6. Two of these fragile sites, FRA7G and FRA7H, have been cloned and sequenced 

(Heilman et al, 2000). FRA7G is within the common region of LOH (loss of 

heterozygosity) for breast, ovarian and prostate cancers at 7q31.2, a region which also 

contains the M ET  oncogene (Huang et al, 1998; Huang et al, 1999). Replication of 

FRA7H has been shown to be delayed by aphidicolin (Heilman et al, 2000).

Table 1.6 - List of the known fragile sites on chromosome 7, indicating the type of 

each fragile site and its chromosomal location.

Fragile Site Type Location

FRA7B common 7p22

FRA7C common 7pl4.2

FRA7D common 7pl3

FRA7A rare 7 p ll.2

FRA7J common 7 q ll

FRA7F common 7q21.1

FRA7F common 7q22

FRA7G common 7q31.2

FRA7H common 7q32.3

FRA7I common 7q36
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1.3.6 Alu Repeats

The Alu repeat is a type of SINE (Short Interspersed Nuclear Element). Alu repeats are 

suspected of being involved in a number of chromosomal rearrangements in patients 

with leukaemia. In some of these cases direct recombination between two Alu repeats 

is thought to have caused a deletion, or occasionally a translocation, inversion or 

duplication. In other cases breakpoints have not been found within Alu repeats, but in 

regions with a high concentration of Alu repeats. In these cases it has been suggested 

that the Alu repeats may have contributed indirectly to the rearrangement, possibly 

through a general destabilisation effect (Gu et al, 1992). A recombination hotspot with 

homology to chi has been identified in the left arm of the Alu repeat, suggesting that 

Alu repeats may be prone to rearrangement (Rudiger et al, 1995).

Translocations involving either the BCR gene at 2 2 q ll or the MLL  gene at llq23  are 

thought in some cases to have been formed by mechanisms involving Alu repeats. In 

one CML patient both breakpoints of a BCR-ABL translocation were found to lie within 

Alu repeats. Each of these Alu repeats was one of a pair of inverted repeats suggesting 

that the mechanism of the translocation may have involved the formation of two hairpin 

structures (Chen et al, 1989). More recently it has been shown that more than 70% of 

BCR breakpoints in CML patients with a BCR-ABL translocation lie within a 3kb region 

encompassing an Alu repeat and that the ABL  breakpoints lie in regions with a greater 

than normal concentration of Alu repeats (Jeffs et al, 1998). In the M L L  gene a 

breakpoint cluster region (bcr) has been defined which contains a high concentration of 

Alu repeats, although translocation breakpoints do not always lie within these repeats 

(Gu et al, 1994). However, partial tandem duplications of MLL (which are associated 

with AML) frequently appear to have been caused by Alu-Alu recombination events 

(Strout et al, 1998). This is thought to be the first example of Alu-mediated 

recombination as a consistent mechanism for gene rearrangement in somatic tissue.
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Rearrangements involving two genes responsible for constitutional disorders associated 

with a higher risk of myeloid leukaemia have also been linked with Alu repeats. One 

case of Neurofibromatosis Type 1 was found to have been caused by insertion of an Alu 

repeat in the N Fl gene (Wallace et al, 1991). Mutations of the N F l  gene are 

responsible for this disease. Many cases of Fanconi’s Anaemia are caused by large 

intragenic deletions of the FANCA gene. A correlation was found between the number 

of deletion breakpoints mapped to each intron of this gene and the number of Alu 

repeats it contained (Morgan et al, 1999).

Alu-Alu recombination is thought to have been the mechanism of some rearrangements 

involving two cancer predisposition genes for solid tumours. A 3.5kb deletion of the 

M LHl DNA mismatch repair gene found in 14 out of 30 Finnish families with HNPCC 

probably resulted from an Alu-mediated recombination event, although this mutation is 

much rarer in the wider population (Nystrom-Lahti et al, 1995). This is thought to be 

the first report of Alu-mediated recombination causing a prevalent, dominantly inherited 

predisposition to cancer. Three reported deletions of the BRCAl breast and ovarian 

cancer predisposition gene were probably also caused by Alu-Alu recombination 

(Montagna et al, 1999; Puget et al, 1997).

1.3.7 LINE Repeats

LINE (Long Interspersed Nuclear Element) repeats are highly reiterated transposable 

elements. They transpose by transcribing a single, full-length genomic RNA (gRNA) 

which is then reverse-transcribed and inserted elsewhere in the genome by proteins 

translated from the gRNA. One type is the LINE-1 (LI) repeat. This repeat is 6.1 kb 

long and there are thought to be roughly 100 000 copies in the human genome, although 

most of these are pseudogenes. Expression of LI repeats is usually strongly repressed 

in somatic cells but occurs in germline and tumour cells. There are many reports of 

genetic disease caused by LI insertion and of chromosomal rearrangements where an
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LI repeat was present at one of the breakpoints, but so far there have been only two 

reports of rearrangement between two LI repeats (Burwinkel and Kilimann, 1998; 

Cohen et al, 1992). There is no evidence that the presence of an LI repeat at one 

breakpoint is an important factor in rearrangements and is probably just coincidental. 

Recombination events between LI repeats appear to occur much less frequently than 

those involving Alu repeats, even though both types of repeat constitute a similar 

proportion of the genome (-10%). This may be partly because LI repeats are usually 

found in AT-rich regions of the genome, which are generally gene poor, whereas Alu 

repeats are usually found in GC-rich regions, which are generally gene rich. As a result, 

Alu-Alu rearrangements are more likely to disrupt gene expression and many LI-LI 

rearrangements may go unnoticed. Alternatively, the recombination hotspot in Alu 

repeats suggests that Alu repeats may be more prone to rearrangement that LINE 

repeats (Burwinkel and Kilimann, 1998).

There are as yet no reported instances of chromosomal rearrangements in leukaemia 

patients involving LI repeats, however, there are several reports of LI involvement in 

rearrangements in solid tumours. An LI repeat was found to have been inserted into 

one allele of the C-Myc gene in a case of breast carcinoma (Morse et al, 1988). This is 

an example of a mobile genetic element causing a somatic mutation. An LI repeat was 

also found at one breakpoint of a rearrangement involving the C-Myc gene in a case of 

lung carcinoma (lizuka et al, 1990). This rearrangement resulted in juxtaposition of the 

LI repeat upstream of the C-Myc gene.

1.3.8 eC A \ Repeats

Dinucleotide (CA)„ repeats are known to promote various types of recombination. They 

are often present close to V(D)J RSS . They have also been found near the breakpoints 

of translocations thought to have been formed by illegitimate V(D)J recombination, 

usually at the locus which is not an Ig or TCR gene. This suggests that they may
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improve the efficiency of recombination at both genuine and non-genuine RSS (Burnett 

et al, 1994; Cayuela et al, 1997). Mutational analysis showing that unpairing of the 

bases at the RSS promotes cleavage suggests that distortion of DNA at the RSS is 

important for initiation of V(D)J recombination (Cuomo et al, 1996). More recent 

studies showing that normal nucleosome structure inhibits recombination (Golding et 

al, 1999) and that chromatin remodelling activates recombination (Cherry and 

Baltimore, 1999) further support the idea that distortion of the DNA is important. 

Accessibility of signal sequences to the V(D)J recombinase is usually provided by 

active transcription, but where there is no transcription unit this function may be 

performed by (CA)^ repeats forming Z-DNA (Boehm et al, 1989). Alternatively, (CA)„ 

repeats could promote recombination by forming four-stranded structures to which 

HMG proteins can bind (Gaillard and Strauss, 1994). Such complexes could represent 

DNA loop recombination intermediates in which the binding of HMG proteins has a 

stabilising effect. (CA)„ repeats have been found close to breakpoints of 

t ( l l ;1 4 ) (p l3 ;q l  1), t( lI ;1 4 )(q l3 ;q 3 2 ) and t(7;10)(q35;q24) rearrangem ents in 

lymphoma patients (Boehm et al, 1989), the t(l;7)(p34;q34) in T-cell ALL (Burnett et 

al, 1994) and MTSl rearrangements, also in T-cell ALL (Cayuela et al, 1997).

It has also been suggested that (GA)„ repeats, sometimes referred to as homopurine- 

homopyrimidine tracts or (GA.TC)„ repeats, may promote recombination, possibly by 

forming alternative DNA structures such as triplexes and hairpins (Palecek, 1991; Wells 

et al, 1988). These structures may be stabilised by proteins which have been shown to 

bind to the homopyrimidine, (TC)„, strand but not the homopurine, (GA)„, strand of 

these repeats (Garcia-Bassets et al, 1999).

1.3.9 Repeat Gene Clusters

Recombination between repeat gene clusters has been shown to cause a number of 

genetic diseases, although so far this mechanism has not been implicated in leukaemia

58



(Lupski, 1998). However, some cases of Neurofibromatosis Type 1 (N Fl), a 

constitutional disorder which is associated with a slightly increased risk of myeloid 

leukaemia, are caused by microdeletions between two low-copy repeat gene clusters 

(NFlREPs) in chromosome region 17ql 1 (Dorschner et al, 2000). This is the first time 

that this mechanism has been shown to cause loss of a tumour suppressor gene. The 

NFlREPs are 15-lOOkb in size and contain at least four ESTs (expressed sequence tags) 

and an expressed SH3GL  pseudogene. They flank a common region of deletion of 

1.5Mb which contains the 300kb NFl gene, three additional genes, one pseudogene and 

16 ESTs. N Fl patients with this deletion have a particularly severe phenotype which 

may be related to the loss of the additional genes. N Fl microdeletions are usually 

observed on the maternally-derived chromosome.

The best understood example of a genetic disease caused by recombination between 

repeat gene clusters is Charcot-Marie-Tooth disease type lA . This is caused by 

duplication of a 1.5Mb region flanked by two copies of a ~30kb repeat called the 

CMTIA-REP. Another genetic disease, hereditary neuropathy with liability to pressure 

palsies (HNPP), is caused by deletion of the same 1.5Mb region. These rearrangements 

have been found to result from two distinct sex-dependent mechanisms. Lopes et al 

(1998) showed that rearrangements of paternal origin, predominantly duplications, were 

caused by unequal crossing over events between the two chromosome 17 homologues. 

The duplications and deletions of maternal origin resulted from intrachromosomal 

processes, either sister chromatid exchange or intrachrom atidal loop excision 

respectively. Lopes et al (1998) also found that nearly all of the paternal breakpoints 

were within a 741 bp hotspot within the CMTIA-REP, whereas all of the maternal 

breakpoints were outside this region in nearby flanking sequences. This hotspot was 

found to contain five sequence elements that are highly homologous to the human 

minisatellite consensus (the core of which is a chi-like sequence) and one separate chi

like sequence.
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1.3.10 Small duplications, deletions and inversions

Translocations associated with small duplications, deletions and inversions can result 

from the incorrect repair of two simultaneous double-strand breaks (DSBs) by the non- 

homologous end-joining (NHEJ) repair pathway. The presence of two DSBs on 

different chromosomes within a cell is sufficient to promote frequent reciprocal 

translocations by this mechanism (Richardson and Jasin, 2000). The NHEJ pathway 

plays a major role in maintaining genomic stability, particularly by suppressing 

translocations (Ferguson et al, 2000). There are five known components of this 

pathway; the three subunits of DNA-dependent protein kinase (Ku70, Ku80 and DNA- 

PKcs), DNA ligase IV (Lig4) and XRCC4 (Lieber, 1999). Loss of function of this 

pathway is associated with an increased rate of chromosomal translocations and of 

neoplastic transformation. NHEJ is a non-conservative repair pathway and nucleotides 

adjacent to the DSBs are frequently lost during re-joining. This pathway is also 

frequently characterised by the presence of filler-DNA sequences and mini-direct- 

repeats (Gillert et al, 1999). Filler-DNA sequences result from the insertion of short 

ssDNA molecules which are present in the nuclei of normal cells and are used as 

bridging molecules in DNA repair processes (Roth et al, 1991). Mini-direct-repeats are 

short sequences of 3-5 nucleotides which are commonly found at both breakpoints, but 

only once on the rearranged chromosome. The presence of these sequences indicates 

the involvement of an error-prone repair pathway, such as NHEJ. A study of fourteen 

leukaemia patients with 4; 11 translocations found small duplications, deletions or 

inversions (ranging from 5bp to 1014bp in size) associated with the translocations in all 

cases as well as filler-DNA sequences in six cases and mini-direct repeats in five cases 

(Gillert et al, 1999). Similar analysis of 4; 11 translocations in leukaemic cell lines and 

re-interpretation of previously published work on 6; 11 and 9;22 translocations found 

further evidence for the involvement of this mechanism (Reichel et al, 1998), as did a 

study of 12;21 translocations (Wiemels and Greaves, 1999). It is likely that the NHEJ 

pathway is involved in a wide range of leukaemic translocations.
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An alternative mechanism has been suggested to explain small duplications and 

deletions found at translocation breakpoints in leukaemia patients. Romana et al (1999) 

studied the breakpoints of two AML patients with a 12;21 translocation and found a 

247bp duplication and a 23bp deletion in one patient and deletions of 19bp and 5780bp 

in the other. Super et al (1997) found a 331bp duplication associated with a 9;11 

translocation in a patient with AML and a 664bp deletion associated with the same 

translocation in a cell line derived from another AML patient. Zhang et al (1995) 

identified deletions of 19bp, 50bp and 159bp from the ABL-BCR translocation junction 

in three CML patients with a 9;22 translocation. No such deletions were found at the 

BCR-ABL junctions of fourteen similar patients. Litz et al (1993) had previously 

detected small duplications in patients with the same abnormality. The authors of these 

studies suggested that these deletions and duplications may have been caused by the 

creation of staggered breaks and either ‘filling-in’ or digestion of the overhanging ends, 

followed by rearrangement and religation. Such a mechanism may involve the 

formation of staggered breaks by topo II and binding to the ssDNA ends by translin 

(Kanoe et al, 1999).
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Table 1,7 -  Summary of sequence elements/motifs which suggest possible 

mechanisms for chromosomal rearrangements.

Sequence motif Comments Reports of 

Involvement in 

leukaemic 

rearrangements?

V(D)J RSS Suggests involvement of V(D)J 

recombinase system, particularly 

when translocation involves an Ig or 

TCR gene and N regions are 

observed.

Many

Topo II site Suggests involvement of topo II. In 

vivo topo II sites require functional 

identification.

Many

C/iMike sequence Recombination hotspots which are 

bound by specific proteins. Promote 

V(D)J recombination.

Many

Translin binding sites Translin protein binds to sites in 

recombination hotspots. May bind to 

ssDNA ends created by staggered 

cleavage of chromosomes.

Several

Fragile sites Sites of chromosomal fragility which 

frequently correspond with cancer 

breakpoints. Breakage may be 

caused by incomplete replication.

Several

(continued on next page)
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Sequence motif Comments Reports of 

involvement in 

leukaemic 

rearrangements?

Alu repeats Involved in rearrangements through 

homologous recombination and 

possibly a general destabilisation 

effect.

Many

LINE repeats LI repeats occasionally involved in 

homologous recombination events. 

Usually disrupt genes by insertion.

None

Dinucleotide repeats Thought to promote recombination 

(including V(D)J recombination) by 

distorting DNA or forming 

alternative DNA structures.

Several

Repeat gene clusters Cause large deletions or duplications 

by homologous recombination.

None

Small duplications, 

deletions and 

inversions

Suggest involvement of NHEJ or 

another pathway involving formation 

of staggered breaks and either filling- 

in or digestion of overhanging ends.

Several

63



1.4 Mveloid Disorders Associated with Chromosome 7 Abnormalities

Abnormalities of chromosome 7 are associated with a wide range of myeloid disorders, 

which can be divided into 3 groups; primary (or de novo) disorders, secondary disorders 

and constitutional disorders (reviewed in Cotter (1998)).

1.4.1 Primary Disorders

Primary or de novo disease may be defined as arising spontaneously with no 

predisposing factors. The primary myeloid disorders associated with chromosome 7 

abnormalities include primary MDS and primary AML. Cases of MDS and AML are 

classified into subtypes which are shown in Tables 1.3 and 1.4. The division between 

MDS and AML is an arbitrary one. Cases with less than 30% blasts are defined as 

MDS, whereas cases with more than 30% blasts are defined as AML (Heaney and 

Golde, 1999). This is based on the observation that the percentage of blasts in the bone 

marrow is a good indicator of the severity of the disease. It is widely felt, however, that 

it is biologically and clinically impossible to separate advanced MDS from AML. This 

suggests that all cases of MDS and AML can be regarded as a single continuum of 

disease, even though MDS does not always progress to AML. All children with MDS 

progress to AML, whereas it is currently estimated that -30%  of adult MDS patients 

develop AML. AML is the second most common childhood leukaemia after ALL 

(although with a far lower incidence) but has the worst prognosis of all major childhood 

cancers with 37% survival after 5 years compared to 80% for ALL.

It has been known since the 1970’s that loss or deletion of chromosome 7 is a frequent 

event in myeloid leukaemia. Rowley (1980) noted that chromosome 7 was the most 

frequently lost chromosome in AML. This finding has been supported by more recent 

studies and is also true for childhood MDS (Luna-Fineman et al, 1999; Parlier et al, 

1994; Passmore et al, 1995; Sole et al, 1992). Chromosome 7 abnormalities are seen in
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-30%  of cases of primary MDS (Hasle, 1994; Hematologique, 1997; Passmore et al,

1995) and -5%  of cases of primary AML in children (Creutzig et al, 1995; Kalwinsky 

et al, 1990; Leverger et al, 1988; Woods et al, 1996)), whereas in adults the 

corresponding figures are 14% and 10%. In children this is usually the sole cytogenetic 

abnormality but in adults it is usually accompanied by other complex chromosomal 

rearrangements. Also, there is a male association of chromosome 7 abnormalities in 

children with primary MDS and AML. Chromosome 7 abnormalities are nearly always 

associated with a poor prognosis (Greenberg et al, 1997; Sole et al, 1992; Yunis et al, 

1988; Yunis et al, 1986).

1.4.2 Secondary Disorders

The secondary myeloid disorders associated with chromosome 7 abnormalities are 

secondary MDS and secondary AML. These are usually related either to previous 

cancer therapy (particularly with alkylating agents, DNA topoisomerase II inhibitors 

and radiotherapy) or to occupational exposure to benzene, other organic solvents or 

pesticides.

Approximately 90% of cases of therapy-related MDS/AML (t-MDS, t-AML) have an 

abnormal karyotype and nearly all of these involve abnormalities of chrorhosome 7. 

The frequency of cases of t-MDS/t-AML is increasing in association with the improved 

prognosis of patients with a wide variety of tumours. This is due to the development of 

new treatments and t-AML now accounts for 10-20% of cases of AML (Horiike et al, 

1999). Cases of t-MDS/t-AML related to treatment with alkylating agents are 

associated with deletions of chromosomes 5 and 7, while those involving treatment with 

topo II inhibitors are associated with translocations involving the MLL gene. Mice with 

only one functional copy of the NFl gene are highly susceptible to the induction of 

myeloid leukaemias by exposure to alkylating agents and therefore make a good in vivo 

model for studying these disorders (Mahgoub et al, 1999).
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It has been known for some time that many cases of secondary MDS/AML are 

associated with occupational exposure to various chemicals. In one study comparing 

adult patients with AML who had been exposed to insecticides, chemicals or solvents or 

other petroleum products with others who had not, chromosome 7 abnormalities were 

detected in 58% of exposed patients but only 20% of the non-exposed patients (Golomb 

et al, 1982). In vitro experiments have shown that benzene metabolites can induce 

monosomy 7 and 7q deletions in human lymphocytes (Zhang et al, 1998). The majority 

of these 7q deletions involved the loss of band 7q22, which is frequently deleted in 

primary and secondary myeloid disorders.

Secondary MDS/AML with monosomy 7 sometimes also develops from severe aplastic 

anaemia (SAA) (De Planque et al, 1988). This may be associated with treatment with 

G-CSF, a cytokine which stimulates production of various haematopoietic cell types, 

however, it may be that this treatment.is simply allowing the normal development of the 

disease to occur by prolonging survival. Mutations in ^ -R a s  may be associated with 

onset of MDS in these cases (Mortazavi et al, 2000).

1.4.3 Constitutional Disorders

There are a number of constitutional bone marrow disorders which predispose patients 

to develop MDS and/or AML which are associated with a high incidence of 

chromosome 7 abnormalities. They include Neurofibromatosis Type 1, Fanconi's 

Anaemia, Shwachm an-Diam ond Syndrome, K ostm ann's Syndrome, B loom ’s 

Syndrome, Down's Syndrome and Familial MDS/AML. These disorders may account 

for a large proportion of cases of childhood MDS (Bader-Meunier et al, 1996; Luna- 

Fineman et al, 1999).
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1.4.3(1) Neurofibromatosis Type 1

Neurofibromatosis Type 1 (N Fl) is the most common autosomal, dominant, genetic 

disease in humans and is characterised by predisposition to a variety of tumours. These 

arise primarily in cells derived from the embryonic neural crest, but patients also have a 

slightly increased risk of developing MDS/AML or JMML in association with 

monosomy 7. As for primary disorders this shows a male bias. N Fl is caused by 

defects in the NFl gene on chromosome 17, which has been characterised and shown to 

be a tumour suppressor gene. Approximately 50% of children with N Fl and myeloid 

leukaemia show loss of the normal NFl  allele (Shannon et al, 1994). Mutations in the 

NFl  gene have also been found in leukaemic cells from children without NFl (Side et 

al, 1998). Heterozygous (NfN'') mice are predisposed to myeloid leukaemia with 

tumour cells showing loss of the wild-type allele (Brannan et al, 1994; Jacks et al, 

1994). However, in another study LOH of N Fl  was detected in haematopoietic tissues 

of 18% of mice with normal blood counts, suggesting that additional genetic defects are 

required before disease onset (Mahgoub et al, 1999). LOH was not, however, detected 

in regions of the murine genome which are syntenic to human chromosome bands 5q31 

and 7q22, both critical regions in primary myeloid disorders. Mice whose 

haematopoietic systems have been reconstituted with N fl  deficient haematopoietic stem 

cells show that loss of N fl  function is sufficient to produce the myeloproliferative 

symptoms associated with human JMML (Largaespada et al, 1996). Similar results 

were found in a myeloid progenitor colony assay (Bollag et al, 1996).

The NFl  gene encodes neurofibromin. This protein has homology with GTPase- 

activating proteins (GAPs) which bind to and negatively regulate Ras. Loss of function 

of neurofibromin therefore leads to deregulated Ras activation resulting in deregulated 

cell proliferation. Whereas activating Ras mutations occur in the bone marrows of 20- 

30% of children with malignant myeloid disorders they are conspicuously absent in 

leukaemic cells from children with N Fl (Kalra et al, 1994). This supports the
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suggestion that NFl and Ras function in the same pathway. The normal ratio of cases 

of ALL to AML in children without NFl is 4:1, whereas in children with N Fl it is 9:20, 

suggesting a strong association between loss of function of the NFl  gene and myeloid 

leukaemias (Bader and Miller, 1978). Neurofibromin may be specifically involved in 

negatively regulating GM-CSF signalling through Ras in haematopoietic cells (Bollag 

et al, 1996; Largaespada et al, 1996).

Neurofibromin may also have other cellular functions, which could explain the non

tumour associated symptoms of the disease such as bone abnormalities, mental 

retardation and learning disabilities, however, no clear phenotypic associations have yet 

been found with particular mutations in the NFl  gene. This would also explain why 

homozygous {NfV'') mice suffer from abnormal cardiac development and mid- 

gestational embryonic lethality (Brannan et al, 1994; Jacks et al, 1994). NFl  mutations 

have also been found in tumours which are not associated with neurofibromatosis, such 

as colon carcinoma (Seizinger, 1993). This is reminiscent of the Rb and p53 tumour 

suppressor genes which were first identified as the genes responsible for the inherited 

disorders of retinoblastoma and Li Fraumeni’s syndrome respectively, but which were 

later shown to be mutated in a wide range of unrelated tumours. The evidence strongly 

suggests that N F l  acts as a tumour suppressor gene in haematopoietic cells, with 

neurofibromin negatively regulating Ras in early myelopoiesis.

1.4.3(ii) Fanconi ’s Anaemia

Fanconi’s Anaemia (FA) is an autosomal recessive disorder characterised by 

pancytopenia, congenital abnormalities, spontaneous chromosome breakage and 

increased incidence of malignancy. Approximately 15% of patients develop leukaemia, 

which is associated with a very poor prognosis and can only be treated by bone marrow 

transplant. The major causes of death of FA patients are bone marrow failure (80%) 

and myeloid leukaemia. Nearly all cases of leukaem ia are MDS/AML and
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approximately 25% involve chromosome 7 abnormalities. Unusually, clonal 

chromosomal abnormalities have been found in FA patients without evidence of onset 

of MDS or AML. This may be a consequence of the genomic instability which is 

characteristic of FA and may not indicate the disruption of critical genes (Maarek et al,

1996), or it may suggest that additional initiating mutations are required. Another 

feature of FA is high sensitivity to DNA cross-linking agents. This suggests a link 

between the increased susceptibility to MDS/AML with chromosome 7 abnormalities in 

patients with FA and in patients treated with alkylating agents for other unrelated 

malignancies.

Complementation studies have indicated the existence of seven different FA genes, 

corresponding to the complementation groups A-G (Joenje et al, 2000; Joenje et al,

1997). Four of these genes {FANCA, FANCC, FANCF  and FANCG) have now been 

cloned and a further two {FAN CD  and F A N  CE) have been mapped to specific 

chromosome bands. Only one of the four cloned genes, FANCF, has any homology 

with a known gene. It is slightly homologous to ROM, which encodes a prokaryotic 

RNA-binding protein (de Winter et al, 2000). The FA gene products have been shown 

to be involved in a number of molecular interactions. FANCA has been shown to 

interact with FANCC and FANCG (Christianson and Bagby, 2000) and FANCC has 

been shown to interact with a protein called FAZF (Fanconi’s Anaemia zinc finger). 

FAZF is capable of transcriptional repression and is partly homologous to PLZF 

(promyelocytic leukaemia zinc finger) which has been shown to repress transcription by 

recruitm ent of nuclear corepressors (Hoatlin et al, 1999). FAZF can also 

heterodimerise with PLZF. The FANCC/FAZF interaction maps to a region of FANCC 

which is deleted in patients with a severe phenotype, suggesting that this interaction is 

crucial to the normal function of FANCC. FANCC has also been shown to be involved 

in the activation of STATl by y-interferon (Pang et al, 2000) and FANCC expression 

appears to be regulated by p53 (Liebetrau et al, 1997). It is possible that the FA
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proteins may all interact in a single large complex, possibly with FANCA as a core 

protein.

Mice in which both copies of the FancC gene (the murine homologue of FANCC) have 

been inactivated show spontaneous chromosome breaks in splenic lymphocytes, 

increased chromosome breakage in response to alkylating agents and several 

abnormalities of haematopoietic progenitor cells, including sensitivity to mitomycin C 

(MMC). All of these features are characteristic of cells of FA patients (Chen et al, 

1996; Whitney et al, 1996). The myeloid haematopoietic cells of FancC'' mice are 

hypersensitive to cytokine mediated apoptosis, suggesting this may be a major 

mechanism responsible for bone marrow failure in FA patients (Haneline et al, 1998). 

The pluripotent haematopoietic stem cells of these mice have a significantly reduced 

ability to repopulate bone marrow in vivo and loss of FancC  function appears to 

profoundly affect haem atopoietic cell function in m ultiple haem atopoietic 

compartments (Haneline et al, 1999). In addition, overexpression of FANCC  in a 

megakaryocytic IL-3 dependent cell line has been shown to prevent growth-factor- 

mediated apoptosis (Cumming et al, 1996). These data suggest that FANCC  may have 

a role as a tumour suppressor gene in regulating apoptosis. An increased incidence of 

sequence variants of the FANCC  gene has been detected in children with myeloid 

leukaemia, compared to the normal population, although none of these variants are 

mutations associated with FA. It is possible though that they might cause an increased 

susceptibility to myeloid leukaemia by impairing the function of the FANCC protein 

(Awan et al, 1998). The suggestion has been made that FA can be considered a 

preleukaemic condition and that it represents a good model for studying the 

development of AML (Auerbach and Allen, 1991).
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1.4.3(iii) Shwachman-Diamond Syndrome

Shwachman-Diamond Syndrome (SDS) is a rare, autosomal, recessive disorder. The 

symptoms include pancreatic dysfunction, skeletal abnormalities with short stature and 

haematological abnormalities, especially neutropenia or pancytopenia. Development of 

MDS/AML occurs in up to one third of patients. It is usually associated with 

chromosome 7 abnormalities and shows a male bias (Dror et al, 1998; Smith et al, 

1996; Woods et al, 1981). Approximately 25% of patients who progress to AML 

exhibit the M6 subtype (Dokal et al, 1997). SDS patients, with and without MDS, have 

been shown to have both defective haematopoietic stem cells and a defective bone 

marrow stroma (Dror and Freedman, 1999). Defects in bone marrow stroma have also 

been reported in several cases of acquired aplastic anaemia and MDS. The gene 

responsible for this disorder is likely to be recessively inherited (Ginzberg et al, 2000). 

One patient was observed to have a balanced translocation, t(6;12)(ql6.2;q21.2) 

(Masuno et al, 1995), however, chromosome bands 6q and 12q have since been 

excluded as candidate gene regions by linkage analysis (Goobie et al, 1999).

1.4.3(iv) Kostmann 's Syndrome

Kostmann’s Syndrome (KS), also known as severe congenital neutropenia (SCN), 

presents in early infancy with extremely low granulocyte counts and high susceptibility 

to bacterial infections. Some patients progress to AML with monosomy 7. It is 

characterised by the arrested maturation of myeloid progenitor cells in the bone marrow 

at the promyelocyte/myeloid stage. G-CSF is a cytokine which promotes the survival 

and proliferation of myeloid progenitor cells and promotes their differentiation towards 

neutrophils. Treatment with G-CSF is very effective (more than 90% of patients 

respond), although (as with SAA) this may be associated with the development of 

MDS/AML with monosomy 7. A recent study of 352 KS patients receiving treatment 

with G-CSF showed that 9% of patients developed AML, of which 58% had partial or

71



complete loss of chromosome 7 (Freedman et al, 2000). Activating Ras mutations are 

also frequently observed (Kalra et al, 1995). None of the 344 patients with idiopathic or 

cyclic neutropenia who were also studied developed MDS/AML, suggesting that this 

treatment is not responsible for progression to leukaemia. It seems more likely that the 

longer survival of patients treated with G-CSF accounts for the greater number of 

patients who develop MDS/AML.

The G-CSF receptor is a member of the haematopoietin/cytokine receptor superfamily 

which regulates differential gene expression via the JAK/STAT signal transduction 

pathway. Mutations in the gene encoding this receptor have been reported in the 

granulocytes of patients who have developed AML (Dong et al, 1994). All mutations 

that have been identified result in truncation of the C-terminal cytoplasmic domain, 

which is thought to be responsible for transduction of signals to the cytoplasm. It has 

been proposed that mutations in this gene might be responsible for the disease and that 

the mutant receptor might be exerting a dominant negative effect by interfering with the 

wild-type receptor. Some G-CSFR mutations were shown to result in loss of a critical 

internalisation domain which could explain the dominant negative phenotype (Hunter 

and Avalos, 1999; Ward et al, 1999). G-CSFR has been shown to activate two separate 

downstream signalling pathways; a JAK/STAT pathway and a pathway involving the 

Akt and Src kinases (Dong and Lamer, 2000). Tmncation of G-CSFR protein has been 

shown to result in sustained activation of Akt conferring increased resistance to 

apoptosis and prolonged cell survival (Hunter and Avalos, 2000). However, it has been 

shown that most KS patients do not have mutations in the G-CSFR gene. It was also 

shown that those patients with mutations continued to respond to G-CSF treatment. 

These data suggest that the mutations are sporadic and are not responsible for the 

disease (Dong et al, 1995; Tidow et al, 1997). Mice carrying a mutation in the G-CSFR 

gene identical to one observed in a patient with KS and AML were normal apart from a 

greater than normal increase in the number of neutrophils in response to G-CSF 

treatment, and the authors concluded that this mutation was not responsible for the
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primary defect of KS patients (McLemore et al, 1998). Mutations in the G-CSFR gene 

may be involved in progression to AML (Dong et al, 1997), however it has not yet been 

shown whether such mutations exist in AML patients without prior congenital 

neutropenia, although one such case has been described (Dong et al, 1995).

The most common cause of KS has now been shown to be mutations in the gene for 

neutrophil elastase {ELA2) (Dale et al, 2000). This gene was first identified as the cause 

of cyclic neutropenia by positional cloning. The authors hypothesized that mutations in 

the same gene may be responsible for other neutropenias and mutational analysis of 25 

KS patients revealed heterozygous ELA2 mutations in 22 cases. Neutrophil elastase is a 

protease which is synthesized and packaged at an early stage of neutrophil development 

and is released by neutrophils at sites of inflammation (Berliner, 1998; Borregaard and 

Cowland, 1997). It has many recognized and possible substrates including coagulation 

factors, growth factors and intracellular signalling molecules. The mutations are 

dominant suggesting that they have a gain-of-function effect. The mutations appear to 

cause improper folding or destabilization of neutrophil elastase leading to increased 

apoptosis of myeloid precursor cells. The effect of G-CSF treatment is to prolong the 

survival of these cells.

1.4.3(v) Bloom’s Syndrome

Bloom’s Syndrome (BS) is a rare, autosomal, recessive disorder characterised by 

stunted growth, photosensitivity, chromosomal instability and predisposition to a 

variety of malignancies. 40% of BS patients develop a malignancy, 48% of which are 

haematopoietic disorders. 51% of these are AML and the remainder are mostly 

lymphomas (German, 1993). Chromosome breakages in BS patients have been reported 

to occur non-randomly at a number of chromosomal loci, including 7q22. A significant 

correlation was reported between these loci and the locations of known fragile sites and 

cancer breakpoints, particularly those associated with AML and lymphomas (Fundia et
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al, 1995). One case has been reported of a child with BS, MDS and monosomy 7 

(Aktas et al, 2000).

The gene responsible for BS, known as BLM  or RECQL2, has been cloned and shown 

to encode a DNA helicase with homology to the RecQ family of DNA helicases (Ellis et 

al, 1995; Ellis et al, 1999). There are four human RecQ-like helicases. The RECQLl 

helicase was isolated from HeLa cells and possesses a 3’-5’ ssDNA translocation 

activity in addition to the helicase activity (Puranam and Blackshear, 1994; Seki et al, 

1994). RECQL3, also known as WRN, is the gene responsible for Werner syndrome 

which is characterised by premature cellular ageing and chromosome aberrations. It 

encodes a helicase which also possesses a 3’-5’ exonuclease activity. RECQL4 is the 

gene responsible for Rothmund-Thomson syndrome. The yeast gene sgsl also encodes 

a RecQ-like DNA helicase which acts as a suppressor of illegitimate recombination 

through homologous recombination and which interacts with yeast topoisomerases 

(Gangloff et al, 1994; Watt et al, 1995). BLM  complements yeast sgsl  mutants, 

suggesting that it may be involved in maintaining genomic stability and that it may also 

interact with DNA topoisomerases. Finally, a ITOkD protein was purified from the 

replication foci of Xenopus eggs and named FFAl (focus forming activity 1), since it is 

required for the formation of these foci (Yan and Newport, 1995). This protein was 

shown to have helicase activity and to have homology to the RecQ-like helicases, 

suggesting that BLM  may also have a role in replication initiation.

1.4.3(vi) Down’s Syndrome

Down’s Syndrome (DS) is associated with transient abnormal myelopoiesis (TAM). 

This occurs in early infancy and usually undergoes spontaneous remission, however, in 

some cases it progresses to AML. Monosomy 7 has only been observed in a few cases 

(Hasle et al, 1999). The incidence of leukaemia in DS patients is 10-20 times higher 

than in the general population, although AML patients with DS have a much better
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prognosis than those without. This may be related to the higher expression of 

chromosome 21-localised genes which are associated with sensitivity to chemotherapy 

(Taub et al, 1999). Children with AML who also have DS are usually younger at 

diagnosis than those without DS. In one study of three children with DS, AML and 

chromosome 7 abnormalities there was no preceding TAM in early infancy, although 

the patients initially presented with MDS which progressed to AML (Bunin et al, 1991). 

A recent study has shown that progression to AML may be associated with mutations in 

the p53 gene (Malkin et al, 2000).

1.4.3(vii) Familial MDS/AML

A small number of familial cases of MDS and AML have been reported. Analysis of 

these families could result in the identification of genes which are mutated in both 

familial and sporadic versions of MDS and AML (reviewed in Horwitz (1997)). Such 

mutations are likely to be involved in the earliest stages of leukaemogenesis (Knudson, 

1993). A familial platelet disorder associated with progression to AML has already 

been shown to result from mutations in the AM  LI  oncogene at 21q22, which is also 

frequently involved in translocations in myeloid leukaemias (Section 1.2. l(i)). Linkage 

to this region was first demonstrated by (Ho et al, 1996), using a large pedigree 

described by (Dowton et al, 1985)). Song et al (1999) discovered that a heterozygous 

mutation in the A M L l  gene in each of six affected families was responsible for this 

disorder. Analysis of bone marrow and peripheral blood cells from affected individuals 

showed that AM Ll  gene dosage affected the formation of megakaryocytes, from which 

platelets are derived. They proposed that haploinsufficiency of A M L l  causes an 

autosomal dominant congenital platelet defect and predisposes to the acquisition of 

additional mutations which cause AML.

Several studies have shown that the predisposition locus for familial MDS/AML is not 

on chromosome arm 7q. (Shannon et al, 1989) studied three families in which two
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siblings developed MDS with monosomy 7. They used RFLP analysis with probes 

from the region 7q22-q34 to show that the predisposition in these families was not 

associated with a consistently deleted segment of 7q. They later studied a family of 

three siblings with AML and monosomy 7 and found that no chromosomal region had 

been inherited from the same parent in all three individuals (Shannon et al, 1992). They 

suggested that inactivation of a single allele of a tumour suppressor gene may be 

sufficient to cause AML in these cases. More recently (Mandla et al, 1998) studied a 

kindred of three individuals with early onset MDS, suggesting an inherited 

predisposition. They used linkage analysis to show that neither 7q22 nor 5q31, the two 

regions most commonly associated with sporadic MDS, were associated with this 

predisposition. A family with three siblings affected by AML with monosomy 7 has 

also been reported (Kwong et al, 2000). These cases were unusual because of the 

relatively late age of onset and the fact that they were preceded by MDS. The authors 

suggested that leukaemogenesis in these patients was probably a multi-step process and 

that monosomy 7 might be only one of the critical steps.

Horwitz et al (1996a) studied 49 affected individuals from 9 families transmitting 

autosomal dominant AML. They found evidence for anticipation, which refers to 

worsening severity or earlier age of onset with each generation. This phenomenon has 

been primarily associated with myotonic dystrophy, spinal cerebellar ataxias and 

Huntington disease (Banfi and Zoghbi, 1994; Harper et al, 1992; Ranen et al, 1995). 

These diseases have been shown to be caused by the expansion of trinucleotide repeats 

which, beyond a certain number of repeats, tend to increase in length with each 

generation (reviewed in Sutherland and Richards (1995)). The mean age of onset in 

this kindred was found to be 57 years in the grandparental generation, 32 years in the 

parental generation and 13 years in the youngest generation. This suggests the 

involvement of unstable DNA repeats, such as fragile sites. They proposed 3 possible 

candidate chromosomal regions for familial leukaemia with anticipation; 21q22.1-22.2, 

llq23.3 in the vicinity of the CBL2 gene, and 16q22 in the vicinity of the CBFB gene.
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The CBL2 gene is known to contain a trinucleotide repeat (Jones et al, 1995). In 

another study of 10 members of a family spanning 3 generations, at least 8 of whom had 

adult onset MDS or AML, they found evidence suggesting possible linkage to 9p21-p22 

(Horwitz et al, 1996b). They later showed linkage to 16q22 in a family of 11 affected 

members showing autosomal dominant inheritance of MDS and AML (Horwitz et al, 

1997). Mutational analysis excluded expansion of the FRA16B fragile site and the 

CAG trinucleotide repeat in the E2F-4 transcription factor gene as the cause of these 

disorders. Dynamic mutation of trinucleotide repeats is currently the only documented 

molecular mechanism for anticipation, although Horwitz (1997) proposed a second 

mechanism whereby a primary defect in a gene responsible for DNA fidelity would lead 

to a cascade of de novo mutations in secondary tumour suppressor genes.

Baozhang et al (1999) reported a kindred of seven patients with different forms of AML 

which was consistent with autosomal dominant inheritance. One of these individuals 

and her father were found to have rearrangements involving the c-ERBB oncogene.

Gao et al (2000) described a kindred of 24 individuals with MDS/AML and loss of 5q 

and showed that the predisposing gene was not on 5q.

1.4.4 Summary

Chromosome 7 abnormalities are the common denominator in a wide range of myeloid 

disorders. Loss of chromosome 7 material appears to be an important step in disease 

progression which is preceded by a general chromosomal instability. This suggests 

either that chromosome 7 becomes particularly susceptible to rearrangement and that 

altered expression of genes on chromosome 7 is a consequence of this instability, or that 

the inactivation of genes on chromosome 7 is an important part of disease progression 

and that the rearrangements are driven by clonal evolution. It has been suggested that 

chromosome 7 abnormalities are ‘cytogenetically opportunist’, i.e. that they occur in
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patients who are already susceptible to myeloid leukaemia, either due to genetic 

predisposition or exposure to mutagenic compounds (Luna-Fineman et al, 1999; Luna- 

Fineman et al, 1995). Much more work is required to identify the important genetic 

events in these disorders and the sequence in which they occur. The study of 

constitutional disorders may provide an easier route to the identification of many 

myeloid tumour suppressor genes than the study of primary myeloid disorders.
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Table 1.8 -  Summary of the constitutional bone marrow disorders associated with 

myeloid leukaemia and chromosome 7 abnormalities.

Disorder Main symptoms Locus Gene name Gene function

NFl - benign neurofibromas

- pigmentation defects

- Lisch nodules of the iris

- tumour predisposition

17qll NFl Negatively 

regulates Ras.

FA - pancytopenia

- congenital abnormalities

- tumour predisposition

16q24

9q22

3p22-26

6p21-22

l lp l5

9pl3

FANCA

FANCB

FANCC

FANCD

FANCE

FANCF

FANCG

Individual gene 

functions unknown. 

May function in 

single large 

complex preventing 

or repairing 

chromosome 

breakages.

SDS - pancreatic dysfunction

- skeletal abnormalities

- haematological abnormalities

KS - extremely low granulocyte 

count

- high susceptibility to bacterial 

infections

gene in the G- 

CSF signalling 

pathway?

(continued on next page)
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Disorder Main symptoms Locus Gene name Gene function

BS - stunted growth

- photosensitivity

- tumour predisposition

15q26 ELM RecQ-like DNA 

helicase, possibly 

involved in 

maintaining 

genomic stability 

and/or replication 

initiation.

DS - congenital abnormalities

- transient abnormal 

myelopoiesis

tri(21) many genes 

involved

Familial

MDS/AML

- myeloid leukaemia
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1.5 Molecular Genetics of MDS/AML

One route to the identification of genes involved in myeloid disorders is to identify 

characteristic features of the aberrant myeloid cells and then look for the genes 

responsible. Another is to look for mutations in genes which have been shown to be 

involved in other types of tumour. Some of the genes implicated in MDS/AML by 

these strategies are described below.

1.5.1 Apoptosis

Apoptosis (programmed cell death) is an active cellular process by which cells commit 

suicide in order to maintain tissue homeostasis (Wyllie et al, 1980). A large number of 

genes have been identified which are involved in the three stages of apoptosis; 

initiation, commitment and execution. Apoptosis can be initiated by a variety of 

different stimuli including chemotherapeutic drugs, irradiation, certain inhibitory 

cytokines (e.g. TN F-a and FAS ligand) and deprivation of relevant growth factors 

(survival factors). These signals activate different signal transduction pathways which 

converge in the commitment step. This is regulated by the Bcl-2 family of proteins and 

depends on the ratio of pro- and anti-apoptotic factors. A commitment to apoptosis 

results in a cascade of activation of members of the caspase family of cysteine proteases 

which are the effectors of the cell death pathway. The characteristic features of 

apoptosis include chromatin condensation, DNA fragmentation, nuclear disintegration 

and cell shrinkage followed by the formation of membrane-bound apoptotic bodies.

As stated previously, MDS is characterised by the increased proliferation and apoptosis 

of myeloid precursor cells and progression to AML is characterised by decreased 

apoptosis and the greatly increased survival of myeloid precursor cells (reviewed in 

Greenberg (1998) and Parker and Mufti (1998)). These observations have been shown 

to correlate with the levels of expression of some of the genes involved in cell
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proliferation and apoptosis. The varying levels of apoptosis during evolution of MDS 

and AML are related to the balance of expression of pro-apoptotic and anti-apoptotic 

genes in haematopoietic precursor cells (Greenberg, 1998). C-Myc is a proto-oncogene 

which has a very powerful mitogenic effect, but is also a potent inducer of apoptosis. 

Increased expression of c-Myc will induce increased proliferation of most cell types, but 

only as long as the necessary survival factors are present. In the absence of these 

survival factors, c-Myc will induce apoptosis. This mechanism normally ensures that 

proliferation only occurs in appropriate situations (Evan et al, 1992). Bcl-2 is a proto

oncogene which prolongs cellular survival by preventing apoptosis. One study 

measured the levels of c-Myc and Bcl-2 expression in the myeloid precursor cells of 

normal individuals, patients with MDS and patients with AML. The ratio of c-Myc to 

Bcl-2 expression was highest in MDS patients (correlating with increased apoptosis) 

and lowest in AML patients (correlating with decreased apoptosis) (Rajapaksa et al,

1996). Another example of the importance of c-Myc overexpression comes from the 

study of double minute chromosomes. These are a cytogenetic manifestation of gene 

amplification. They are found in 1-10% of leukaemias, mostly myeloid, and in all cases 

subjected to molecular analysis the c-Myc oncogene was found to be amplified (Crossen 

et al, 1999). Similar results to the c-Myc/Bcl-2 study were found in a study of the ratio 

of expression of the Bax and Bad (pro-apoptotic) to the Bcl-2 and Bcl-X (anti- 

apoptotic) oncoproteins. The ratio was increased in patients with early MDS and 

reduced in patients with late MDS (Parker et al, 1998). The ratio of Bcl-2 to Bax has 

also been shown to correlate with response to chemotherapy (Stoetzer et al, 1996).

The resistance to apoptosis associated with progression to AML could by associated 

with the acquisition of mutations in the p53 gene (Kitagawa et al, 1994; Sugimoto et al, 

1993). This gene is normally responsible for triggering apoptosis in response to DNA 

damage. p53 mutations have been detected in 5-15% of patients with primary MDS or 

AML (Jonveaux et al, 1991; Sugimoto et al, 1993; Wattel et al, 1994) and up to 38% of 

patients with therapy-related secondary MDS/AML (Ben-Yehuda et al, 1996). In MDS,
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p53  mutations are usually associated with loss of the wild-type allele (Lai et al, 1995) 

and often with chromosome 7 abnormalities (Kitagawa et al, 1994; Lai et al, 1995; 

Sugimoto et al, 1993). The IL -Ip converting enzyme (ICE) is another important 

regulator of apoptosis. In one study an inhibitor of ICE markedly suppressed apoptosis 

and reduced secretion of IL -ip in  the bone marrow of 5 out of 6 MDS patients, 

suggesting that an ICE-like protease may be involved in the high level of apoptosis in 

MDS (Mundle et al, 1996). Altered levels of various cytokines which regulate 

apoptosis have also been found in the serum or bone marrow of MDS patients (Bowen 

et al, 1993; Maurer et al, 1993; Raza et al, 1996a; Raza et al, 1996b; Visani et al,

1993). Evidence that apoptotic cells are often found in clusters in MDS bone marrow 

suggests an important role for cytokines in triggering cell death (Bogdanovic et al,

1997). Defects in MDS bone marrow stroma may also be a factor (Raza et al, 1995; 

Silverman et al, 1997). Several drugs have been shown to reduce apoptosis and 

increase survival of myeloid progenitor cells. These include G-CSF (Negrin et al, 

1990), G-CSF and EPO in combination (Hellstrom-Lindberg et al, 1997) and amifostine 

(List et al, 1998).

One hypothesis for the evolution of MDS/AML is that myeloid precursor cells initially 

acquire non-cytogenetically detectable mutations which confer increased growth 

potential, but not increased survival potential. This means that there is increased 

proliferation of myeloid precursor cells, but also a concomitant increase in apoptosis. 

Progression to leukaemia requires additional mutations which confer increased survival 

potential and this is associated with the appearance of chromosome rearrangements.

1.5.2 Ras

The Ras gene family consists of three genes, H-Ra^, K-Ras and ^-R as ,  which are 

frequently mutated in certain solid tumours. They encode small GTPase proteins which 

are involved in important intracellular signalling pathways controlling cell proliferation.
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Mutations of the Ras genes can either cause loss of this GTPase activity or constitutive 

activation, resulting in decreased or increased cell proliferation respectively. Ras 

mutations have been associated with early and late stages of cancer progression in 

different tumour types.

Mutations in the Ras proto-oncogenes (mostly N-Ras and K-Ras) are the most frequent 

molecular abnormality in adult MDS and AML, occurring in 30% of cases, and are 

associated with a poor prognosis (Padua et al, 1998). It has been suggested that Ras 

mutations are associated with monosomy 7 and with progression to leukaemia in adults 

(Stephenson et al, 1995; van Kamp et al, 1992), although other studies have found no 

link with chromosome 7 abnormalities (de Souza Fernandez et al, 1998) or with 

progression to leukaemia (Beaupre and Kurzrock, 1999a). Ras mutations appear to be 

much less common in childhood MDS and AML, appearing in only 3% of cases (Sheng 

et al, 1997). Mutations have been found in both MDS and AML, however, suggesting 

that they are more likely to be involved in the early stages of the disease (Neubauer et 

al, 1991).

Insertion of a mutant gene into normal human bone marrow cells has been shown

to increase myeloid cell proliferation and decrease differentiation (Maher et al, 1994). 

A number of common translocations described earlier, involving the tyrosine kinase 

genes A B L  and P D G F p,  are thought to contribute to leukaemic progression by 

deregulating Ras activation. The constitutional disorder NFl is caused by mutations in 

the gene for a negative regulator of R as  and mutations in the Ras  genes are 

conspicuously absent from patients with this disorder. This evidence shows that Ras 

activation is a particularly important event in myeloid leukaemia and that a wide range 

of myeloid leukaemias with different molecular abnormalities may all respond to an 

anti-Ras therapy (Beaupre and Kurzrock, 1999b).
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1.5.3 Tumour Suppressor Genes

As mentioned earlier, few of the tumour suppressor genes identified from solid tumours 

have been shown to be frequently inactivated in myeloid leukaemias. However, some 

of these tumour suppressor genes have been found to be inactivated in patients with 

MDS/AML.

Low or absent Rb expression is detected in 20-30% of cases of AML and is associated 

with a poor prognosis (Kornblau et al, 1994; Zhu et al, 1994). Amplification or 

translocation of E2F has been observed in several human leukaemia cell lines, although 

not in primary leukaemic cells (Saito et al, 1995). Altered expression of Rb of E2F are 

uncommon in MDS (Preudhomme et al, 1994).

Inactivation of and by mutation or deletion is observed in lymphoid

malignancies and myeloid leukaemia cell lines, but rarely in MDS or AML (Hatta et al, 

1995; Nakamaki et al, 1995). However, inactivation of by

hypermethylation has been detected in 52% and 38% of AML patients respectively 

(Guo et al, 2000). Inactivation of p l 8 ,  p l9 ,  p21'^^^^ or p27^'^^ has not yet been 

observed in MDS (Nakamaki et al, 1997; Ponce-Castaneda et al, 1995; Shiohara et al,

1994), although high expression of p27^'^^ has been associated with a good prognosis 

(Yokozawa et al, 2000).

1.5.4 Imprinting

Imprinting is an epigenetic process by which some genes are silenced in a parent-of- 

origin-dependent manner, resulting in expression of only the maternal or the paternal 

allele in the offspring. The molecular basis of this phenomenon is not yet understood, 

but is thought to involve DNA méthylation and differences in chromatin structure. Loss 

of im printing is known to contribute to neoplasia by causing inappropriate
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overexpression of a gene (reviewed in Falls et al (1999)). The classical example of this 

is the insulin-like growth factor gene IG F 2.  Loss of imprinting resulting in 

overexpression of this gene is seen in 70% of cases of Wilms’ tumour and also in a wide 

range of other malignancies including AML and CML (Ogawa et al, 1993; Randhawa et 

al, 1998). The existence of an imprinted tumour suppressor gene would be expected to 

increase susceptibility to cancer since loss of only a single allele would be required to 

cause loss of tumour suppressor function. N 0 E Y 2  ( A R Hl ) ,  a novel ra^-related, 

maternally-imprinted gene at lp31, may be an example of an imprinted tumour 

suppressor gene. This region is commonly deleted in breast and ovarian carcinomas 

and it has been shown that the functional paternal allele of N0EY2  is lost in the majority 

of patients (Yu et al, 1999). Other imprinted genes implicated in tumour suppression 

include WTl (Jinno et al, 1994; Rauscher, 1993), p57^'^^ (Chung et al, 1996; Hatada et 

al, 1996; Kondo et al, 1996) and M6P/IGF2R (De Souza et al, 1995a; De Souza et al, 

1995b; Hankins et al, 1996; Yamada et al, 1997).

No imprinted leukaemia tumour suppressor genes have yet been identified, although 

there is some slight evidence for the presence of such genes on 7q. One study of five 

MDS and two AML patients with monosomy 7 or 7q deletions found that each had lost 

all or part of the paternal chromosome 7. In addition, one patient with IMo7 and two 

with biphenotypic acute leukaemia exhibited loss of the maternal allele. The deletion in 

one of these patients encompassed 7q32-q36, suggesting that loss of imprinted genes 

from this region may be a factor in MDS/AML (Katz et al, 1992). This hypothesis was 

given support by the later discovery of a cluster of imprinted genes at 7q32, including 

PEGl/MEST  (Nishita et al, 1996) and y2-C0P  (Blagitko et al, 1999). Both genes have 

been shown to be expressed only from the paternal allele in foetal tissues, however, they 

are expressed from both maternal and paternal alleles in adult peripheral blood 

(Blagitko et al, 1999; Riesewijk et al, 1997). This suggests that they are unlikely to be 

imprinted leukaemia tumour suppressor genes. There is evidence though that 

PEGl/MEST  may be an imprinted proto-oncogene in breast carcinoma. Imprinting of
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PEG l is maintained in normal adult breast tissue but appears to be commonly lost in 

breast carcinomas, a disease in which trisomy 7 and LOH of 7q31-q32 are commonly 

observed (Pedersen et al, 1999). PEG l is overexpressed in an invasive breast cancer 

cell line compared to another which is non-invasive, LOH of this region is often 

accompanied by duplication of the remaining allele, which could explain the apparent 

paradox of LOI (loss of imprinting) and LOH being observed at the same locus, since 

duplication of the active allele would have the same effect as LOI. The biological 

function of PEGl is unknown, although it has homology to the a /p  hydrolase fold 

family of proteins, suggesting a possible role in degradation of the extracellular matrix 

during metastasis of solid tumours. Previous studies had suggested the presence of a 

tumour or metastasis suppressor gene at 7q31.

This is only the third cluster of imprinted genes to be identified in the human genome, 

after those at l lp I 5  (Beckwith-Wiedemann syndrome) and 1 5 q ll-q l3  (Prader-Willi 

and Angelman syndromes). So far no imprinted genes on chromosome 7 have been 

shown to be involved in haematological malignancies, however, there are likely to be 

further imprinted genes at 7q32 which may be. Further studies are required to identify 

these genes and to show whether loss or deletion of chromosome 7 always involves the 

paternal chromosome.

1.5.5 Telomeres

Telomeres consist of multiple tandem repeats of short sequences containing clusters of 

G residues which cap the ends of eukaryotic chromosomes, protecting them from 

degradation and recombination by the binding of specific proteins (reviewed in 

Blackburn (1994)). As cells age, their telomeres gradually become shorter and telomere 

loss is widely thought to be an important factor in cellular senescence (Harley et al, 

1990). Reduction in telomere length has also been observed in a number of human 

malignancies (Greider and Blackburn, 1996), including leukaemias (Adamson et al.
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1992; Yamada et al, 1993; Yamada et al, 1995). This shortening may be partly 

responsible for the genomic instability observed in most neoplastic cells. Telomerase is 

an RNA-dependent DNA polymerase which maintains telomere length (Feng et al,

1995). It is expressed in germ cells and most malignant cells, but not in most normal 

somatic cells (Kim et al, 1994). Increased telomerase expression in malignant cells may 

be necessary to prevent excessive degradation of chromosomes which results in cell 

death and to allow the rapid proliferation which is characteristic of such cells. 

Telomerase inhibitors are being developed to target this characteristic (Sharma et al,

1997). Telomerase is expressed in haematopoietic stem cells but is switched off as they 

differentiate (Uchida et al, 1999). Telomerase activity is inducible in lymphocytes, 

however, which may be appropriate considering the degree of proliferation that is 

required in response to foreign antigens (Kosciolek and Rowley, 1999). Telomere 

shortening still occurs in long-term cultures of activated lymphocytes though, 

suggesting that continuous high level expression is required for cellular immortality.

Telomere length has been found to vary greatly in MDS. It has been suggested that 

telomere shortening is associated with progression to AML (Boultwood et al, 1997; 

Counter et al, 1995; Yamada et al, 1995), with a complex karyotype (Boultwood et al, 

1997; Ohyashiki et al, 1994a; Ohyashiki et al, 1994b) and with a poor prognosis 

(Ohyashiki et al, 1994a), although the number of patients that have been studied is low. 

The level of telomerase activity has also been found to vary considerably in MDS 

patients (Counter et al, 1995).

1.5.6 Angiogenesis

Angiogenesis is a highly regulated process by which new blood vessels are formed in 

order to supply energy to tissues and is important in the growth of solid tumours 

(Folkman, 1995; Iruela-Arispe and Dvorak, 1997). There is now substantial evidence 

that angiogenesis in the bone marrow is increased in various leukaemias (Bellamy et al.



1999; Fiedler et al, 1997; Hussong et al, 2000; Nguyen et al, 1994; Perez-Atayde et al, 

1997). Two of the best characterised inducers of angiogenesis are vascular endothelial 

growth factor (VEGF) and basic fibroblastic growth factor (bFGF). Bone marrow from 

AML patients has been shown to express both VEGF and bFGF and to have an 

increased density of blood vessels (Fiedler et al, 1997; Hussong et al, 2000). There 

was no correlation between increased blood vessel density and increased cellularity in 

the bone marrow, suggesting that the increased angiogenesis is linked to production of 

angiogenic factors such as VEGF and bFGF. It is not clear that increased angiogenesis 

in leukaemic bone marrow is required simply to improve the blood supply to the 

leukaemic cells since these cells do not form discrete clusters like solid tumours. It is 

possible that VEGF may be acting as an autocrine growth factor instead, since it has 

been shown that VEGF receptors (VEGFR-1 and VEGFR-2) are expressed in AML 

cells (Fiedler et al, 1997). In addition, VEGF has been shown to protect AML cells 

from chemotherapy-induced apoptosis by upregulating M cl-l, a member of the Bcl-2 

family (Katoh et al, 1998). Alternatively, VEGF expression may be part of a 

synergistic relationship with endothelial cells since VEGF has been shown to induce 

expression of a range of myeloid growth factors in endothelial cells (Bellamy et al, 

1999; Fiedler et al, 1997).

1.5.7 Mitochondrial Mutations

There is some evidence that mutations in the mitochondrial genome may be involved in 

MDS (reviewed in Gattermann (1999)). Mitochondrial mutations were first proposed to 

explain cases of acquired idiopathic sideroblastic anaemia (AISA) (Jacobs et al, 1986). 

Later, deletions of mitochondrial DNA were found to be responsible for Pearson’s 

Syndrome, a rare congenital disorder, of which one of the symptoms is severe refractory 

sideroblastic anaemia (Rotig et al, 1989). More recently mitochondrial mutations were 

discovered in patients with AISA (Gattermann et al, 1996; Gattermann et al, 1997). 

These mutations were thought to have occurred initially in a myeloid stem cell. They
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cause anaemia by affecting mitochondrial haem synthesis (Gattermann et al, 1993). 

Similar mutations have now been found in patients with more common forms of MDS 

(Gattermann, 1999). Such mutations are unlikely to constitute the initiating event in 

leukaemogenesis since they do not provide a growth advantage, however, they could 

contribute to leukaemogenesis in several ways. Mitochondrial mutations could 

con tribu te  to genom ic in stab ility  by d isrup ting  ATP production and 

deoxyribonucleoside synthesis (Kunz et al, 1994). Alternatively, they could have an 

effect on apoptosis, in which mitochondria play an important role (Gattermann, 1999; 

Green and Reed, 1998). Mitochondrial mutations have recently also been found in 

colorectal tumours (Polyak et al, 1998).

1.5.8 A Model for MDS/AML

Figure 1.2 shows a model for the progression of MDS/AML summarising the features 

discussed above.
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CELLULAR PHENOTYPE MOLECULAR ALTERATIONS

Initiating event in 
progenitor cell results in 
arrested differentiation.

Increased proliferation and 
apoptosis of bone marrow cells.

1

Ras activation by various mechanisms. 
Increased c-myc expression.
Reduced Bcl-2 expression.
Reduced G-CSF expression.
Reduced GM-CSF expression.

r

Early MDS.

Acquisition of genomic instability.
Mutations in DNA repair genes. 
Telomere shortening. 
Mitochondrial mutations.

r

Advanced MDS.

Increased cell survival 
(resistance to apoptosis).

1

Hypermethylation of p l5  and p i6. 
Mutation of p53 and Rb.
Loss of function of novel myeloid 
tumour suppressor genes.
Gross chromosomal rearrangements. 
Increased telomerase activity. 

f Increased expression of VEGF.

AML.

Figure 1.2 - Schematic diagram showing proposed model for progression of 
MDS/AML.
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1.6 Defining Chromosome 7 Abnormalities

As mentioned earlier in this chapter, abnormalities of chromosome 7 are among the 

most frequently observed chromosomal alterations in myeloid disorders and are 

generally associated with a very poor prognosis. This suggests that inactivation of 

genes on chromosome 7 is an important step in these disorders. It is therefore important 

to identify these genes and understand how they contribute to leukaemogenesis. The 

vast majority of these abnormalities involve the loss of a whole chromosome 7 

(monosomy 7). Large deletions of chromosome arm 7q constitute most of the 

remainder and translocations and inversions involving chromosome 7 are observed only 

rarely. In order to try and identify the critical genes on chromosome 7, various 

techniques have been used both to define the regions which are commonly deleted and 

to map the positions of translocation and inversion breakpoints.

1.6.1 7q- Mapping Studies

1.6. l(i) RFLP Analysis

The first attempts to accurately define the regions of loss of 7q material, and 

consequently the regions of chromosome 7 where one might expect to find a myeloid 

tumour suppressor gene, used RFLP (restriction fragment length polymorphism) 

analysis.

Kere et al (1987) analysed 4 patients with poorly-defined 7q deletions, using ten probes 

for polymorphic markers (one at 7pl5 and the others spread across 7q21-q35). Each 

patient was polymorphic for at least one probe. Deletions were detected in granulocyte- 

derived DNA, but not in lymphocyte-derived DNA. The analysis indicated that the 

extent of 7q deletions was variable, but that interstitial deletions exist (indicated by the 

retention of the TCRp marker at 7q35 in one patient). A minimal deleted region (MDR)
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was defined at 7q22-q35 (indicated by the retention of COL1A2 at 7q21-q22 and 

TCRp at 7q35 in different patients). Kere et al also studied four patients with two 

apparently normal chromosomes 7 for the presence of sub-microscopic deletions using 

the same ten probes, but found no evidence of LOH. This does not rule out the presence 

of LOH in these patients; it was just not detectable with these probes.

A further study by Kere et al (1989b) looked at the same four patients with 7q deletions 

using four different probes (one localised to 7cen-7q21.3 and the other three localised to 

7q21.1-q22). This showed that the proximal breakpoints of the deleted regions in all 

four patients were situated between the genes EPO and PLANHI, a region thought to be 

approximately 3Mb in size. They also looked at ten patients with two apparently 

normal chromosomes 7 and seven patients with monosomy 7, but found no evidence for 

loss of material from the apparently normal chromosomes. Another study of the same 

four patients showed that all were interstitial and that the distal breakpoints were more 

variable than the proximal breakpoints (Kere et al, 1989a). The authors argued that the 

variability in both breakpoints suggested that gene loss is a more likely result than the 

formation of particular fusion genes. Finally, Kere (1989) used PFGE (pulsed-field gel 

electrophoresis) to analyse two of the same patients with two of the same probes and 

three novel ones. This confirmed that the proximal breakpoints in these two patients 

were between EPO and PLANHI and showed that one of the proximal breakpoints was 

situated within 195kb of EPO.

More recently, Lewis et al (1996) studied five patients with 7q deletions, using ten 

probes covering the whole of 7q. This study confirmed that both proximal and distal 

breakpoints are variable and that deletions are usually interstitial (all patients retained 

pS194, an anonymous marker which is telomeric to TCRp, and some also retained 

TCRP). It also defined an MDR at 7q22-q35 (indicated by the retention of both EPO 

and TCRP in three patients). In three patients the proximal breakpoint was found to lie
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between EPO and ACHE, while in the other two patients it was more centromeric, 

between ELN and C0L1A2.

Neuman et al (1992) also used RFLP analysis, with a range of probes covering 7q, to 

study 43 patients with primary MDS/AML and 17 patients with therapy-related, 

secondary MDS/AML. Only one case of LOH of 7q without a visible deletion was 

detected, confirming that monosomy 7 and large deletions of 7q are the major 

mechanisms of loss of 7q material.

1.6.1(ii) FISH Analysis

Most recent studies have employed fluorescence in situ hybridisation (FISH), which 

allows more accurate mapping of probes with respect to the deleted regions of 

chromosome 7.

Le Beau et al (1996) first used conventional cytogenetic analysis to study 81 patients 

with myeloid disease and 7q deletions. The majority of these patients (80%) had 

proximal breakpoints in 7q ll-q22 and distal breakpoints in 7q31-q36, defining an MDR 

within 7q22. The remaining patients defined a second MDR in 7q32-q33. The 

breakpoints of fifteen patients from the first group were then further defined by FISH 

using a well-defined contig of Y AC clones, which showed that the 7q22 MDR was 

contained within this contig and was estimated to be 2-3Mb in size. The critical regions 

7q22 and 7q32-q33 appeared to be important in both primary and secondary disorders.

Tosi et al (1996) used FISH with a 7q telomere specific probe and a chromosome 7 

paint to show that 7q deletions can be interstitial or terminal. This study also showed 

that many apparent 7q deletions are in fact unbalanced translocations with loss of some 

7q material.
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Fischer et al (1997) used FISH to analyse nineteen patients with 7q deletions, seventeen 

of which had MDS/AML and two of which had CML. 22 Y AC clones from a contig 

encompassing 7q21.1-q32 were used as probes, resulting in the definition of two 

distinct MDRs. The two CML patients defined one such region within band 7q22 

(approximately 2-3Mb), including the genes PLANHI and CUTLl. The MDS/AML 

patients defined another such region, distal to the first, including the distal part of band 

7q22 and the whole of band 7q31, spanning approximately 20Mb.

Dohner et al (1998) used FISH with a range of well-mapped Y AC clones from the 

region 7q31-qter against a series of 13 patients with 7q- and MDS, AML or t-AML. 

This defined a critical region spanning chromosome band 7q35 and the proximal part of 

7q36.

Finally, Tosi et al (1999b) used FISH to define the 7q22 breakpoint of an apparently 

balanced t(7;7)(pI3;q22). This showed that a small region of 7q22 represented by three 

overlapping cosmids, containing the CUTLl gene and spanning approximately 150kb, 

had been deleted from one of the der(7) chromosomes. Further FISH analysis of 16 

patients with 7q deletions showed that material corresponding to at least two of the 

three cosmids was deleted from 11 out of 14 patients with proximal breakpoints in 

7q22. Further FISH mapping of the deletions in these patients defined two further 

MDRs in 7q31-q32 and 7q33.

1.6.1 (iii) Microsatellite Analysis

Liang et al (1998) used LOH studies with more than 20 microsatellite markers from 

7q22 and 7q31 to define regions of loss in seven patients with 7q deletions and fifteen 

patients with monosomy 7. They also looked for LOH in patients with no 

cytogenetically-detectable abnormalities of chromosome 7. More than 80% of the 

patients with chromosome 7 abnormalities showed loss of the entire region covered by
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the microsatellites. However, the remaining cases indicated the presence of three 

distinct critical loci, one within 7q22 and two within 7q31. The critical region in 7q22 

and one of the critical regions in 7q31 were indicated by a patient with monosomy 7 

who had retained a small region in proximal 7q31 but had lost the remainder of 7q22 

and 7q31. The other critical region in 7q31 was indicated by a patient with an unusually 

small deletion within 7q31. This was particularly interesting since it overlapped critical 

regions for breast, ovarian and prostate cancers. Finally, in one patient with no 

cytogenetically-detectable abnormalities of chromosome 7 a small region of LOH was 

detected. This was the first time that LOH had been reported in a patient with two 

apparently normal chromosomes 7.

1.6.1 (iv) Correlation o f Deletions with Prognosis

Several studies have suggested that loss of specific regions of 7q is associated with a 

particularly bad prognosis. Pedersen and Ellegaard (1994) found that expansion of the 

clone of cells with the 7q deletion was greater when the deletion included band 7q31, 

suggesting that this band contains a gene which acts to prevent inappropriate clonal 

expansion (i.e. a tumour suppressor gene). Meanwhile, Velloso et al (1996) found that 

loss of chromosome band 7q32 is associated with the worst prognosis, suggesting that 

this band contains a critical gene.

1.6. l(v) Summary

These studies have shown that deletions of 7q are generally interstitial and that the 

positions of the deletion breakpoints are highly variable. There may be as many as four 

distinct MDRs within the region 7q22-q34, suggesting the presence of multiple genes 

which are important in myeloid disorders. The extent and variability of 7q deletions has 

so far prevented the identification of these putative tumour suppressor genes.
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Table 1.9 -  Summary of 7q deletion studies

Technique Author Patients studied Conclusions

RFLP Kere (1987)

Kere (1989)

Lewis (1996)

Neuman

(1992)

4 patients with 7q- 

4 patients with 

normal 7’s

MDR is 7q22-q35. 

Interstitial deletions 

exist.

4 patients with 7q- 

7 patients with Mo7 

10 patients with 

normal 7’s

Proximal deletion 

breakpoints in 3Mb 

region between EPO and 

PLANHI.

All deletions interstitial.

5 patients with 7q- MDR is 7q22-q35. 

Deletions usually 

interstitial.

Two proximal 

breakpoints between 

ELN  and C0L1A2 and 

three proximal 

breakpoints between 

EPO and ACHE.

8 patients with 

visible abnormality 

of chromosome 7 

41 patients without 

visible abnormality 

of chromosome 7

Loss of chromosome 7 

alleles usually results 

from major deletion or 

simple chromosome loss.

(continued on next page)
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Technique Author Patients studied Conclusions

FISH Le Beau 

(1996)

81 patients with 7q- Defined 2-3Mb MDR in 

7q22 and second MDR at 

7q32-q33.

Tosi (1996) 26 patients with 

visible abnormality 

of chromosome 7

Deletions can be 

interstitial or terminal. 

Many apparent 7q 

deletions are actually 

unbalanced 

translocations.

Fischer (1997) 19 patients with 7q- MDR of2-3M b in 7q22 

including PLANHI and 

CUTLl.

MDR of~20M b in 7q22- 

q31.

Dohner (1998) 17 patients with 7q- MDR in 7q35-q36.

Tosi (1999) 16 patients with 7q- 150kb region containing 

part of CUTLl deleted in 

most 7q- patients. 

Further MDRs at 7q31- 

q32 and 7q33.

(continued on next page)
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Technique Author Patients studied Conclusions

Microsatellite

analysis

Liang (1998) 7 patients with 7q- 

15 patients with Mo7 

panel of patients 

with normal 7’s

Detected one critical 

region in 7q22 and two in 

7q31.

First report of LOH in 

patient with two 

apparently normal 7’s.

Correlating 

cytogenetics 

with prognosis

Pedersen

(1994)

77 patients with 7q- Loss of 7q31 associated 

with greater clonal 

expansion.

Velloso (1996) Loss of 7q32 associated 

with worst prognosis.
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Figure 1.3 - Schematic diagram comparing critical regions of 7q defined by different studies. The sources of information 
are indicated by the author names above each set of data, which refer to studies discussed in this chapter.



1.6.2 7q Translocations and Inversions

A number of translocations and several inversions involving 7q have been reported and 

the breakpoints of some of these translocations have been mapped by FISH, however, 

so far none have been cloned. As discussed earlier, cloning these breakpoints could 

constitute a rapid route to identification of a myeloid tumour suppressor gene.

1.6.2(i) Patients

Tosi et al (1996) used FISH with whole chromosome paints to define an 

inv(7)(pllq22), a t(7q;20q), a t(2;3;7;21)(pl5;q21;q22;q22) and a t(7;8)(q21;qll) in 

patients with MDS, JCML, AML and CML respectively.

In addition to their study of patients with 7q deletions described in section 1.6.1, Fischer 

et al (1997) also mapped by FISH the breakpoints of two MDS/AML patients with 

balanced translocations involving 7q and chromosome 3. The chromosome 7 

breakpoint of the first translocation was localised to 7q21.3 and was proximal to both of 

the MDRs that they had defined. The breakpoint of the second translocation was 

localised to 7q22 and was within the larger of the MDRs.

Dohner et al (1998) studied one patient with a t(3;7)(pl3;q34-q35) as well as the 7q- 

patients described in section 1.6.1. The breakpoint was found to map to the proximal 

boundary of their critical region in 7q35. In this case, the other chromosome 7 had also 

been lost.

Tosi et al (1999a) used FISH to define the 7q22 breakpoint of a t(7;7)(pl3;q22) in an 

AML patient, who was found to also have a small 7q22 deletion. They also used FISH 

to analyse an AML patient with a very complex karyotype involving multiple 7q
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translocations, an MDS patient with t(7;12)(q22;pl3) and another AML patient with 

t(7;12)(q22;pl3).

Other translocations which have been observed in patients with AML include a 

t(7;19)(q22;pl3) (Sherer et al, 1991), two cases of t(l;7)(p36;q32) (Stefanescu et al, 

1994) and a t(7;12)(ql0;ql0) (Johansson et al, 1995). A t(7 ;ll)(q22;q l4) in a patient 

with t-AML (Powell et al, 1999) and a t(7;16)(q21;pl3) in a patient with AML (Reddy 

et al, 2000) have also been reported. Inversions involving 7q which have been observed 

include multiple cases of inv(7)(ql l-q22) in two unrelated families (Stanley et al, 

1997).

1.6.2(ii) Cell Lines

Johnson et al (1996) used FISH to map the proximal breakpoint of a 7q22-q34 

inversion, carried by a cell line which was derived from a member of a family with a 

history of myeloid disease, most of whom carried this inversion. The breakpoint was 

mapped to a single Y AC clone containing the ASNS gene. This region lies centromeric 

to the MDRs involving 7q22 described in section 1.6.1, but was shown to be lost in 

three patients with 7q deletions. The breakpoint of one out of three patients with 

translocations involving 7q was found to lie in the same region.

A cell line (GF-D8) derived from a patient with AML was defined by multiplex-FISH 

(M-FISH) and comparative genome hybridisation (CGH) by Tosi et al (1999a). It was 

found to have an extremely complex karyotype which included del(7)(q22-q33), 

t(5;7)(qll;q33), t(7;15)(q33;qI3), t(7;15)(q22-q22.3) and t(7;12)(q33;pll.2). It also 

had a 7q3I-q35 inversion, both breakpoints of which were mapped by conventional 

FISH (Tosi eta l, 1999b).
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Table 1.10 -  List of reported translocations and inversions involving 7q.

A uthor Patients/cell lines Disease Technique Comments

Trujillo (1981) t(7q;19p) AML Cytogenetics

Sherer (1991) t(7;19)(q22;pl3) AML Cytogenetics

Stefanescu (1994) t(l;7)(p36;q32)

t(l;7)(p36;q32)

MDS

MDS

Cytogenetics

Johansson (1995) t(7;12)(ql0;ql0) AML Cytogenetics

Johnson(1996) inv(7)(q22-q34) MDS FISH DD1027 cell line 

derived from 

unaffected member of 

family with

constitutional inversion 

and history of MDS.

Tosi (1996) inv(7)(pllq22)

t(7q;20q)

t(2;3;7;21)

(pl5;q21;q22;q22)

t(7;8)(q21;qll)

MDS

JMML

AML

CML

FISH with 

whole

chromosome

paints.

Fischer (1997) t(3;7q21.3)

I(3;7q22)

MDS/AML FISH 7q21.3 breakpoint 

proximal to their 

MDRs. 7q22 

breakpoint within their 

larger MDR.

(continued on next page)
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A uthor Patients/cell lines Disease Technique Comments

Stanley (1997) inv(7)(qll-q22)

inv(7)(qll-q22)

AML

ALL

Cytogenetics Constitutional 

inversion observed in 

two unrelated families.

Dohner (1998) t(3;7)(pl3;q34-q35) FISH 7q breakpoint mapped 

to proximal boundary 

of their MDR. Other 

chromosome 7 lost.

Powell (1999) t(7;ll)(q22;ql4) t-AML Cytogenetics 

and Southern 

blotting.

Triplicated, 

unrearranged MLL 

gene detected.

Tosi (1999a) t(7;7)(pl3;q22) 

complex karyotype 

with multiple t(7q) 

t(7;12)(q22;pl3) 

t(7;12)(q22;pl3)

AML

AML

MDS

AML

FISH

Tosi (1999b) complex karyotype 

with multiple 7q 

rearrangements

AML FISH GF-DB cell line

Reddy (2000) t(7;16)(q21;pl3) AML FISH Three cases studied.
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1.6.2(iii) Summary

It is notable that many of these rearrangements involve chromosome band 7q22 in 

particular, but band 7q32 is also frequently involved. One question raised by this 

observation is whether rearrangements involving these bands are selected for by the 

growth advantage resulting from disrupted expression of critical genes, or whether there 

is some inherent feature of these regions of chromosome 7 which makes rearrangements 

occur more frequently, for example, the presence of fragile sites or features associated 

with nuclear architecture. The large variety of partner chromosomes involved in 7q 

translocations suggests that inactivation of genes on 7q is the most likely outcome of 

these rearrangements, consistent with the hypothesis that one or more myeloid tumour 

suppressor genes are located on this chromosome arm.

1.6.3 7q Critical Regions In Other Tumours

Abnormalities involving chromosome arm 7q are also associated with lymphoid and 

non-haematopoietic malignancies (Fitzgerald et al, 1991). These abnormalities most 

often consist of interstitial deletions and translocations. Until recently, much less work 

was being done to define critical regions in solid tumours, partly because the tissues 

involved are harder to obtain and culture, and partly because the karyotypes are usually 

much more complex. However, critical regions are starting to be defined for a number 

of these tumours. Two discrete critical regions have been defined within 7q22 in 

uterine leiomyomata (Ishwad et al, 1997). 7q31 is a critical region in breast cancer 

(Zeng et al, 1999) and 7q32 is a critical region in B-cell lymphoma (Cigudosa et al, 

1999) and gallbladder carcinoma (Gorunova et al, 1999). 7q22 and 7q32 are critical 

regions for lymphoid leukaemias (Oscier et al, 1996), lung carcinoma (Berker- 

Karauzum et al, 1998), pancreatic carcinoma (Gorunova et al, 1998) and splenic 

marginal zone lymphoma (Corcoran et al, 1999). The involvement of tumour 

suppressor genes such as p53 and Rb in a wide range of different malignancies suggests
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that critical regions of chromosome 7 such as 7q22 could also contain genes which are 

important in different tumour types.

1.6.4 Candidate Genes on 7q

As large-scale sequencing of the human genome progresses, an increasingly large 

number of genes are being identified in the critical regions defined for myeloid 

leukaemias on 7q, some of which may be good candidates for myeloid tumour 

suppressor function. Genes which have been considered as potential candidate genes to 

date are listed in Table 1.11.

Of these, CUTLl is probably the best candidate. The CUTLl locus is located in 7q22 

(Scherer et al, 1993) within critical regions defined by several studies (Tosi et al, 

1999b). CUTLl is a large gene spanning more than 300kb and consisting of 31 exons 

and has homology to the Drosophila cut gene (Glockner et al, 1998). It encodes two 

splice variants; CDP (encoding the CCA AT displacement protein) has 21 exons and 

contains cwr-like homeobox domains and cut repeats, whereas CASP consists of 22 

exons and lacks these domains. CDP has been shown to be a negative regulator of 

CYBB (gp91-phox), which is expressed only in term inally differentiating 

myelomonocytic cells (Skalnik et al, 1991), and of c-Myc (Dufort and Nepveu, 1994). 

The CUTLl gene is in a region which is also frequently deleted in uterine leiomyomas 

and reduced expression is often observed in these tumours (Zeng et al, 1997). Uterine 

leiomyomas are induced in transgenic mice expressing the polyomavirus large T (PyV 

LT) antigen and this has been shown to be associated with sequestration of CUTLl and 

Rb proteins by PyV LT antigen (Webster et al, 1998). A number of other genes have 

recently been identified in the CUTLl locus, some of which could also be good 

candidates. These include APS, an adaptor molecule implicated in linking immune 

receptors to tyrosine kinase signalling pathways, and PMSL12, a DNA mismatch repair 

gene (Glockner et al, 1998).
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hD M Pl would also appear to be a good candidate for a myeloid tumour suppressor. 

This gene encodes the human homologue of a murine My 6-like transcription factor 

which arrests the cell cycle in G1 phase (Bodner et al, 1999). This cell cycle arrest is 

caused by the action of downstream genes which are transcriptionally activated by 

hD M Pl, and is relieved by interaction with D-type cyclins which repress the 

transactivation activity of hDM Pl. Inactivation of hDMPl would therefore be expected 

to result in increased cell proliferation. Bodner et al (1999) found that one allele of 

h D M P l  was deleted in the leukaemic blasts of nine AML patients with 7q 

abnormalities. However, this gene has been localised to 7q21, which is proximal to any 

of the critical regions that have so far been proposed on 7q.

Genes on 7q which have been proposed as candidate tumour suppressor genes for other 

tumours are shown in Table 1.12. As suggested above, these genes could also be 

involved in myeloid disorders.
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Table 1.11 -  List of genes on chromosome arm 7q which have been proposed as

myeloid tumour suppressors.

Candidate

Gene

Full Name Function Location References

hDMPl human cyclin D-binding 

Myb-like protein

Negative regulator of cell 

proliferation.

7q21 Bodner (1999)

KRITl KREV-1 interaction 

trapped 1

Interacts with Krev-1, a 

negative regulator of Ras

7q21-q22 Serebriiskii (1997)

ASNS asparagine synthetase Housekeeping gene 

responsible for asparagine 

biosynthesis.

7q22 Zhang (1989) 

Johnson (1996)

ACHE acetylcholinesterase Possible growth regulator in 

haematopoietic cells.

7q22 Stephenson (1996)

EPO erythropoietin A glycoprotein hormone 

which is a major regulator of 

erythrocyte production.

7q22 Law (1986)

PLANHl plasminogen activator 

inhibitor 1

A glycoprotein involved in 

the regulation of fibrinolysis 

by inhibiting plasminogen 

activator and urokinase.

7q22 Ginsburg (1986) 

Klinger (1987) 

Le Beau (1996) 

Fischer (1997)

PMSL12 postmeiotic segregation

like gene 12

A mismatch DNA repair 

gene.

7q22 Glockner(1998)

APS adaptor protein with PH 

and SH2 domains

May link immune receptors 

to tyrosine kinase signalling 

pathways.

7q22 Yokouchi (1997) 

G lockner(1998)

(continued on next page)
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Candidate

Gene

Full Name Function Location References

CUTLl

(CDP)

Cwf-like 1

(CCAAT displacement 

protein)

Represses transcription of 

gp91-phox, which is 

expressed exclusively in 

terminally differentiating 

myelomonocytic cells, and 

of c-myc.

7q22 Skalnik (1991) 

G lockner(1998) 

Tosi (1999b)

TRIP6 thyroid receptor 

interacting protein 6

Ligand-dependent binding 

partner of the thyroid 

hormone receptor, a nuclear 

receptor transcription factor.

7q22 Yi (1998)

IFRDl interferon-related 

developmental regulator

Involved in cellular 

differentiation. Very similar 

to y-interferon.

7q22-q31 Buanne (1998)

CASP2

(NEDD2)

caspase 2 An apoptosis-related 

cysteine protease which acts 

as both a positive and a 

negative effector of cell 

death, depending on cell 

lineage and stage of 

development.

7q35 Kumar (1995)

EZH2 enhancer of zest 

homologue 2

Regulates development of 

the haematopoietic and 

central nervous systems.

7q35 Cardoso (2000)
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Table 1.12 -  List of genes on chromosome arm 7q which have been proposed as

tumour suppressors in solid tumours.

Candidate

Gene

Full Name Tumour Type Function Location References

hPMS2 human 

postmeiotic 

segregation 

gene 2

colon cancer A DNA mismatch repair 

gene.

7q22 Horii (1994) 

Nicolaides (1994) 

Nicolaides (1995)

MUCH mucin-11 colorectal

cancer

May be involved in 

regulation of epithelial 

cell growth.

7q22 Williams (1999)

MU Cl 2 mucin-12 colorectal

cancer

May be involved in 

regulation of epithelial 

cell growth.

7q22 Williams (1999)

DRA down- 

regulated in 

adenoma

colon cancer Putative transcription 

factor.

7q22-q31.1 Taguchi(1994)

CAVl caveolin-1 breast cancer An integral membrane 

component of trans-Golgi 

network derived vesicles 

which may be involved 

in a number of 

intracellular signalling 

pathways.

7q31.1 Hurlstone (1999) 

F ra (1999) 

Engelman (1999)

(continued on next page)
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Candidate

Gene

Full Name Tumour Type Function Location References

CAV2 caveolin-2 various

epithelial

tumours

An integral membrane 

component of trans-Golgi 

network derived vesicles 

which may be involved 

in a number of 

intracellular signalling 

pathways.

7q31.1 Fra (1999) 

Engelman (1999)

SMOH smoothened basal ceil 

carcinoma

A G-protein-coupled 

receptor which is 

involved in the hedgehog 

signalling pathway.

7q32.3 Sublett (1998)
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1.7 A 7q22-q34 Inversion

Previous studies in this laboratory have attempted to define the breakpoints of a 7q22- 

q34 inversion carried in a cell line derived from a member of a family with a history of 

MDS. These breakpoints lie within two of the critical chromosome bands on 7q and 

their cloning could lead to the identification of genes which are important in a range of 

myeloid disorders.

A number of cell lines derived from MDS and AML patients have been reported 

(reviewed in Drexler (1999)). Not all of these cell lines have been well characterised 

but they frequently exhibit the chromosomal abnormalities most commonly seen in 

these diseases (-5/5q-, -7/7q-, +8 and 20q-) and also display common alterations in 

oncogenes and tumour suppressor genes (e.g. Ras, p53, Rb). Most of the cell lines 

display myelocytic, monocytic or erythroid features although some have lymphoid 

characteristics. The evidence suggests that cell lines provide a good representation of 

these diseases and that they can be a useful tool for elucidating the important events in 

leukaemogenesis.

1.7.1 DD1Q27 Cell Line

The DD1027 cell line was originally derived from a member of a family which had a 

history of myeloid disease. Of the fifteen members of the family who were tested, ten, 

including the donor, had one inverted chromosome. Two of the family members 

carrying the inversion had developed MDS, one as a child and one as a young adult, 

although the donor was healthy. The low penetrance implies that this constitutional 

inversion alone is insufficient to induce MDS, but the young age of the affected 

individuals suggests that it has caused a predisposition to disease. Molecular analysis of 

this inversion should therefore improve our understanding of the genetic events 

involving chromosome 7 which contribute to the development of myeloid leukaemias.
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The molecular cloning and DNA sequencing of the two breakpoints could allow the 

identification of a gene (or genes) whose expression has been disrupted by the 

rearrangement. Further analysis could then show whether the altered expression of this 

gene or genes is a common feature of myeloid leukaemias.
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Figure 1.4 - Schem atic diagram  illustrating the 7q22-q34 inversion carried in the 
D D 1027 cell line. The arrows indicate how part o f the q arm  o f chrom osom e 7 
was inverted in this cell line.
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1.7.2 Previous Work

Previous work in this laboratory led to the identification of a Y  AC  clone (HSC7E783), 

which was shown by FISH to span the 7q22 (proximal) breakpoint of this inversion 

(Johnson et al, 1996). FISH analysis of three patients with translocations involving 

7q22 revealed that one had a translocation breakpoint which was also spanned by Y AC 

clone HSC7E783. The region represented by this clone was also found to have been 

deleted in three patients with 7q deletions which were studied by FISH.

This YAC clone contains the gene asparagine synthetase (ASNS). A S N S  is a 

housekeeping gene and is expressed in most mammalian cells. Leukaemic cells from 

mice and some ALL patients have been found to lack asparagine synthetase activity and 

are sensitive to treatment with L-asparaginase, which destroys asparagine in the 

bloodstream (Horowitz et al, 1968; Ohnuma et al, 1977). ASNS has also been reported 

to be expressed at an unusually low level in leukaemic cells from AML patients 

(Codegoni et al, 1995). The ASNS gene consists of 13 exons spanning 35kb (Zhang et 

al, 1989). Mutation analysis of 8 of these exons by single stranded conformation 

polymorphism analysis (SSCP) found no evidence of mutations in the white blood cells 

of patients with myeloid leukaemia either with or without chromosomal rearrangements 

involving 7q22. The remaining 5 exons were not studied due to problems with primer 

design. FISH analysis using an A S N S  cDNA probe showed that the proximal 

breakpoint of the DD1027 cell line did not lie within the coding region of A SN S  

(Johnson, 1997).

A number of PAG clones were also identified and mapped with respect to the proximal 

inversion breakpoint of the DD1027 cell line by FISH. PAC clone DJ239I3 was shown 

to lie centromeric to the breakpoint and clones DJ261F20, DJ129I11 and DJ214P10 

were shown to lie telomeric to the breakpoint. The latter three clones were identified by 

PCR screening of the De Jong human PAC library using primers designed for
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amplifying exon 3 of the ASNS gene and they form an island of overlapping clones. 

The distance between DJ239I3 and this island of three ASNS clones was estimated to be 

roughly 500kb (Johnson, 1997). A fourth clone, DJ280K24, was later identified in the 

same way and was also found to belong to this island of clones (Johnson, E., 

unpublished data).
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Figure 1.6 - Schematic diagram summarising previous work to characterise the proximal inversion breakpoint. 
YAC and PAC clones are represented by horizontal lines and the region where the breakpoint lies is represented 

by a horizontal line with arrows at both ends. The closest known gene to the breakpoint, ASNS, is also shown.



1.7.3 Aim

The aim of this project is to clone and sequence both breakpoints of the inverted

chromosome 7 in the DD1027 cell line, to identify a gene or genes whose expression

has been altered by this rearrangement and to look for evidence of the mechanism of the

rearrangement. In order to achieve this, the following steps are proposed:

1.) To construct a contig of PAC clones linking DJ239I3 and the island of four 

ASNS clones which flank the proximal inversion breakpoint.

2.) To identify a single PAC clone which spans the proximal inversion breakpoint 

by FISH.

3.) To define the proximal inversion breakpoint by FISH to the level of a single

cosmid or bacteriophage X clone.

4.) To further define the proximal inversion breakpoint by Southern analysis.

5.) To clone both inversion breakpoints using PCR-based techniques.

6.) To sequence both breakpoints.

7.) To identify and study genes whose expression may have been disrupted by the

inversion.

8.) To look for evidence of the mechanism of the inversion.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Antibiotics

Ampicillin

Kanamycin

Penicillin/streptomycin

Sigma

Sigma

Gibco-BRL

2.1.2 Antibodies

Biotin-anti-avidin D 

Fluorescein avidin DCS 

Rhodamine-anti-digoxygenin

Vector Laboratories 

Vector Laboratories 

Boehringer Mannheim

2.1.3 Bacterial and Yeast Media

2.1.3(i) LB Broth

lOg Bacto-tryptone, 5g Bacto-yeast extract and lOg NaCl were dissolved in 950ml de

ionised water. The solution was adjusted to pH7 with NaOH, made up to 11 with de

ionised water and autoclaved.

2.1.3(ii) LB Agar

15g Bacto-agar was added to 11 LB Broth and the solution was autoclaved.
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2.1.3(iii) LB Top Agar

7g Bacto-agar was added to 11 LB Broth and the solution was autoclaved.

2.1.3(iv) Terrific Broth

12g Bacto-tryptone, 24g Bacto-yeast extract and 4ml glycerol were dissolved in 900ml 

de-ionised water and the solution was autoclaved. Once it had cooled below 60°C, 

100ml of sterile 0.17M KH2PO4/O.72M K2HPO4 (made by dissolving 2.3Ig of KH2PO4 

and 12.54g of K2HPO4 in 90ml de-ionised water and then making the solution up to 

100ml with de-ionised water) was added and the solution was mixed.

2.1.3(v) YAC Broth

400ml of YAC Solution A (28g casamino acids, 40g glucose, llOmg tyrosine and 

200mg adenine hemisulphate in 1869ml de-ionised water, autoclaved in 400ml 

aliquots), 40ml of YAC Solution B (13.4g yeast nitrogen base without amino acids

dissolved in 200ml de-ionised water, then sterilised by passing through a 22jnm filter)

and 8ml of YAC Solution C (1 mg/ml tryptophan, sterilised by passing through a 22/xm 

filter) were mixed together.

2.1.3(vi) YAC Agar

2g Bacto-agar was added to 100ml YAC Broth and the solution was autoclaved.
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2.1.4 Chemicals

Adenine hemisulphate

Adenosine 5’-[gamma^^P] triphosphate

Agarose

Ammonium acetate

Bacto-agar

Bacto-tryptone

Bacto-yeast extract

Bovine serum albumin (BSA)

5-Bromo-4-chloro-3-indolyl

P-D-galactopyranoside (X-gal)

Bromophenol blue 

Casamino acids 

Chloroform 

Citifluor 

Colcemid

4,6-diamidino-2-phenylindole (DAPI)

Decon

Deoxycytidine 5’-[alpha^^P] triphosphate 

Deoxyadenosine 5’-triphosphate 

Deoxycytidine 5’-triphosphate 

Deoxyguanosine 5’-triphosphate 

Deoxythymidine 5’-triphosphate 

Dextran sulphate

Digoxygenin-labelled a-satellite chromosome 7 

centromere probe 

DNA ladder (Ikb)

Ethanol

Sigma

Amersham International

Gibco-BRL

Sigma

Difco Laboratories 

Difco Laboratories 

Difco Laboratories 

Sigma

Sigma

Sigma

Difco Laboratories 

BDH

UKC Chem Lab, Canterbury

Gibco-BRL

Serva

Decon Laboratories Ltd 

Amersham International 

Boehringer Mannheim 

Boehringer Mannheim 

Boehringer Mannheim 

Boehringer Mannheim 

Sigma

Oncor

Gibco-BRL

BDH
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Ethidium bromide

Ethylenediaminetetraacetic acid (EDTA)

Ethylene glycol-bis(p-aminoethyl ether) N, N, N ’, 

N’-tetraacetic acid (EGTA)

Fetal calf serum (PCS)

Ficoll, type 400

Formamide

Glacial acetic acid

Glucose

L-Glutamine

Glycerol

(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic 

acid]) (HEPES)

Human Cot-1 DNA 

Hydrochloric acid

Isopropyl p-D-thiogalactopyranoside (IPTG)

Isopropanol

N-Lauroyl sarcosine

Low melting point (LMP) agarose

Magnesium chloride

P-mercaptoethanol

Methanol

Mineral oil

MOPS

Nonidet P40

Oligonucleotides pd(N)6

Phenol

Phenylmethylsulfonyl fluoride (PMSF)

Phosphate buffered saline (PBS)

Sigma

BDH

BDH

Gibco Life Technologies

Sigma

BDH

BDH

BDH

Gibco-BRL

Fisons Laboratory Supplies

Sigma

Gibco-BRL

BDH

Sigma

BDH

Sigma

Gibco-BRL

Sigma

Sigma

BDH

Sigma

BDH

Sigma

Pharmacia

Sigma

Sigma

Oxoid Ltd, Basingstoke
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Polyethylene glycol (PEG) 8000 

Polyvinylpyrrolidone 

Potassium acetate 

Potassium chloride

Potassium di-hydrogen orthophosphate

di-Potassium hydrogen orthophosphate

RPMI 1640 medium

Sephadex 0-25

Sephadex G-50

Sodium acetate

Sodium chloride

Sodium citrate

Sodium dodecyl sulphate (SDS)

Sodium hydroxide 

Sodium phosphate 

Sonicated salmon sperm DNA 

D-Sorbitol

Tris (hydroxymethyl)methylamine (Tris base)

Tris (hydroxymethyl)methylamine hydrochloride 

(Tris HCl)

Triton

L-Tryptophan 

tRNA (E.coli)

Tween 20 (polyoxyethylenesorbitan monolaureate)

Tyrosine

Urea

Yeast nitrogen base without amino acids 

Xylene cyanol FF

Sigma

BDH

BDH

Sigma

BDH

BDH

Gibco-BRL

Pharmacia

Pharmacia

BDH

BDH

BDH

Sigma

BDH

BDH

Sigma

Sigma

BDH

BDH

Sigma

Sigma

Boehringer Mannheim

Sigma

Sigma

BDH

Difco Laboratories 

Sigma

124



2.1.5 Enzymes

(3-agarase

BamY{\

BssYiH

Bsm
Calf intestinal alkaline phosphatase (CIAP)

C M

EcoRI

EcoBN

HincW.

HindiW

Klenow fragment 

Nae\

Narl

Nhel

Not\

Polynucleotide kinase (PNK)

Proteinase K 

PvwII

Ribonuclease A (RNase A)

Sali

Seal

Smal

Sspl

T4 DNA ligase 

T4 DNA polymerase 

Taq polymerase 

Xhol

New England Biolabs

Promega

Promega

New England Biolabs

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Sigma

Promega

Sigma

Promega

Promega

Promega

Promega

Promega

Promega

Promega

Promega
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Zymolase 60000 ICN

2.1.6 Labware

Cow gum

Culture plates 

0.5ml Eppendorf tubes 

1.5ml Eppendorf tubes 

Gauze

Glass coverslips

Glass slides

N+- hybond membrane

Kodak X-OMAT XAR-5 film

3MM paper

Paper towels

Parafilm

Plastic loops

Saran wrap

Scalpels

15 ml tubes

50ml tubes

T.A.C. (Office Equipment)

Supplies

Nunc

Anachem

Anachem

NHS Hospital Supplies

BDH

BDH

Amersham Pharmacia

Biotech

Sigma

Merck

SLS

Merck

Gibco-BRL

Merck

Fisher

Merck

Merck

2.1.7 Oligonucleotides

All oligonucleotides were obtained from Cruachem, Glasgow, Scotland.
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Name Annealing Sequence

temperature 

used in PCR

Bub-top-not 5’-GAAGGAGAGGACGCTGTCTGTCGAAGGTAA

ACGGACGAGAGAAGGGAGAG-3’

Bub-bot not 5’-CTCTCCCTTCTGCGGCCGCAGTTCGTCAACA

TAGC ATTTCTGTCCTCTCCTTC-3 ’

Bub 1 87 °C 5 ’ -GCGGCCGC AGTTCGTC AAC ATAGC ATT

TCT-3’

Bub2 5T C  5’-CCGCAGTTCGTCAACATAGC-3’

SP6 43°C 5 ' - ATTT AGGTG AC ACTAT AG-3 '

NPl 63 °C 5 ’ -GCCGTCGAC ATTTAGGTGACAC-3 ’

(NPl was used as a higher specificity replacement for SP6 primer in some bubble PCR 

reactions to generate PAC end clones)

T7 5 1 T  5 ' -GTAAT ACG ACTC ACTATAGG-3 '

ECP 6 r  C 5 ’ -CTTG ACATTGTAGGACTATATTGC-3 ’

(ECP was used as a higher specificity replacement for T7 primer in some bubble PCR 

reactions to generate PAC end clones)
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DJ841B21/la 57"C 5’-CTTCCTTGTAACTGTTGCACC-3’

DJ841B21/lb 57“C 5’-GGTGACAGTCAGATGACCAC-3’

D J841B2 l/4a 57°C 5 ’ -C A AGC AG AG A ATC AGTAC AGG-3 ’

DJ841B21/4b 57°C 5 ' -G AGGGTAG A A AGTGGTGG AC-3 '

DJ841B21/9a 5TC  5’-GTTTGTCTGAATCAGACATG-3’

DJ841B21/9b 57°C 5’-GAATCAATCTTGTGGGTCACC-3’

DJ841B21/9C 55"C 5’-GTTTTCAGGAAGACCCATCAG-3’

DJ841B21/9d 59°C 5’-GCTTCTGATAAAGATGGCAGTC-3’

D J841B 21 /9e 59°C 5 ’ -GTAG AGC A AGT ATTCTG AG AATG-3 ’

DJ841B21/1 la  5TC  5’-CATCAAACAGGTAGTACATTGG-3’

DJ841B21/1 lb  59°C 5’-GACTTCATGGGAAAGACAATGG-3’

DJ841B21/16a 5T C  5 ’-CTTAGGCTTTCTGCTCTTCAG-3’

DJ841B21/16b 59°C 5’-CCTTGAATGCTGTCTACACAAG-3’

DJ841B21/18a 5T C  5’-CTACCTTGTGGATACCTCCC-3’

D J841B21/18b 59°C 5 ’ -CCTGTCC AGTGTTGGCTC AG-3 ’
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DJ841B21/22a 59T  5’-GAGCAAAGTGACTCATTCCTTG-3’

DJ841B2 l/22b 59°C 5 ’ -GTGTCTGCC AGGC A ACC A AG-3 ’

DJ841B21/25a 59°C 5’-GAAAGAAGTGTACCTTCAGTCC-3’

DJ841B21/25b 59°C 5’-CTCAACCTCTACAATGTTCAAAG-3’

D J841B2 l/29a 57 °C 5 ’ -GCGTC ACTTGTCTCC ATTGC-3 ’

DJ841B21/29b 57°C 5 ' -GTAAGTC AGTGTATC AGG A A AG-3 '

DJ841B21/32a 59°C 5’-CCTTTACTTCTTAACCCTCACC-3’

DJ841B21/32b 57°C 5’-CGTTTTCAGTTTGTTCACATCC-3’

DJ841B2 l/34a 57°C 5 ’ -GGATACTTACTACAGTGCTGG-3 ’

DJ841B21 /34b 59°C 5 ’ -CTTTGTGC AGGCTGGC ATATG-3 ’

M 13(F0R) 47°C 5 -GTAAAACGACGGCCAGT-3'

M 13(REV) 47 °C 5 ’ -G A A AC AGCT ATGACC ATG-3 ’

C10-R28 57°C 5’-CATATAACTTAGCATCTAATTCTC-3’

C10-R44 59°C 5 -GGTGACACAGGGAGACTCTG-3'

129



C12-R8 5T C  5’-CACAGTACCAACTTTGTGATTC-3’

C12-R64 57°C 5’-GTCTACCATCTCCTGACCTC-3’

C8-R58 57°C 5 ' -C ATC ATA AG AC A ATG A AGGC AG-3 '

C7-R21 59°C 5 ’ -G A A ATGCTTGGG ACC AG A A ATG-3 ’

C7-R47 59°C 5 ’ -C ATCTC ACTTTCC ATGTACCTC-3 ’

C9-R13 59°C 5 ’ -G AT A AGAAGGC ACTTGCTTCTG-3 ’

C9-R66 57°C 5 -GCAACCCACAGGATAAGACC-3'

C 13-R57 57°C 5 ’ -CTTGTAGTTGTC ATCC AGTCC-3 ’

C13-R15 5 9 T  5’ -CCTC A ACTGCTTCTA ATGGTTC-3 ’

C11-R6 59°C 5 ’ -CCCTG ATTCTGTGGATAACCG-3 ’

C11-R65 5T C  5’-GTATCTGCGCTCTGCTGAAG-3’

R2(B) 57°C 5 ’ -G AC ACGG A AATGTTGA ATACTC-3 ’

Y 192dl0/T3/la 5T C  5 ' -C AGTG AC A AC AG A A AGTATCTG-3 '

Y192dl0/T3/lb 59°C 5 ' -CC AGTCC ATC AGGCTG ACTG-3 '

Y 192d 10/T3/2a 59°C 5 ’ -GTAGATTAGTGTCATTAGCTTCC-3 ’
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Y 192d 10/T3/2b 5 T C  5 ’ -CCTTCTGTGT ATCTGG ATC AC-3 ’

Y 192dl0/T7/la 59°C 5’-CCACTTGTAGCCATGTTCTCC-3’

Y 192dl0/T7/lb 57°C 5 ' -CC AC ACCTCC AC A AGCTGC-3 '

Y 192d 10/T7/2a 59“C 5 ’ -G ATC ATGGCTTGGC ACTCCC-3 ’

Y192dl0/T7/2b 57“C 5’-CACTGCTCATCACCAGTCAG-3’

E.1/21 59°C 5 ’ -GTAGTC ACTGCCTTTCTGG AG-3 ’

E.1/22 5T C  5 ' -C AGTC ACGCT ATCTTTGC ATC-3 '

E.1/23 59“C 5 ’ -GCTTCCC AGC A A AGGT AGTTG-3 ’

E.1/24 59°C 5 -GTGTATTGAAGGACTAGAGTAAC-3'

E.1/25 59°C 5’-GCCATGCAGTGCATAGCTGC-3’

E.1/26 57°C 5’-GGTTCATGCCATTCTCCTGC-3’

E.1/27 59°C 5 ’ -CTAGCCTACCTC AG ATGGT AG-3 ’

ET/28 57°C 5 ’ -GTCAGGGAGGCAGG AGATG-3 ’

E.1/29 57°C 5’-CTGGGTGTTTGGTGGAAGAC-3’
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E.l/29b 59°C 5 ’ -G AC ATATCTTTGAG A A AC ACTA AC-3 ’

E.1/30 59°C 5’ -CTCC ATGTGTCTCTGGATCTC-3 ’

E.1/31 59°C 5 ’ -GG A AAGAGTGTTTCTCTC AC AC-3 ’

E.l/31b 59°C 5’-GGAAGGCTTCTCTGTTTTCCC-3’

E.1/32 57°C 5’-CTCTAAGCAAATGTGGCTTAATC-3’

E.l/32b 57 °C 5 ’ -GTATGGTTTTGGTGG A ATA ATTC-3 ’

E.1/33 59°C 5 ’ -GATTAAGCCAC ATTTGCTTAGAG-3 ’

E.l/33b 57°C 5 ’ -GGAGCTTCTACTCTG ATC ATC-3 ’

E.1/33C 57°C 5’-GAGATCTTTTAAGTGACCCCC-3’

E .l/33d 5 7 T  5 -CTACACTGGGAAAAACCTTCC-3'

E.l/33e 57°C 5 -CATAGTCATAACTACCAAACAG-3'

E.1/34 57°C 5 ’ -CCTATGTAGTGA ACTGC A ACC-3 ’

E.l/34b 59°C 5 ’ -GTGTATGGCTGTAAAGACC ATG-3 ’

E.1/35 57°C 5 -GGTTGCAGTTCACTACATAGG-3'

E.l/35b 59°C 5 ' -C ATGGTCTTT AC AGCC AT AC AC-3 '
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E.1/36 57°C 5’-GCAACTAAGAGTATATTCTTGTG-3’

E.1/37 57°C 5’-CACCCAACTTGACTACCTATG-3’

E.l/38a 59°C 5’-GTTGGCTAGAAGAGAGAAAGAG-3’

E.l/38b 59°C 5’-GAGTGGAAGGCTGCAGGCC-3’

E.1/38C 59°C 5’-GGTTTGTGCAGTAGTGGCTTC-3’

E.l/38d 57 °C 5 ’ - AG ATC ATGGC ATCC A ACTG AC-3 ’

E.l/38e 57°C 5 ' -CTCCCTCC A ACTC A A AG ACC-3 '

E .l/38f 59°C 5 ’ -CTCATGTCC A AGGTCTTGG AC-3 ’

E.l/38g 57°C 5’-CCTTAAACATGGTTGTTAACATG-3’

E.l/38h 57°C 5’-GAATCCCTAGTTACTGGAAATG-3’

D Jl 154E9/1 57°C 5 ' -CCTTCTCC ATC ACCTCC A AG-3 '

D Jl 154E9/2 5T C  5 ' -CTCCTG ATCTC ACC AGTGTC-3 '

D Jl 154E9/3 59°C 5 ' -GT ACC ACAGA A ATC AAGGCTAG-3 '

DJ1154E9/4 59°C 5’-GAGCCCTAGCCTTGGCTTTC-3’
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C13-R57 C7-R21 C10-R28 C12-R8 C9-R13 C11-R6

C13-R15 C7-R47 C10-R44 C12-R64 C8-R58 C9-R66 | R2(B)

C11-R65

E,1

H E/H.3 
E (2.6kb) 
E/H.6 
(220bp)

H E/H.l
(5.4kb) à "

(330bp)

E/H.2 I pUC vector
(3.3kb) E (M13 REV end)

pUC vector 
(M13 FOR end)

Figure 2.1 -  Schemtaic diagram showing primers used to fill gaps in E.l sequence against a HindUl restriction 
map of pUC clone containing EcoRl restriction fragment E .l. This clone is represented by a horizontal line and 
the restriction sites are represented by vertical lines (E=EcoRI and Yi=Hind\H). The primers are represented by
arrows.



Y192dl0/T3/la Y192dl0/T3/lb Y192dl0/T7/lb Y192dl0/T7/la

Y192dl0/T3/2a Y192dl0/T3/2b Y192dl0/T7/2b Y192dl0/T7/2a

T3 end T7 end

E.2 ' E .l ' E.4W E .6
(l.Okb) (4.7kb) (13.5kb) (1.6kb)

cosmid Y192dl0

Figure 2.2 - Schematic diagram showing primers used to map the ends of cosmid Y192dl0 with respect 
to the PAC contig. The insert of this cosmid is represented as a horizontal line with the EcoRl sites 
indicated by vertical lines. The primers are represented by arrows.



2.1.8 Solutions

2.1.8(i) Denaturing Solution (0.5M NaOH, 1.5M NaCl)

20g of NaOH and 87.6g of NaCl were dissolved in 900ml of de-ionised water. The 

solution was made up to 11 with de-ionised water.

2.1.8(ii) 50x Demhardt's Solution

lOg of Ficoll (type 400), lOg of polyvinylpyrrolidone and lOg of BSA (fraction V) were 

dissolved in 900ml de-ionised water. The solution was made up to 11 with de-ionised 

water and stored at 4°C.

2.1.8(iii) 15% (w/v) Dextran Sulphate

150g of dextran sulphate was added to 800ml de-ionised water. The solution was 

heated to 65°C to dissolve the dextran sulphate. The solution was made up to 11 with 

de-ionised water and allowed to cool to room temperature.

2.1.8(iv) DNA Loading Buffer (0.25% (w/v) bromophenol blue, 0.25% (w/v)

xylene cyanol FF, 70% glycerol in TAB)

7ml of glycerol, 200p.l of 50xTAE (Section 2.1.8(xlvii)), 25ptg of bromophenol blue and 

25/xg of xylene cyanol FF were mixed together. The solution was made up to 10ml 

with de-ionised water.
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2,1.8(v) DNA Prep Solution 1 (50mM Glucose, 25mM Tris base, lOmM EDTA)

25ml of IM Tris base pH8.0 (Section 2.1.8(li)) and 20ml of 0.5M EDTA pH8.0 

(Section 2.1.8(ix)) were mixed with 900ml de-ionised water. 4.5g of glucose was 

dissolved in this solution. The solution was made up to 11 with de-ionised water.

2.1.8(vi) DNA Prep Solution 2(1%  (w/v) SDS, 0.2M NaOH)

0.8g of NaOH was dissolved in 80ml de-ionised water. 10 ml of 10% (w/v) SDS

(Section 2.1.8(xxxvi)) was added and the solution was made up to 100ml with de

ionised water.

2.1.8(vii) DNA Prep Solution 3 (3M KAc in HAc)

300ml of 5M KAc (Section 2.1.8(xxv)) and 57.5ml of glacial acetic acid were added to 

142.5ml of de-ionised water. The solution was well mixed.

2.1.8(viii) 50mM EDTA pHS.O

100ml of 0.5M EDTA pH8.0 (Section 2.1.8(ix)) was mixed with 900ml de-ionised 

water.

2.1.8(ix) 0.5M EDTA pHS.O

186.1 g of EDTA was dissolved in 900ml de-ionised water. The solution was adjusted 

to pH8.0 with lOM NaOH. The solution was made up to 11 with de-ionised water.
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2.1.8(x) 0.5MEGTA pH8.0

190.2g of EGTA was dissolved in 900ml de-ionised water. The solution was adjusted 

to pH8.0 with lOM NaOH. The solution was made up to 11 with de-ionised water.

2.1.8(xi) ESP (0.5M EDTA pH8.0, 1% (w/v) lauroyl sarcosine, 2mg/ml

Proteinase K)

25fxg of lauroyl sarcosine and 5mg proteinase K were mixed with 2ml of 0.5M EDTA 

pH8.0 (Section 2.1.8(ix)). The solution was made up to 2.5ml with 0.5M EDTA pH8.0.

2.1.8(xii) Extraction Buffer (lOmM Tris-HCl pH8.0, O.IM EDTA pH8.0, 0.5%

(w/v)SDS)

10ml of IM Tris-HCl pH8.0 (Section 2.1.8(lv)), 200ml of IM EDTA pH8.0 (Section 

2.1.8(ix)) and 25ml of 20% SDS (Section 2.1.8(xxxvii)) were mixed with 765ml de

ionised water.

2.1.8(xiii) FISH Hybridisation Mix (50% (w/v) formamide and 1% (w/v) Tween 20 

in IxSSC)

5ml of formamide, 4.9ml of 2xSSC (Section 2.1.8(xl)) and 0.1ml of Tween 20 were 

mixed together. Ig of dextran sulphate was dissolved in this solution, which was then 

sterilised by passing through a 22jLtm filter.

2 .1.8(xiv) FISH Solution 1

2.5/rl of 2mg/ml fluorescein avidin DCS and 2.5/rl of 200/rg/ml rhodamine-anti- 

digoxygenin were mixed with 1ml of 4STB (Section 2.1.8(xlv)).
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2.1.8(xv) FISH Solution 2

10/xl of 0.5mg/ml biotin-anti-avidin D was mixed with 1ml of 4STB (Section 

2.1,8(xlv)).

2.1.8(xvi) FISH Solution 3

2.5jLil of 2mg/ml fluorescein avidin DCS. was mixed with 1ml of 4STB (Section 

2.1.8(xlv)).

2,1.8(xvii) FISH Solution 4

5-6 drops of 2/rg/ml DAPI were mixed with 1ml of Citifluor.

2 .1.8(xviii) 50% {w/v) Formamide/2xSSC

50ml of formamide, 40ml of de-ionised water and 10ml of 20xSSC (Section 2.1.8(xli)) 

were mixed together.

2.1.8(xix) 70% (w/v) Formamide/2xSSC

70ml of formamide, 20ml of de-ionised water and 10ml of 20xSSC (Section 2.1.8(xli)) 

were mixed together.

2.1.8(xx) 0.25MHCI

6.5ml of concentrated HCl (11.5M) was added to 293.5ml of de-ionised water and the 

solution was mixed.
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2.1.8(xxi) 2M HEPES pH6.6

476.6g of HEPES was dissolved in 900ml of de-ionised water. The solution was 

adjusted to pH6.6 and made up to 11 with de-ionised water.

2.1.8(xxii) Hexamer Mix (5x Oligo-labelling buffer; IM HEPES, 100/xM dGTP,

dATP and dTTP, 250mM Tris base, 25mM MgCl^, 0.35% (w/v) P- 

Mercaptoethanol, 12.5U random hexanucleotide)

250/tl of 2M HEPES pH6.6 (Section 2.1.8(xx)), 0.5/zl each of 100/rM/ml dGTP, dATP 

and dTTP, 125^1 of IM Tris base pH 8.0 (Section 2.1.8(li)), 12.5/d of IM MgCl^ 

(Section 2.1.8(xxvii)), 1.75/xl of p-Mercaptoethanol and 100/xl of 125 U/ml random 

hexanucleotide were mixed together. The solution was made up to 500/d with de

ionised water and stored at -20°C.

2.1.8(xxiii) Hybridisation Mix

54ml of 15% dextran sulphate solution (Section 2.1.8(iii)), 8ml of 50x Demhardt's 

Solution (Section 2.1.8(ii)), 12ml of 20xSSPE (Section 2.1.8(xlv)) and 4ml of 20% SDS 

solution (Section 2.1.8(xxxvii)) were mixed together. 2ml of sonicated salmon sperm 

DNA was denatured by heating to 95°C for 5 minutes and then quenching on ice for 2 

minutes and was added to the Hybridisation Mix after it had reached temperature in the 

hybridisation oven.
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2.L8(xxiv) Hybridisation Wash 1 (2xSSC, 0.5% (w/v) SDS)

100ml of 20xSSC (Section 2.1.8(xli)) and 25ml of 20% SDS (Section 2.1.8(xxxvii)) 

were added to 875ml of de-ionised water and mixed.

2.1.8(xxv) Hybridisation Wash 2 (0.2xSSC, 0.5% (w/v) SDS, pre-warmed)

10ml of 20xSSC (Section 2.1.8(xli)) and 25ml of 20% SDS (Section 2.1.8(xxxvii)) were 

added to 965ml of de-ionised water and mixed.

2.1.8(xxvi) 5M KAc

490.7g of KAc was dissolved in 900ml of de-ionised water. The solution was made up 

to 11 with de-ionised water.

2.1.8(xxvii) 0.075MKCI

5.59g of KCl was dissolved in 900ml of de-ionised water. The solution was made up to 

11 with de-ionised water.

2.1.8(xxviii) IM  MgCl^

203.3g of MgClj was dissolved in 900ml of de-ionised water. The solution was made 

up to 11 with de-ionised water.

2.1.8(xxix) 3M NaAc pH5.6

246.1 g of NaAc was dissolved in 900ml of de-ionised water. The solution was adjusted 

to pH5.6 and made up to 11 with de-ionised water.
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2.1.8(xxx) 5M NaCl

292.2g of NaCl was dissolved in 900ml of de-ionised water. The solution was made up 

to 11 with de-ionised water.

2.1.8(xxxi) 0AM  NaOH

16g of NaOH was dissolved in 900ml de-ionised water. The solution was made up to 11 

with de-ionised water.

2.1.8(xxxii) Neutralising Solution (0.5M Tris base, 1.5M NaCl)

60.6g of Tris base and 87.7g of NaCl were dissolved in 900ml de-ionised water. The 

solution was made up to 11 with de-ionised water.

2.1.8(xxxiii) lOM NH^OAc

770.8g of NH4OAC was dissolved in 900ml de-ionised water. The solution was made 

up to 11 with de-ionised water.

2 .1.8(xxxiv) 28% (w/v) PEG 8000/20mM

280g of PEG 8000 and 4.1 g MgClj were dissolved in 900ml de-ionised water. The 

solution was made up to 11 with de-ionised water.
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2.1.8(xxxv) 20% (w/yj PEG &000/2. TVaCZ

200g of PEG 8000 and 146.Ig of NaCl were dissolved in 900ml de-ionised water. The 

solution was made up to 11 with de-ionised water.

2.1.8(xxxvi) 30% (w/v) PEG 8000/1.5M NaCl

300g of PEG 8000 and 87.7g of NaCl were dissolved in 900ml de-ionised water. The 

solution was made up to 11 with de-ionised water.

2.1.8(xxxvii) 10% (w/v) SDS

lOOg of SDS was dissolved in 900ml de-ionised water. The solution was made up to 11 

with de-ionised water.

2.1.8(xxxviii) 20% (w/v) SDS

200g of SDS was dissolved in 900ml de-ionised water. The solution was made up to 11 

with de-ionised water.

2.1.8(ixl) SE Buffer (75mM NaCl, 25mM EDTA)

4.38g of NaCl and 9 .3Ig of EDTA were dissolved in 900ml de-ionised water. The 

solution was made up to 11 with de-ionised water.

2.1.8(xl) IM  Sorbitol/0. IM  EDTA

182.2g of Sorbitol and 37.2g of EDTA were dissolved in 900ml de-ionised water. The 

solution was made up to 11 with de-ionised water.
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2.1.8(xli) 2xSSC

100ml of 20xSSC (Section 2.1.8(xli)) was mixed with 900ml of de-ionised water. 

2.1.8(xlii) lOxSSC

175.3g of NaCl and 88.2g of sodium citrate were dissolved in 900ml of de-ionised 

water. The solution was adjusted to pHT.O with NaOH. The solution was made up to 11 

with de-ionised water and sterilised by autoclaving.

2.1.8(xliii) OJxSSC/0.1% (w/v) SDS

5ml of 20xSSC (Section 2.1.8(xli)) and 5ml of 20% SDS (Section 2.1.8(xxxvii)) were 

mixed with 950ml de-ionised water. The solution was made up to 11 with de-ionised 

water.

2.1.8(xliv) 20xSSPE (3M NaCl, 0.2M NaM^PO^.H^O, 0.02M EDTA)

175.3g of NaCl, 27.6g of NaH2P04.H20 and 7.4g of EDTA were dissolved in 900ml de

ionised water. The solution was adjusted to pH7.4 with NaOH. The solution was made 

up to 11 with de-ionised water and sterilised by autoclaving.

2.1.8(xlv) 4ST

100ml of 20xSSC (Section 2.1.8(xli)) and 0.25ml of Tween 20 were mixed with 

399.75ml of de-ionised water.
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2.1.8(xlvi) 4STB (50ml 4ST, 1.5g BSA)

1.5g of BSA was dissolved in 50ml of 4ST (Section 2.1.8(xliv)).

2,1.8(xlvii) IxTAE

20ml of 50xTAE (Section 2.1.8(xlvii)) was mixed with 980ml of de-ionised water.

2.1.8(xlviii) SOxTAE (2M Tris-acetate, 0.05M EDTA)

242g of Tris base was dissolved in 800ml de-ionised water. 57.1ml of glacial acetic 

acid and 100ml of 0.5M EDTA (pH8.0) were added and the solution was made up to 11 

with de-ionised water.

2.1.8(il) O.SxTBE

50ml of lOxTBE (Section 2.1.8(il)) was mixed with 950ml of de-ionised water.

2.1.8(1) lOxTBE (0.9M Tris-borate, 0.02M EDTA)

108g of Tris base and 55g of boric acid were dissolved in 900ml de-ionised water. 

40ml of 0.5M EDTA (pH8.0) was added and the solution was made up to 11 with de

ionised water.

2.1.8(h) TE (lOmM Tris, ImM EDTA)

10ml of IM Tris base (pH8.0) and 2ml of 0.5M EDTA (pH8.0) were added to 900ml of 

de-ionised water. The solution was made up to 11 with de-ionised water.
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2.1.8(lii) IM  Tris base pH8.0

121.14g of Tris base was dissolved in 900ml de-ionised water. The solution was 

adjusted to pH8.0 with lOM HCl. The solution was made up to 11 with de-ionised 

water.

2.1.8(liii) 50mM Tris base pH8.0/20mM EDTA pH8.0

50ml of IM Tris base pH8.0 (Section 2.1.8(h)) and 40ml of 0.5M EDTA pH8.0 

(Section 2.1.8(ix)) were mixed with 910ml of de-ionised water.

2.1.8(liv) IM  Tris-HCl pH8.0

157.6g of Tris-HCl was dissolved in 900ml de-ionised water. The solution was 

adjusted to pH8.0. The solution was made up to 11 with de-ionised water.
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2.2 Methods

2.2.1 Yeast DNA Purification

Y AC clones were obtained from Dr Steve Scherer (Department of Genetics, The 

Hospital for Sick Children, Toronto, Canada). The clones belong to the Hospital for 

Sick Children chromosome 7-specific (HSC7) library and are cloned in pYAC4 vector 

(Scherer, 1992).

The Y AC clone was plated on a YAC agar plate (Section 2.1.3(vi)) and incubated at 

30°C for 48 hours. A single yeast colony of the YAC clone was picked from the plate 

and used to inoculate 15ml YAC Broth (Section 2.1.3(v)) in a 50ml tube, which was 

incubated for 48 hours at 30°C with shaking (200rpm). The tube was centrifuged at 

900g for 5 minutes. The yeast pellet was resuspended in 500pl of IM Sorbitol/0.IM 

EDTA (Section 2.1.8(xl)) and transferred to a 1.5ml Eppendorf tube. lOpl of 50mg/ml 

zymolase 60,000 (Section 2.1.5) was added and the tube was incubated at 37°C for 60 

minutes. The tube was centrifuged at 11600g for 1 minute. The pellet was resuspended 

in 500|uL1 of 50mM Tris pH8.0/20mM EDTA pH8.0 (Section 2.1.8(liii)). 50|il of 10% 

SDS (Section 2.1.8(xxxvii)) was added and the tube was agitated vigourously, then 

incubated at 65°C for 30 minutes. 200pl of 5M KAc (Section 2.1.8(xxvi)) was added 

and mixed with the DNA solution and the tube was incubated on ice for 60 minutes. 

The tube was centrifuged at 11600g for 5 minutes. The supernatant containing the 

DNA was transferred to a fresh tube, mixed with an equal volume of isopropanol and 

the tube was incubated at room temperature for 5 minutes. The tube was centrifuged at 

11600g for 1 minute, the supernatant was discarded and the DNA pellet was air-dried, 

then resuspended in 300pl TE (Section 2.1.8(h)). 15pl of 1 mg/ml RNase A (Section 

2.1.5) was added and the tube was incubated at 37°C for 30 minutes. 30pl of 3M NaAc 

pH5.6 (Section 2.1.8(xxix)) and 200pl of isopropanol were added and the tube was 

incubated at room temperature for 5 minutes. The tube was centrifuged at 11600g for 1
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minute, the supernatant was discarded and the DNA pellet was air-dried. The pellet was 

resuspended in 100-300pl TE (Section 2.1.8(h)).

2.2.2 Preparation of Yeast DNA Plugs

YAC clones were obtained from Dr Steve Scherer (Department of Genetics, The 

Hospital for Sick Children, Toronto, Canada). The clones belong to the Hospital for 

Sick Children chromosome 7-specific (HSC7) library and are cloned in pYAC4 vector 

(Scherer, 1992).

The YAC clone was plated on a YAC agar plate (Section 2.1.3(vi)) and incubated at 

30°C for 48 hours. A single yeast colony of the YAC clone was picked from the plate 

and used to inoculate 10ml YAC Broth (Section 2.1.3(v)) in a 50ml tube, which was 

incubated for 48 hours at 30°C with shaking (200rpm). The tube was centrifuged at 

900g for 5 minutes and the yeast pellet was resuspended in 1ml of 0.5M EDTA pH8.0 

(Section 2.1.8(ix)). The tube was again centrifuged at 900g for 5 minutes and this time 

the yeast pellet was resuspended in double the volume (of the pellet) of 50mM EDTA 

pH8.0 (Section 2.1.8(viii)) containing 1 mg/ml zymolase 60,000 (Section 2.1.5). The 

tube was incubated at room temperature for 10-30 minutes. An equal volume of 1.5% 

PBS LMP agarose (1.5% LMP agarose in PBS), pre-warmed at 38-40°C for 5 minutes, 

was added and mixed well. The mixture was then poured into 80/tl moulds ("plug 

formers" -  supplied with PFGE equipment; Section 2.2.3) and allowed to set. The 

plugs were then blown out of the mould into a 15ml tube with a rubber pipette bulb. 

5ml of 0.5M EDTA pH8.0 (Section 2.1.8(ix)) containing 7.5% P-mercaptoethanol was 

added and the tube was incubated overnight at 37°C with gentle shaking (lOOrpm). The 

plugs were rinsed in 50mM EDTA pH8,0 (Section 2.1.8(viii)), then transferred to a 

15ml tube containing 2.5ml of ESP (Section 2.1.8(xi)) and incubated at 55°C for 48 

hours. The plugs were rinsed twice in 1ml TE (Section 2.1.8(h)) and then incubated in
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1ml TE with 0.4mg/ml PMSF at 37°C for 2 hours. The plugs were rinsed well with TE 

and then stored in TE at 4°C.

2.2.3 YAC Pulsed-Field Gel Electrophoresis tPFGEl

PFGE to determine size of YAC clones was performed using the Pharmacia LKB 2015 

Pulsaphor System. A 0.5xTBE/l%  agarose gel was prepared using a gel former 

(supplied with PFGE equipment). Yeast DNA plugs (cut in half with a scalpel) were 

inserted into wells of gel and the wells were sealed with 1% LMP agarose using a glass 

pipette. Plugs of yeast chromosome DNA marker were inserted in the outermost wells 

and sealed in the same way. The gel was placed in the electrophoresis tank, which was 

filled with 0.5x TBE buffer (Section 2.1.8(xlix)) that had been cooled to 10°C, and the 

electrode array was put in place. The gel was run at 200V with a pulse time of 70 

seconds for 15 hours and 120 seconds for 12 hours. Afterwards the gel was stained 

with 0.5/xg/ml ethidium bromide solution for 30 minutes and then destained with de

ionised water for 30 minutes. A photograph of the gel was taken and the distance of 

marker bands from the wells was measured. The gel was then blotted (Section 2.2.8) 

and probed with radioactively-labelled total human DNA which had been purified from 

peripheral blood cells (Sections 2.2.6(i), 2.2.10(i) and 2.2.1 l(i)) in order to visualise the 

YAC clone. The size of the YAC clone was then calculated.

2.2.4 PAC Library Screening

Library filters of the De Jong Human Genomic PAC Library (in pCYPAC2N vector; 

unpublished) were obtained from the UK MRC Human Genome Mapping Project 

Resource Centre (HGMP-RC) in Hinxton, Cambridgeshire. YAC DNA was labelled 

with a^^P-dCTP (Section 2.2.10(ii)) and hybridised to the PAC library filters (Section 

2.2.11(ii)). Positive clones were then identified from the autoradiographs.
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2.2.5 PAC DNA Purification

Individual clones of the De Jong Human Genomic PAC Library which were identified 

by library screening were obtained from the UK MRC HGMP-RC. Sequenced clones 

which were identified by BLAST searches were obtained directly from Pieter de Jong, 

Roswell Park Cancer Institute, Buffalo NY, USA.

2.2.5(i) PAC DNA mini-prep

The PAC clone was plated on an LB agar plate (Section 2.1.3(ii)) containing 25mg/ml 

kanamycin (Section 2.1.1) and incubated overnight at 37°C. A single bacterial colony 

of the PAC clone was picked and used to inoculate 10ml Terrific Broth (Section 

2.1.3(iv)) containing 25mg/ml kanamycin (Section 2.1.1) in a 50ml tube, which was 

incubated overnight at 37°C with shaking (200rpm). The tube was centrifuged at 2000g 

for 5 minutes. The bacterial pellet was resuspended in 2ml ice-cold DNA Prep Solution 

1 (Section 2.1.8(v)) by vortexing and left on ice for 10 minutes. 4ml freshly made DNA 

Prep Solution 2 (Section 2.1.8(vi)) at room temperature was added, the solutions gently 

mixed and left on ice for 10 minutes. 2ml ice-cold DNA Prep Solution 3 (Section 

2.1.8(vii)) was added, the solutions gently mixed and left on ice for 20 minutes. The 

tube was centrifuged at 2000g for 10 minutes. The supernatant was transferred to a 

15ml tube, mixed with 5ml isopropanol and left at room temperature for 30-45 minutes. 

The tube was centrifuged at 2000g for 10 minutes. The supernatant was discarded and 

the DNA pellet was air-dried. The pellet was resuspended in 200jtil TE (Section 

2.1.8(H)). 2p\ RNase A (Section 2.1.5) was added and the tube was incubated at 37°C 

for 15 minutes. The remainder of the protocol utilises the various parts of the Hybaid 

Recovery Plasmid Mini-prep Kit, supplied by Hybaid Ltd, Teddington, Middlesex (Spin 

Filter, Catch Tube, Binding Buffer, Wash Solution). The DNA solution was transferred 

to a Spin Filter held in a Catch Tube. 250jtil Binding Buffer was added, the solutions 

were mixed with a pipette and the tube was centrifuged at 16000g for 1 minute. The
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liquid in the Catch Tube was discarded. 500/xl Wash Solution was added to the Spin 

Filter and the tube was again centrifuged at 16000g for 1 minute. The liquid in the 

Catch Tube was again discarded. The tube was centrifuged at 16000g for another 

minute and the Spin Filter was transferred to a clean Catch Tube. 50/zl TE (Section 

2.1.8(h)) was added to the Spin Filter and the tube was incubated in a waterbath at 65°C 

for 10 minutes. The tube was briefly vortexed and immediately centrifuged at 16000g 

for 1 minute. The spin filter was discarded, leaving the purified DNA solution in the 

catch tube.

2.2.5(ii) PAC DNA midi-prep

The PAC clone was plated on an LB agar plate (Section 2.1.3(ii)) containing 25mg/ml 

kanamycin (Section 2.1.1) and incubated overnight at 37°C. A single bacterial colony 

of the PAC clone was picked and used to inoculate 50ml Terrific Broth (Section 

2.1.3(iv)) containing 25mg/ml kanamycin (Section 2.1.1) in a 250ml conical flask, 

which was incubated overnight at 37°C with shaking (200rpm). The culture was 

transferred to a 50ml tube, which was centrifuged at 2000g for 5 minutes. The bacterial 

pellet was resuspended in 7.5ml ice-cold DNA Prep Solution 1 (Section 2.1.8(v)) and 

left on ice for 10 minutes. 15ml freshly made DNA Prep Solution 2 (Section 2.1.8(vi)) 

at room temperature was added, the solutions gently mixed and left on ice for 10 

minutes. 7.5ml ice-cold DNA Prep Solution 3 (Section 2.1.8(vii)) was added, the 

solutions gently mixed and left on ice for 20 minutes. The tube was centrifuged at 

2000g for 10 minutes. The supernatant was filtered through gauze into a clean 50ml 

tube. The volume was made up to 50ml with isopropanol, the solutions were mixed by 

inverting and left at room temperature for 30-45 minutes. The tube was centrifuged at 

2000g for 10 minutes. The DNA pellet was resuspended in 3ml TE (Section 2.1.8(h)), 

transferred to a 15ml tube and 1ml of lOM NH^OAc (Section 2.1.8(xxxiii)) was added. 

The tube was left on ice for 20 minutes. The tube was centrifuged at 2000g for 10 

minutes. The supernatant was transferred to a clean 15ml tube, 2.5 volumes of ethanol

151



was added and the tube was left on ice for 30 minutes. The tube was centrifuged at 

2000g for 10 minutes. The supernatant was discarded and the DNA pellet was 

resuspended in 300/xl TE (Section 2.1.8(H)). The solution was transferred to a 1.5ml 

Eppendorf tube, 3/d RNase A (Section 2.1.5) was added and the tube was incubated at 

37°C for 15 minutes. 300/tl of 28% PEG 8000/20mM MgClj (Section 2.1.8(xxxiv)) 

solution was added, the solutions were mixed by inverting and the tube was left at room 

temperature for 30 minutes. The tube was centrifuged at 16000g for 10 minutes. The 

supernatant was discarded and the DNA pellet was washed with 1ml 70% ethanol. The 

tube was centrifuged at 16000g for several minutes, the supernatant was discarded and 

the pellet was resuspended in lOO/il TE (Section 2.1.8(H)).

2.2.5(iii) PAC DNA maxi-prep

The FAC clone was plated on an LB agar plate (Section 2.1.3(H)) containing 25mg/ml 

kanamycin (Section 2.1.1) and incubated overnight at 37°C. A single bacterial colony 

of the FAC clone was picked and used to inoculate 250ml Terrific Broth (Section 

2.1.3(iv)) containing 25mg/ml kanamycin (Section 2.1.1) in a 11 conical flask, which 

was incubated overnight at 37°C with shaking (200rpm). The culture was transferred to 

a 300ml Sorvall centrifuge bottle and centrifuged at 10700g for 10 minutes. The 

bacterial pellet was resuspended in 40ml ice-cold DNA Frep Solution 1 (Section 

2.1.8(v)) and left on ice for 10 minutes. 80ml of freshly made DNA Frep Solution 2 

(Section 2.1.8(vi)) at room temperature was added, the solutions gently mixed and left 

on ice for 10 minutes. 40ml ice-cold DNA Frep Solution 3 (Section 2.1.8(vii)) was 

added, the solutions gently mixed and left on ice for 20 minutes. The bottle was 

centrifuged at 10700g for 10 minutes. The supernatant was filtered through gauze into a 

clean 300ml Sorvall centrifuge bottle and 100ml isopropanol was added. The solutions 

were mixed and left at room temperature for 30-45 minutes. The bottle was centrifuged 

at 10700g for 10 minutes. The supernatant was discarded and the DNA pellet was 

resuspended in 7.5ml TE (Section 2.1.8(H)). The solution was transferred to a 15ml
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tube, 2.5ml lOM NH^OAc (Section 2.1.8(xxxiii)) was added and the tube was left on ice 

for 20 minutes. The tube was centrifuged at 2000g for 5 minutes. The supernatant 

containing the DNA was transferred to a 50ml tube, 2.5 volumes of ethanol was added 

and the tube was left on ice for 30 minutes. The tube was centrifuged at 2000g for 10 

minutes. The DNA pellet was resuspended in 500/tl de-ionised water and the solution 

was transferred to a 1.5ml Eppendorf tube. RNase A (Section 2.1.5) was added to 

20jLig/ml and the tube was incubated at 37°C for 15 minutes. The DNA was then further 

purified using a Qiagen-tip Q-lOO Plasmid Mini-prep Kit, supplied by Qiagen Ltd., 

Crawley, West Sussex, according to the manufacturer’s instructions.

2.2.6 Genomic DNA Purification

2.2.6(i) From blood

Some genomic DNA samples prepared from peripheral blood were supplied by Dr 

Chris Jones (Molecular Haematology Unit, Institute of Child Health, London). The 

others were prepared by the following technique.

A 20ml blood sample was frozen at -20°C and then thawed. The blood was poured into 

a 50ml tube which was filled with Extraction Buffer (Section 2.1.8(xii)). The tube was 

rotated at room temperature for 10 minutes. The tube was removed from the rotator and 

centrifuged at 2000g for 10 minutes. The supernatant was removed. The process of 

adding Extraction Buffer, rotating, centrifuging and pouring off supernatant was 

repeated until most of the red colour had gone. The white blood cell pellet was 

resuspended in 5ml Extraction buffer. Proteinase K (Section 2.1.5) was added to 

100/xg/ml final concentration and incubated overnight at 55°C.

2ml of 5M NaCl (Section 2.1.8(xxx)) and 14ml (2 volumes) of chloroform were added 

and the tube was rotated at room temperature for 1 hour. The tube was removed from

153



the rotator and centrifuged at 2000g for 10 minutes. The supernatant was removed, 

mixed with an equal volume of isopropanol and incubated at room temperature for 30- 

45 minutes. The precipitated DNA was lifted out of the tube with a plastic loop and 

placed in a 1.5ml Eppendorf tube containing 1ml of 70% ethanol, which was left at 

room temperature for 1 hour. The tube was centrifuged at 11600g for 5 minutes. The 

DNA pellet was resuspended in 200/xl TE (Section 2.1.8(h)).

2.2.6(ii) From cultured cells

The cells were spun down at 220g for 10 minutes and resuspended in 5ml SE Buffer 

(Section 2.1.8(xxxix)). 250^1 of 20% SDS (Section 2.1.8(xxxviii)) was added,

proteinase K (Section 2.1.5) was added to lOOjUg/ml final concentration and the tube 

was incubated overnight at 55°C. The solution was mixed with an equal volume of 

phenol, then centrifuged at 2000g for 10 minutes. The upper phase was transferred to a 

clean 15ml tube, mixed with an equal volume of chloroform and centrifuged at 2000g 

for 10 minutes. This step was repeated. The upper phase was transferred to a clean 

15ml tube, mixed with an equal volume of isopropanol and incubated at room 

temperature for 30-45 minutes. The precipitated DNA was lifted out of the tube with a 

plastic loop and placed in a 1.5ml Eppendorf tube containing 1ml of 70% ethanol, 

which was left at room temperature for 1 hour. The tube was centrifuged at 11600g for 

5 minutes. The DNA pellet was resuspended in 200/tl TE (Section 2.1.8(h)).

2.2.7 Restriction digests

2.2.7(i) With PAC DNA

500ng of PAC DNA was digested with EcoRI (Section 2.1.5) in a 20/tl reaction volume 

containing 1/xl (lOU) restriction enzyme and 2/tl restriction enzyme buffer by overnight 

incubation at 37°C. The digests were resolved on a 1% TAE agarose gel which was
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run overnight at 25V.

2.2.7(ii) With Cosmid DNA

500ng of cosmid DNA was digested with EcoRI (Section 2.1.5) in a 20/xl reaction 

volume containing 1/xl (lOU) restriction enzyme and 2/xl restriction enzyme buffer by 

overnight incubation at 37°C. The digests were resolved on a 1% TAE agarose gel 

which was either run overnight at 25V or for 2-3 hours at lOOV.

2.2.7(iii) With Genomic DNA

Restriction digests of genomic DNA for Southern blotting used 10-15/xg of DNA in a 

100/xl digest containing 10/xl (lOOU) restriction enzyme (Section 2.1.5) and 10/tl 

restriction enzyme buffer, which was incubated overnight at the appropriate temperature 

for the enzyme. The digests were reduced to a volume of 15-20/xl in a DNA 

Concentrator (Jencons (Scientific) Ltd, Leighton Buzzard, Bedfordshire), before adding 

2/xl DNA loading buffer (Section 2.1.8(iv)) and loading on a 1% TAE agarose gel. The 

gel was run overnight at 25V.

2.2.8 Southern Blotting

The agarose gel to be blotted was first washed in 0.25M HCl (Section 2.1.8(xx)) for 10- 

15 minutes, then in Denaturing Solution (Section 2.1.8(i)) for 30 minutes.

To set up the blot 3MM paper was wrapped around an inverted gel tray and placed in a 

larger plastic tray. 500ml of 0.4M NaOH (Section 2.1.8(xxxi)) was poured over the 

paper and a plastic 10ml pipette was used to iron out any bubbles. The agarose gel was 

then placed face down on the 3MM paper. Extra 0.4M NaOH was added around the 

edges of the gel and any bubbles were ironed out. N+- hybond membrane (wetted in
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Denaturing Solution) was placed over the gel and any bubbles were ironed out. Three 

sheets of 3MM paper (wetted in Denaturing Solution) were laid over the membrane one 

at a time in the same way. Dry paper towels were then piled on top of the wet 3MM 

paper. Another plastic tray containing a heavy weight was placed on top of the paper 

towels. Strips of Parafilm were placed around the edges of the gel to prevent the NaOH 

soaking straight up into the paper towels. The blot was left overnight.

The paper towels and 3MM paper were removed from on top of the membrane. The 

membrane and gel were turned over together and the positions of the loading wells in 

the agarose gel were marked onto the filter with a pencil. The membrane was rinsed in 

Neutralising Solution (Section 2.1.8(xxxii)), then 2xSSC (Section 2.1.8(xli)), each for 

several minutes. The membrane was dried for 15-30 seconds (depending on size) in a 

600W microwave oven on full power.

2.2.9 Dot blotting

Dot blots of DNA from YAC, FAC and cosmid clones were made using the Bio-Dot 

Microfiltration Apparatus supplied by BioRad Laboratories Ltd., Hemel Hempstead, 

Hertfordshire, according to the manufacturer’s instructions.

2.2.10 Radioactive Probe labelling 

2.2.10(i) With Genomic DNA

Genomic DNA was radioactively labelled with a^^P-dCTP by incorporation with 

Klenow fragment as described for PAC clones below, although 1/xg of DNA was used 

rather than lOOng.
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2.2.10(ii) With YAC DNA

YAC DNA was radioactively labelled with a^^P-dCTP by incorporation with Klenow 

fragment. 300ng of yeast DNA from the YAC clone was made up to 39^1 in a 1.5ml 

Eppendorf tube with de-ionised water. The tube (the cap having been pierced with a 

needle) was placed in a heating block at 95 °C for 5 minutes, then placed on ice. 12/xl of 

Hexamer Mix (Section 2.1.8(xxii)), 3/tl (15U) Klenow fragment (Section 2.1.5) and 6/xl 

a^^P-dCTP (Section 2.1.4) were added and the tube was incubated at room temperature 

for 2-3 hours.

lOOfJil of TE (Section 2.1.8(h)) was added to the labelled probe, which was then 

transferred to the top of a Sephadex G50 column held in a 15ml tube. The column was 

spun at 350g for 3 minutes. The amount of incorporation of the radionucleotide into the 

probe was determined by comparing the counts from the column and from the catch 

tube.

The probe was transferred to a 1.5ml Eppendorf tube containing 300/xl 20xSSC (Section 

2.1.8(xlii)) and 150/xl human Cot-1 DNA (Section 2.1.4) and incubated at 95°C for 2-5 

minutes, then left on ice for 2 minutes. The tube was then incubated in the 

hybridisation oven for 1.5-2 hours at 65°C.

2.2.10(iii) With PAG DNA

PAC DNA was radioactively labelled with a^^P-dCTP by incorporation with Klenow 

fragment. lOOng of PAC DNA was made up to 13^1 in a 1.5ml Eppendorf tube with 

de-ionised water. The tube (the cap having been pierced with a needle) was placed in a 

heating block at 95°C for 5 minutes, then placed on ice. 4fi\ of Hexamer Mix (Section 

2.1.8(xxii)), 1/xl (5U) Klenow fragment (Section 2.1.5) and 2/xl a^^P-dCTP (Section

2.1.4) were added and the tube was incubated at room temperature for 2-3 hours.
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lOOjLil of TE (Section 2.1.8(H)) was added to the labelled probe, which was then 

transferred to the top of a Sephadex G50 column held in a 15ml tube. The column was 

spun at 350g for 3 minutes. The amount of incorporation of the radionucleotide into the 

probe was determined by comparing the counts from the column and from the catch 

tube.

The probe was transferred to a 1.5ml Eppendorf tube containing 100/xl 20xSSC (Section 

2.1.8(xlii)) and 50/xl human Cot-1 DNA (Section 2.1.4) and incubated at 95°C for 2-5

minutes, then left on ice for 2 minutes. The tube was then incubated in the

hybridisation oven for 1.5-2 hours at 65°C.

2.2.10(iv) With Cosmid DNA

Cosmid DNA was radioactively labelled with a^^P-dCTP by incorporation with Klenow 

fragment exactly as described in Section 2.2.10(iii).

2.2.10(v) With pUC DNA

DNA of pUC clones was radioactively labelled with a^^P-dCTP by incorporation with 

Klenow fragment exactly as described in Section 2.2.10(iii).

2.2.lO(vi) With PCR Products

PCR products larger than 200bp were radioactively labelled with a^^P-dCTP by 

incorporation with Klenow fragment exactly as described in Section 2.2.10(iii). PCR 

products smaller than 200bp were radioactively labelled with y^^P-ATP by end-labelling 

with PNK exactly as described for oligonucleotides in Section 2.2.10(vii).
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2.2.10(vii) With Oligonucleotides

Oligonucleotides were radioactively labelled with y^^P-ATP by end-labelling with PNK 

(polynucleotide kinase). 50ng of oligonucleotide, 1/d of lOx PNK buffer, 1/d (lOU) of 

PNK (Section 2.1.5) and 5/xl y^^P-ATP (Section 2.1.4) were mixed in a 1.5ml Eppendorf 

tube and made up to lO/xl with de-ionised water. The tube was incubated at 37“C for 30 

minutes.

lOO/il of TE (Section 2.1.8(h)) was added to the labelled probe, which was then 

transferred to the top of a Sephadex G50 column held in a 15ml tube. The column was 

spun at 350g for 3 minutes. The amount of incorporation of the radionucleotide into the 

probe was determined by comparing the counts from the column and from the catch 

tube.

2.2.11 Hybridisation of Radioactive Probes 

2.2.1 l(i) With Genomic DNA Probes

The blotted membrane was rinsed in 2xSSC (Section 2.1.8(xli)), rolled up, inserted into 

a hybridisation bottle (which had also been rinsed with 2xSSC) and unrolled. 20ml 

Hybridisation Mix (Section 2.1.8(xxiii)) was added to the bottle, which was placed in 

the hybridisation oven at 65°C for at least 15 minutes. The probe was added to the 

bottle, which was incubated overnight in the hybridisation oven at 65 °C.

The membrane was washed (in hybridisation oven at 65°C) for 30 minutes in 

Hybridisation Wash 1 (Section 2.1.8(xxiv)) and 30 minutes in Hybridisation Wash 2 

(Section 2.1.8(xxv)). The membrane was blotted dry with paper towel before being 

wrapped in Saran wrap, placed in autoradiograph cassettes, overlaid with Kodak X-
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OMAT XAR-5 film (Section 2.1.6) and left overnight to expose the film. The film was 

developed.

Membranes carrying genomic DNA were stripped of radioactive probe by incubation 

for several minutes in boiling 0.1xSSC/0.1%SDS solution (Section 2.1.8(xliii)). 

Membranes carrying PAC, cosmid or pUC DNA were stripped of radioactive probe by 

washing in 0.4M NaOH (Section 2.1.8(xxxi)) at 65°C for 30 minutes.

2.2.11(ii) With YAC DNA Probes

Hybridisation bottles were rinsed with 2xSSC (Section 2.1.8(xli)). The seven filters of 

the PAC library were rinsed in 2xSSC, rolled up, inserted into bottles three 

hybridisation bottles (which had also been rinsed with 2xSSC) and unrolled. 20ml 

Hybridisation Mix (Section 2.1.8(xxiii)) was added to each of the bottles, which were 

placed in the hybridisation oven at 65“C for at least 15 minutes.

The probe was divided equally between the hybridisation bottles, which were incubated 

overnight in the hybridisation oven at 65°C.

The filters were washed (in hybridisation oven at 65°C) for 30 minutes in Hybridisation 

Wash 1 (Section 2.1.8(xxiv)) and 30 minutes in Hybridisation Wash 2 (Section 

2.1.8(xxv)). The filters were blotted dry with paper towel before being wrapped in 

Saran wrap, placed in autoradiograph cassettes, overlaid with Kodak X-OMAT XAR-5 

film (Section 2.1.6) and left overnight to expose the film. The film was developed.

The filters were stripped of radioactive probe by incubation for several minutes in 

boiling 0.2xSSC/0.1% SDS solution (Section 2.1.8(xliii)) in order to be reused.
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2.2.1 l(iii) With PAC DNA Probes

This procedure was performed as described in Section 2.2.11 (i), except that the length 

of exposure of the filter to X-ray film was set according to the amount of DNA on the 

filter and the activity of the probe.

2.2.11 (iv) With Cosmid DNA Probes

This procedure was performed as described in Section 2.2.11(i), except that the length

of exposure of the filter to X-ray film was set according to the amount of DNA on the

filter and the activity of the probe.

2.2.11 (v) With pUC DNA Probes

This procedure was performed as described in Section 2.2.1 l(i), except that the length 

of exposure of the filter to X-ray film was set according to the amount of DNA on the 

filter and the activity of the probe.

2.2.11 (vi) With PCR Product Probes

This procedure was performed as described in Section 2.2.11(i), except that the 

temperature of the hybridisation oven was set according to the annealing temperature of 

the PCR product probe and the length of exposure of the filter to X-ray film was set 

according to the amount of DNA on the filter and the activity of the probe.

2.2.11 (vii) With Oligonucleotide Probes

This procedure was performed as described in Section 2.2.1 l(i), except that the 

temperature of the hybridisation oven was set according to the annealing temperature of
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the oligonucleotide probe and the length of exposure of the filter to X-ray film was set 

according to the amount of DNA on the filter and the activity of the probe.

2.2.12 Bubble PCR

2.2.12(i) Using Own Protocol

For generating PAC end clones by bubble PCR (Chapter 3), oligonucleotides designed 

previously in this laboratory by Mark Booth and a self-designed protocol were used.

Bubble PCR was first described by Riley et al (1990) and consists of three steps. The 

template DNA (in this case a PAC clone) is first digested with a restriction enzyme. In 

this case, six different restriction enzymes (EcoRV, Nael, Pvull, Seal, Smal and Sspl), 

all producing blunt-ended fragments, were used. The digested DNA is then ligated with 

the bubble linker, in this case also blunt-ended. The two strands of the linker have 

regions of non-complementary sequence in the centre, flanked by complementary 

sequences at either end, which is the basis of the specificity of the technique. A slight 

excess of the linker is used so that every restriction fragment end should acquire a 

linker. The products of these ligation reactions are referred to as bubble libraries and 

are used as the template for a PCR reaction with the bubble primer and a specific primer 

(in this case the SP6 or T7 primers, since an SP6 and a T7 promoter flank the cloning 

site of the PAC vector). The bubble primer has identical sequence to part of the central, 

non-complementary region of one strand of the bubble linker. This means that, at the 

beginning of the PCR reaction, the target for this primer is not present. Therefore in the 

first round of the PCR reaction, only the SP6 or the T7 primer (whichever is being used) 

will find its target and be extended. However, as it is extended, the target for the bubble 

primer will be generated, so that from the second round onwards extension will occur 

from both primers. This effectively means that it is possible to selectively amplify the 

region between either the SP6 or the T7 promoter and the first cutting site of whichever
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restriction enzyme has been used. By using a number of appropriate restriction 

enzymes, it should be possible to amplify suitably sized fragments from either end of 

the insert.

To create the bubble linker, 100 pmol (approximately 1.5pg) of each of the two bubble 

oligonucleotides (Section 2.1.7) were annealed together by incubating in a 10/xl volume 

containing 1/d of lOx NH4 PCR buffer (Promega) at 37°C for 1 hour and then leaving 

on ice for 5 minutes. Once annealed, the two bubble oligonucleotides create a blunt- 

ended bubble, due to the central non-com plem entary regions of the two 

oligonucleotides. This solution was then made up to 100/d with de-ionised water.

To start the bubble PCR procedure, 50ng of PAC DNA was digested with a blunt- 

cutting restriction enzyme (1/xl (lOU) of EcoRW, Nael, Pvull, Seal, Sm al or Sspl -  

Section 2.1.5 - and 1/xl of lOx restriction enzyme buffer in a 10/xl volume) for 30 

minutes at 25°C or 37°C, depending on the restriction enzyme used. The DNA was 

precipitated by mixing with 1/xl of 3M NaAc pH5.6 (Section 2.1.8(xxix)) and 20/xl 

100% ethanol and incubating at -20°C for 25 minutes. The tube was then centrifuged at 

11600g for 5 minutes, the supernatant removed and the pellet allowed to air-dry. It was 

necessary to ligate an excess of annealed bubble to the digested PAC DNA (relative to 

the number of dsDNA ends). 50ng of PAC DNA (average clone size 120kb) digested 

with a restriction enzyme with a 6bp cutting site was estimated to have approximately 

40fmol of dsDNA ends. It was therefore ligated with I/xl (Ipmol) of annealed bubble. 

1/xl annealed bubble, 1/xl (3U) T4 DNA ligase (Section 2.1.5), I/xl lOx ligase buffer and 

7/xl de-ionised water were added to the tube containing the dried DNA pellet. The 

contents were mixed and the tube was left at room temperature for 3 hours. To amplify 

the desired product from a bubble library, 5/xl of the ligation reaction was added to a 

50/xl PCR reaction containing the bubble primer and either the SP6 or the T7 primer 

(5/xl lOx NH4 PCR buffer (Promega), 1.5/xl MgClj, 0.5/xl dNTPs, 1/xl Bub primer 

(Section 2.1.7), 1/xl SP6 or T7 primer (Section 2.1.7), 0.25/xl (1.25U) Tag polymerase
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(Section 2.1.5), 40.25/xl de-ionised water). The DNA was initially denatured at 94°C 

for 2 minutes and then 30 cycles of 94°C/1 minute, 50°C/1 minute and 72°C/2 minutes 

were performed in an MJR Thermal Cycler.
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bubble linker

bubble primer

PAC clone (insert is shown in blue and vector in green) 

SP6 T7

digestion with restriction enzyme

SP6 T7

ligation with bubble linker (shown in red)

SP6 T7

PCR with bubble primer and either SP6 
or T7 primer

continued on next page
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1st cycle: (with SP6 primer)

fragments denatured; bubble primer 
cannot anneal because target not 
present; SP6 primer anneals and is 
extended across bubble, creating 
target for bubble primer

SP6

2nd cycle:

bubble primer anneals to product 
of first round and is extended, 
creating the first dsDNA product 
of the reaction

further cycles:

desired dsDNA product is 
amplified

Figure 2.3 - Graphical illustration of bubble-PCR procedure for PAC end-cloning.
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2.2.12(ii) Using Vectorette II Kit

For cloning the inversion breakpoints from the DD1027 cell line (Chapter 6), the 

Vectorette II Kit from Sigma-Genosys, Cambridge, UK was used according to 

manufacturer’s instructions. This kit contains linkers with BamHl, Clal, EcoRl and 

HindUl overhanging ends, as well as a blunt-ended linker. TaKaRa LA Taq polymerase 

(supplied by Bio Whittaker, Wokingham, Berkshire) was used to amplify the libraries.

2.2.13 Cloning PCR products in pGEM-T

PCR products were purified using the Wizard PCR Prep Kit (Promega), according to 

the m anufacturer’s instructions. Approximately 50ng each of pGEM-T vector 

(Promega) and PCR product were ligated together in a 10/xl reaction containing 1/xl 

(3U) T4 DNA ligase (Section 2.1.5) and 1/xl lOx ligase buffer at 14°C overnight. The 

ligation products were then transformed into XL-2 Blue Ultracompetent Cells 

(Stratagene, La Jolla CA, USA), and colonies containing recombinant clones were 

grown, according to manufacturer’s instructions.

2.2.14 Cloning PCR products in pUClS

The pUClS vector (New England Biolabs) was linearised by digestion with Smal 

(Section 2.1.5) and CIAP (Section 2.1.5) was added to the reaction to prevent re-ligation 

of the vector in the ligation reaction. 1/xg of vector DNA was digested in a 20/xl volume 

with 2/xl (20U) Smal, 2/xl of lOx restriction enzyme buffer and 1/xl (lU ) CIAP at 25°C 

for 2 hours. The CIAP was inactivated by adding 1/xl of 0.5M EGTA (Section 2.1.8(x)) 

and incubating at 68°C for 15 minutes. The linearised vector was then purified by 

phenol extraction and gel purification (resolved on a 1% TAE LMP agarose gel, excised 

and purified with QiaQuick Gel Extraction Kit supplied by Qiagen).
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PCR products were gel-purified in the same way. The products were then made blunt 

ended by incubation with Klenow fragment (Section 2.1.5) and T4 DNA polymerase 

(Section 2.1.5) 200/xl of PCR product, IjLil dNTPs, 1/xl Klenow fragment (5U), 1/xl T4 

polymerase (5U), 25/xl lOx PCR buffer without MgCl^ (Promega), 60/xl MgCl^ (25mM), 

1/xl BSA (lOmg/ml) and ll/x lH jO  were incubated at 37°C for 1 hour. The PCR 

products were then precipitated with 2 volumes of ethanol and 1/10'^ volume of 3M 

NaAc pH5.6 (Section 2.1.8(xxix)) and resuspended in 20/xl TE (Section 2.1.8(h)).

The blunt-ended PCR products were then ligated with linearised pUC18 vector (1/xl 

DNA fragments, 1/xl vector, 1/xl (3U) T4 DNA ligase, 1/xl ligase buffer and 6/xl HjO; 

incubated overnight at 14°C). The ligation products were transformed into XL-2 Blue 

Ultracompetent Cells (Stratagene, La Jolla CA, USA), and colonies containing 

recombinant clones were grown, according to the manufacturer’s instructions.

2.2.15 Plasmid DNA Purification

2.2.15(i) Mini-prep

DNA was prepared from pGEM-T and pUC18 plasmid clones using the Hybaid 

Recovery Plasmid Mini-prep Kit (Hybaid Ltd, Teddington, Middlesex), according to 

manufacturer’s instructions.

2.2.15(ii) Maxi-prep

DNA was prepared from pGEM-T and pUC18 plasmid clones as described for cosmid 

clones in Section 2.2.22(ii), except that the bacteria were grown in LB Broth (Section 

2.1.3(i)) rather than Terrific Broth.
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2.2.16 DNA Sequencing

DNA sequencing reactions were performed using the ABI Prism BigDye Terminator 

Kit (Perkin Elmer, Warrington, Cheshire), according to manufacturer’s instructions. 

Reaction products were resolved by Peter Loader (Molecular Haematology Unit, 

Institute of Child Health, London) using an ABI Prism 377 DNA Sequencer (Perkin 

Elmer, Warrington, Cheshire), according to manufacturer’s instructions. Sequence data 

was analysed using EditView 1.0.1 software (Perkin Elmer, Warrington, Cheshire).

2.2.17 FISH

2.2.17(i) Cell culture

The DD1027 cell line was obtained from the European Collection of Cell Cultures at 

the Centre for Applied Microbiology and Research, Salisbury, Wiltshire. The cells 

were cultured using standard tissue culture techniques.

Cells were seeded at 2-5 x 10^ cells/20ml in RPMI 1640 medium with 2mM L- 

glutamine, 1% pen/strep and 10% ECS (fetal calf serum) and incubated at 37°C with 5% 

CO2 for 24 hours. Colcemid was added at 50/d/10ml culture and the cells were 

incubated at 37°C for 10-15 minutes. The cells were transferred to a 15ml tube and 

centrifuged at 220g for 10 minutes. The supernatant was discarded and the pellet was 

resuspended in 5ml hypotonic solution (0.075M KCl -  Section 2.1.8(xxvii)) for 8-15 

minutes. Several drops of fresh methanol/acetic acid (3:1) were added and the tube was 

centrifuged at 220g for 10 minutes. The supernatant was discarded and the cells were 

resuspended in 5ml methanol/acetic acid (added dropwise). The tube was centrifuged at 

220g for 10 minutes, the supernatant was discarded and the pellet was resuspended in 

5ml methanol/acetic acid. This step was repeated. At this stage, cells were sometimes 

stored at -20°C. Before continuing to make metaphase spreads, cells that had been
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stored at this temperature were then washed a further two times with methanol/acetic 

acid. Finally, all cells were pelleted by centrifugation at 220g for 10 minutes and then 

resuspended in a volume of methanol/acetic acid appropriate for the size of the pellet.

Fixed white blood cells from an individual of normal karyotype were provided by Dr 

Roman Mullenbach (Molecular Haematology Unit, Institute of Child Health, London).

2.2.17(ii) Making Metaphase Spreads

Glass microscope slides were cleaned by soaking in a box of hot water and 1% Decon 

for 10 minutes, then left under hot running water for 30-60 minutes. Clean slides were 

stored in a container of de-ionised water at 4°C for 1 hour to 3 days. Fixed cells were 

dropped from a glass pasteur pipette onto cold, wet slides, which were immediately put 

on a hotplate at 37°C for several seconds, then left to air-dry. Slides were kept at room 

temperature for 16 hours to 2 weeks.

2.2.17(iii) Hybridisation

Biotin-labelled DNA probes were prepared using Bionick Kit supplied by Gibco-BRL, 

Paisley, Scotland. Bionick reaction was performed according to manufacturer’s 

instructions using 1/xl DNA (of FAC or cosmid clone). 5/xl of lOmg/ml E.coli tRNA, 

5/xl of lOmg/ml sonicated salmon sperm DNA, 6.5/xl (0.1 volumes) of 3M NaAc pH5.6 

(Section 2.1.8(xxix)) and 143/xl (2 volumes) of ice cold 100% ethanol were mixed in a 

0.5ml Eppendorf tube, which was incubated at -20°C for at least 2 hours. The tube was 

spun at 12900g for 15 minutes and the supernatant was discarded. The pellet was dried 

and resuspended in 50/xl TE (Section 2.1.8(h)), then left at room temperature for 15 

minutes to dissolve. 25/xl of 1 mg/ml human Cot-1 DNA (Section 2.1.4) and 150/xl (2 

volumes) of ice cold 100% ethanol were added and the tube was incubated at -20°C for 

at least 2 hours. The tube was spun at 12900g for 15 minutes and the supernatant
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discarded. The pellet was dried and resuspended in 50fi\ FISH Hybridisation Mix 

(Section 2,1.8(xiii)), then left at room temperature for 15-30 minutes to dissolve. The 

solution was divided into aliquots containing 100-200ng probe DNA.

0.5/zl of digoxygenin-labelled a-satellite chromosome 7 centromere probe (Section

2.1.4) was added to an aliquot of biotin-labelled DNA probe and mixed well. The tube 

was incubated at 70°C for 5 minutes to denature the DNA, then at 37°C for 1-3 hours 

(1.5 hours for cosmid probe, 2 hours for PAC probe and 3 hours for YAC probe) to pre

anneal.

Slides with metaphase spreads were washed for 1 hour at 37°C in 2xSSC (Section 

2.1.8(xli)). Slides were immersed in 70% ethanol, then 85% ethanol, then 100% 

ethanol, at room temperature for 3 minutes each. Slides were immersed in 70% 

formamide/2xSSC (Section 2.1.8(xix)) at 70°C (4-O.rC/slide) for 2 minutes, then again 

in 70% ethanol, 85% ethanol and 100% ethanol at room temperature for 3 minutes each. 

Slides were allowed to air-dry.

Slides were briefly warmed on hotplate at 37°C. The pre-annealed probe was then 

applied to the slide. This was covered with a glass coverslip, the bubbles were squeezed 

out and the edges were sealed with cow gum. The slides were incubated overnight at 

37°C in a moist, dark container.

2.2.17(iv) Signal Detection

Slides were washed three times in 50% formamide/2xSSC (Section 2.1.8(xviii)) at 42°C 

(+0.rC /slide) for 5 minutes and then three times in 2xSSC (Section 2.1.8(xli)) at the 

same temperature and also for 5 minutes. Slides were then washed at room temperature 

for 3 minutes in 4ST (Section 2.1.8(xlv)), for 10 minutes in 4STB (Section 2.1.8(xlvi)) 

and for another 3 minutes in 4ST.
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100-200/il of FISH Solution 1 (Section 2.1.8(xiv)) was applied to each slide, which was 

covered with a coverslip and kept in the dark for 20 minutes. Slides were then washed 

three times in 4ST at room temperature for 3 minutes each. This procedure was 

repeated with FISH Solution 2 (Section 2.1.8(xv)). Finally, IOO-200/xl of FISH 

Solution 3 (Section 2.1.8(xvi)) was applied to each slide, which was covered with a 

coverslip and kept in the dark for 20 minutes. Slides were washed once in 4ST for 5 

minutes. Several drops of FISH Solution 4 (Section 2.1.8(xvii)) were then applied to 

each slide, which were covered with coverslips, wrapped in 3MM paper and squeezed 

tightly, then stored at 4°C in dark.

2.2.17 (v) Imaging

FISH images were obtained using a Zeiss Axioskop microscope (Carl Zeiss Mikroskop- 

System, Oberkochen, Germany) with a CCD camera (Photometries, Tucson AZ, USA) 

and SmartCapture software (Digital Scientific, Cambridge, Cambridgeshire).

2.2.18 PAC PFGE

2.2.18(i) PAC DNA Purification

Special care was taken at all stages of the procedure to minimise DNA shearing. The 

protocol for the standard PAC DNA maxi-prep was followed until after the incubation 

with RNase A at 37°C for 15 minutes. An equal volume of phenol was then added to 

the tube, the solutions were carefully mixed and the tube was centrifuged at 11600g for 

5 minutes. The upper phase was carefully removed and discarded, an equal volume of 

chloroform was added and the tube was centrifuged at 11600g for 5 minutes. This step 

was repeated. The upper phase was carefully removed and discarded and 2.5 volumes 

of ethanol was added. The precipitated DNA was lifted out with a plastic loop and
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transferred to another 1.5ml Eppendorf tube containing 1ml 70% ethanol. The tube was 

inverted several times, then centrifuged at 11600g for 30 seconds. The supernatant was 

removed and the pellet was resuspended in 400/xl TE (Section 2.1.8(h)).

2.2.18(ii) Restriction Digests

Approximately 500ng of PAC DNA was digested in a 20^1 reaction volume with l/il 

(lOU) of restriction enzyme (Section 2.1.5) and 2jul of lOx enzyme buffer. The digests 

were incubated at 37°C or 50°C, depending on the enzyme, for 3 hours.

2.2.18(iii) Electrophoresis

PFGE was performed using a CHEF-DRll system, supplied by BioRad Laboratories 

Ltd., Hemel Hempstead, Hertfordshire, according to manufacturer’s instructions. 

Restriction digests of PAC clones were resolved at 200V with an initial switch time of

2.2 seconds, a final switch time of 17 seconds and a run time of 16 hours. This was 

performed in a cold room at 4°C with re-circulating buffer.

2.2.19 Cloning Restriction Fragments in pUC18

The pUC18 vector (New England Biolabs) was linearised by digestion with either 

BamWl, EcoRl or EcoK\ and H indlll together (Section 2.1.5). CIAP (Section 2.1.5) 

was included in the reaction to prevent re-ligation of the vector during the ligation

reaction. 1/ig of vector DNA was digested in a 20/tl volume with 2/d (20U) restriction

enzyme, 2/xl of lOx restriction enzyme buffer and 1/xl (lU ) CIAP at 37°C for 2 hours. 

The CIAP was inactivated by adding 1/xl of 0.5M EGTA (Section 2.1.8(x)) and 

incubating at 68°C for 15 minutes. The linearised vector was then purified by phenol 

extraction and gel purification (resolved on a 1% TAE LMP agarose gel, excised and
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purified with QiaQuick Gel Extraction Kit supplied by Qiagen). The restriction 

fragment to be cloned was gel-purified in the same way.

Approximately 50ng each of gel-purified linearised vector and gel-purified restriction 

fragment were ligated together in a 10/xl reaction with 1/xl (3U) T4 DNA ligase (Section

2.1.5) and 1/xl lOx ligase buffer which was incubated overnight at 14°C. The ligation 

products were then transformed into XL-2 Blue Ultracompetent Cells (Stratagene, La 

Jolla CA, USA), and colonies containing recombinant clones were grown, according to 

the manufacturer’s instructions.

2.2.20 Shotgun Cloning Restriction Fragments in M13

Six aliquots of the gel-purified restriction fragment were fragmented by sonication with 

a Vibracell VC 100 ultrasound probe supplied by Sonics & Materials Inc., Danbury CT, 

USA. The aliquots were combined and the fragments were resolved on a 1% TAE LMP 

agarose gel. A band of fragments l-2kb in size was cut from the gel with a scalpel and 

the DNA was purified using the QiaQuick Gel Extraction Kit (Qiagen), according to 

manufacturer’s instructions. The fragments were made blunt-ended by incubation with 

Klenow fragment (Section 2.1.5) and T4 DNA polymerase (Section 2.1.5) (200/xl DNA 

fragments, 1/xl dNTPs, 1/xl Klenow fragment (5U), 1/xl T4 polymerase (5U), 25/xl lOx 

PCR buffer without MgCl^ (Promega), 60/xl MgCl^ (25mM), 1/xl BSA (lOmg/ml) and 

11/xl H2O) at 37°C for 1 hour. The fragments were then precipitated with 2 volumes of 

ethanol and 1/10'*’ volume 3M NaAc pH5.6 (Section 2.1.8(xxix)) and resuspended in 

20/xl TE (Section 2.1.8(h)).

Double-stranded M13 vector (New England Biolabs) was linearised by digestion with 

H in d i  (Section 2.1.5). 1/xg of vector DNA was digested in a 20/xl volume with 2/xl 

(20U) H in d i, 2/xl of lOx restriction enzyme buffer and 1/xl (lU ) CIAP at 25 °C for 2 

hours. The linearised vector was then purified by phenol extraction and gel purification
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(resolved on a 1% TAE LMP agarose gel, excised and purified with QiaQuick Gel 

Extraction Kit supplied by Qiagen).

The linearised vector and the DNA fragments were then ligated together; Ifii DNA 

fragments, l[x\ vector, 1/tl (3U) T4 DNA ligase (Section 2.1.5), Ijul lOx ligase buffer 

and 6jLtl H2O were incubated overnight at 14°C. The ligation products were transformed 

into XL-2 Blue competent cells (Stratagene, La Jolla CA, USA), according to 

m anufacturer’s instructions, which were then mixed in 3ml melted LB Top Agar 

(Section 2.1.3(iii)) with 200/il host bacteria (XL-1 Blue), 40/xl X-gal (20mg/ml) and 

40/xl IPTG (20mg/ml), plated out on LB Agar plates (Section 2.1.3(ii)) and incubated 

overnight at 37°C. Plaques containing recombinant clones were selected and grown 

overnight at 37°C in 2ml LB (Section 2.1.3(i) with 20/rl host bacteria. The bacteria 

were pelleted by centrifugation and the single-stranded DNA was purified from the 

supernatant by precipitation with 200/il of 20% PEG 8000/2.5M NaCl (Section 

2.1.8(xxxv)) added to 1ml of supernatant.

2.2.21 Cosmid Library Screening

Library filters of the LLNL Human Chromosome 7 Cosmid Library (LL07NC01; in 

La wrist 16 vector) (Gingrich et al, 1996) were obtained from the UK MRC HGMP-RC.

Cosmid library screening was carried out as described for PAC library screening in 

Section 2.2.4.

2.2.22 Cosmid DNA Purification

Individual clones of the LLNL Human Chromosome 7 Cosmid Library (LL07NC01; in 

Lawrist 16 vector) (Gingrich et at, 1996) were obtained from the UK MRC HGMP-RC.
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2.2.22(i) Mini- and midi-preps

These procedures were carried out as described for PAC clones in Section 2.2.5. 

2.2.22(ii) Maxi-prep

The same procedure was used as for the FAC maxi-prep (Section 2.2.5), up until the use 

of the Qiagen-tip purification kit. Instead, the pellet was resuspended in 500^1 TE 

(Section 2.1.8(h)) and the solution was transferred to a 1.5ml Bppendorf tube. RNase A 

(Section 2.1.5) was added to 20/tg/ml and the tube was incubated at 37°C for 15 

minutes. The solution was adjusted to 1.5M NaCl/7.5% PEG 8000 (by adding 300/xl 

5M NaCl, raising volume to 1ml with HjO and adding 330/xl of 30% PEG 8000/1.5M 

NaCl -  Section 2.1.8(xxxvi)) and left on ice for 30 minutes. The tube was centrifuged 

at 16000g for 5 minutes. The supernatant was discarded and the pellet was resuspended 

in 200/tl de-ionised water. 200/tl of Proteinase K 2x buffer (Sigma) was added. 

Proteinase K (Section 2.1.5) was added to 0.5mg/ml and the tube was incubated at 37°C 

for 30 minutes. An equal volume of phenol was then added to the tube, the solutions 

were carefully mixed and the tube was centrifuged at 16000g for 5 minutes. The upper 

phase was carefully removed and discarded, an equal volume of chloroform was added 

and the tube was centrifuged at 16000g for 5 minutes. The upper phase was carefully 

removed and discarded and 2.5 volumes of ethanol was added. The solutions were 

mixed by inverting and the tube was left at room temperature for 30 minutes. The tube 

was centrifuged at 16000g for 10 minutes. The supernatant was discarded, the pellet 

was washed once in 70% ethanol and then resuspended in 200p\ TE (Section 2.1.8(h)).

2.2.22(iii) Mini-prep fo r  FISH

A  bacterial culture containing the appropriate cosmid clone was grown overnight in 

50ml LB Broth (Section 2.1.3(i)) with 25mg/ml kanamycin (Section 2.1.1) in a 250ml
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conical flask, at 37°C with shaking. The culture was transferred to a 50ml tube. The 

tube was centrifuged at 2000g for 10 minutes. The pellet was resuspended in 7.5ml ice- 

cold DNA Prep Solution 1 (Section 2.1.8(v)) and left on ice for 10 minutes. 15ml 

freshly made, room temperature DNA Prep Solution 2 (Section 2.1.8(vi)) was added, 

the solutions gently mixed and left on ice for 10 minutes. 7.5ml ice-cold DNA Prep 

Solution 3 (Section 2.1.8(vii)) was added, the solutions gently mixed and left on ice for 

20 minutes. The tube was centrifuged at 2000g for 10 minutes. The supernatant was 

filtered through gauze into a clean 50ml tube, which was filled to 50ml with 

isopropanol. The solutions were mixed by inverting and left at room temperature for 

30-45 minutes. The tube was centrifuged at 2000g for 10 minutes. The supernatant was 

discarded and the pellet was resuspended in 2.5ml TE (Section 2.1.8(h)). The solution 

was transferred to a 15ml tube and 25^1 RNase A (lOmg/ml) (Section 2.1.5) was added. 

The tube was incubated at 37"C for 1 hour and 40 minutes. An equal volume of phenol 

was then added to the tube, the solutions were mixed by inverting and the tube was 

centrifuged at 2000g for 5 minutes. The upper phase was carefully removed and 

discarded, an equal volume of phenol/chloroform was added and the tube was 

centrifuged at 2000g for 3.5 minutes. The upper phase was carefully removed and 

discarded and an equal volume of chloroform was added and the tube was centrifuged at 

2000g for 2 minutes. 1/10* volume of 3M NaAc pH5.6 (Section 2.1.8(xxix)) and 2 

volumes of ethanol were added. The solutions were mixed by inverting and the tube 

was left at room temperature for 30 minutes. The tube was centrifuged at 2000g for 10 

minutes. The supernatant was discarded, the pellet was washed once in 70% ethanol 

and then resuspended in 500/tl TE (Section 2.1.8(h)).
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2.2.23 PCR

2.2.23(i) Standard PCR

PCR reaction mixture was made in multiples of lOOjul, containing 10^1 lOx NH4 PCR 

buffer (Promega), 7/d MgCl2 (Promega), 1/d dNTPs (20mM each; Promega), 2/d each 

primer (20mM each), 0.5/d (2.5U) Taq polymerase (Section 2.1.5) and 79.5/d de

ionised water. This reaction mixture was dispensed into thin-walled PCR tubes in 20/̂ 1 

(to see size of product) or 50/tl (to purify product) aliquots. lOng of template DNA was 

added to each tube and the reaction was overlaid with several drops of mineral oil. The 

following PCR cycle was performed in an MJR Thermal Cycler; 94°C for 2 minutes to

denature, then 30 cycles of 94“C for 1 minute (denature), 58°C for 1 minute (anneal)

and 72°C for 1 minute (extend). The annealing temperature was varied depending on 

the primers being used and the extension time was varied depending on the size of the 

expected products.

2.2.23(ii) Long Range PCR

For expected products larger than 3kb in size, TaKaRa LA Taq polymerase kit 

(BioWhittaker, Wokingham, Berkshire) was used. Reactions were prepared according 

to the manufacturer’s instructions and the same PCR cycle as that described above was 

used.

2.2.24 Computer Analvsis

Sequence alignments, predictions of restriction sites and identification of sequence 

motifs were made using Mac Vector software supplied by Oxford Molecular Group, 

Oxford, Oxfordshire. Sequence assembly was performed using Assembly LION
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software, also supplied by Oxford Molecular Group. BLAST searches and NIX and 

FIX analyses were performed via the HGMP-RC website (http://www.hgmp.mrc.ac.uk).

Selected features of NIX analysis shown in Figure 7.2 include the exon prediction 

programs Fex, Hexon, MZEF, Genemark and GRAIL/exons, the gene prediction 

programs GRAIL/gap2, Genefinder, FGene, GENSCAN, FGenes and HMMGene, 

BLAST searches of the trembl and swissprot protein databases and BLAST searches of 

the EMBL/Unigene, EMBL/mRNA and EMBL/EST DNA databases. Other features 

not shown include programs to predict promoters, polyA sequences and tRNA genes 

and BLAST searches of other DNA databases (human, E.coli and vector). The use of a 

program similar to NIX (RUMMAGE-DP) to identify expressed sequences within large 

contigs representing the chromosome region 7q22 is described by Glockner et al (1998).

Selected features of FIX analysis shown in Figure 7.3 include programs to predict 

secondary structure, BLAST searches of protein databases, searches of protein domain 

databases and programs to predict coiled coil motifs, transmembrane regions and helix- 

tum-helix motifs. Other features not shown include BLAST searches of EST, E.coli 

and vector databases, BLAST searches of additional protein domain databases (SBASE 

and PRODOM) and programs to predict low complexity and globular regions, signal 

peptides, antigenic regions and trypsin digestion sites.
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CHAPTER 3 CONSTRUCTING A PAC CONTIG SPANNING THE

PROXIMAL INVERSION BREAKPOINT 

3.1 Introduction

In order to define the proximal inversion breakpoint to the level of a single PAC clone it 

was first necessary to construct a contig of PAC clones linking DJ239I3 (centromeric to 

the breakpoint) with the 4 ASNS PACs (telomeric to the breakpoint). Y AC clone 

HSC7E783 and the overlapping clones HSC7E716 and HSC7E1214 were used to 

screen the De Jong human PAC library by hybridisation. Regions of overlap between 

the PAC clones identified from these screens were identified by Southern blotting. The 

contig was completed by chromosome walking using PAC end clones generated by 

bubble PCR.

3.2 Verification of VAC Inserts

Before using the three Y AC clones to screen the PAC library, the sizes of these clones 

were determined using pulsed-field gel electrophoresis (PFGE) and Southern blotting 

(Sections 2.2.2, 2.2.3, 2.2.6(i), 2.2.8, 2.2.10(i) and 2.2.11(i)). YACs HSC7E716 and 

HSC7E1214 were found to be ~870kb and -1.1 Mb respectively (data not shown), close 

to the previously reported sizes of 920kb and 980kb (Scherer S., unpublished data). 

However, HSC7E783 was found to be only ~240kb (data not shown), which is 

significantly smaller than the previously reported size of 650kb (Scherer S., unpublished 

data). It was decided to continue to screen the PAC library with these three Y AC clones 

because the region represented by HSC7E783 is also represented by HSC7E716.
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3.3 Screening the PAC Library with YAC HSC7E783

Y AC HSC7E783 was used to probe the PAG library (Sections 2.2.1 and 2.2.4). 

Twenty-nine PAC clones were identified from the screen (listed in Table 3.1). These 

did not include PAC DJ239I3, which was originally identified using a probe generated 

by Alu-PCR from this YAC clone. DNA from these clones was digested with EcoRl 

(Sections 2.2.5(i) and 2.2.7(i)) in preparation for identifying regions of overlap between 

the clones by Southern blotting (Sections 2.2.8, 2.2.10(iii) and 2.2.11(iii)). The 

restriction patterns generated by these clones demonstrated that only five of the twenty- 

nine clones (DJ91M21, DJ105O11, DJ166L6, DJ216N8 and DJ281L6) contained 

inserts of an appropriate size (Figure 3.1). The remaining twenty-four clones had a 

restriction pattern consistent with there being either no insert at all or an insert which 

was extremely small. Southern blotting experiments showed that two of these five 

clones (DJ105011 and DJ216N8) overlapped each other (Figure 3.2).

The autoradiographs of the library screen were reanalysed, on the assumption that 

hybridisation of repetitive sequence elements or yeast DNA to the library filters was 

identifying false positives and masking the genuine positive signals. A further nineteen 

clones, with weaker signals on the autoradiographs than the first twenty-nine, were 

identified. Restriction digests with EcoKl showed that five of these nineteen clones 

contained inserts of an appropriate size and Southern blotting analysis identified two 

clones (DJ109B5 and DJ139G9) which overlapped each other and which were also 

overlapped by D J105011, resulting in an island of four clones (data not shown).
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Figure 3.1 - Gel photographs of EcoRI digests of all PAC clones identified in the 
first library screen (with YAC HSC7E783) and four of the previously identified 
PAC clones (DJ23913, DJ261F20, DJ129I11 and DJ214P10; names highlighted in 
bold type). The outermost, unmarked lanes on each gel contain Ikb ladder. The 
clone in each lane is indicated above the photographs. It can be seen from these 
photographs that, of the newly identified clones, only DJ91M21, DJ166L6, 
DJ216N8 and DJ281L6 (names highlighted in bold type) are recombinant PAC 
clones. DJ 105011 (name also in bold type) has not digested here, but was later also 
shown to be a recombinant PAC clone.
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Figure 3.2 - Autoradiograph showing PAC clone DJ 105011 hybridised to a 
Southern blot of FcoRI digests of a number of PAC clones. The name of the 
clone is indicated above each lane. This autoradiograph shows that DJ 105011 
overlaps clones DJ109B5 and DJ139G9 (these clone names are highlighted in 
bold type). The bands which are seen in other lanes are vector fragments.
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3.4 Screening the PAC Library with YAC HSC7E1214

YAC HSC7E1214 was hybridised to the PAG library filters and forty-one clones were 

identified from the autoradiographs (listed in Table 3.1). These included the four ASNS 

PACs (DJ129I11, DJ261F20, DJ214P10 and DJ280K24), three of the four positive 

clones identified in the first screen (DJ105O11, DJ109B5 and DJ139G9) and one clone 

which was on the published list of false positives (supplied with PAC clones by HGMP- 

RC, Hinxton, Cambridgeshire). Restriction digests with EcoRl showed that thirty of the 

remaining thirty-three clones contained inserts of an appropriate size, although this 

included two pairs of identical clones (data not shown). Southern blotting showed that 

three of the twenty-eight novel and unique clones (DJ103L13, DJ304D5 and DJ264G1) 

overlapped each other forming a second island (data not shown).

3.5 Screening the FAC Library with YAC HSC7E716

YAC HSC7E716 was used to probe the PAC library. Fifty-two clones were identified, 

including DJ239I3 and five clones that had also been identified in previous screens 

(DJ38N7, DJ56I15, DJ81B4, DJ103L13 and DJ250P22) (listed in Table 3.1). 

Restriction digests with EcoRl showed that sixteen of the remaining forty-six clones 

contained inserts of an appropriate size (data not shown). Southern blotting identified 

regions of overlap between some of these sixteen clones and clones identified in the 

previous two screens (data not shown), leading to the creation of a single island of 

seven clones linking DJ239I3, the island of three clones from the previous screen (i.e. 

DJ103L13, DJ304D5 and DJ264G1) and DJ81B4, which was also identified in the 

previous screen (illustrated in Figure 3.3).
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Figure 3.3 - Schematic diagram showing Y AC contig and islands of PAC clones. YAC and PAC clones are represented by horizontal 
lines. The end of each YAC clone is represented by a vertical bar. The region where the proximal inversion breakpoint is located 
(between PAC clones DJ239I3 and DJ261F20) is indicated. Although YACs HSC7E783 and HSC7E716 have previously been shown to 
span the breakpoint, this diagram indicates the apparent extent of the clones used in the library screens based on hybridisation of PAC 
clones to EcoRI digests of the YAC clones.



3.6 Completing the Contig bv Chromosome Walking

In order to join the two islands of PAC clones generated from the library screens and

the island of ASNS PACs into a single contig, bubble PCR was used to generate end

clones from the outermost PAC clones of each island.

The cloning site of the PAC vector is flanked by an SP6 promoter and a T7 promoter. 

Bubble PCR with SP6 and T7 primers was used to amplify short regions from either 

end of the outermost PAC clones of each island, i.e. DJ216N8, DJ139G9, DJ81B4, 

DJ264G1, DJ261F20 and DJ280K24 (Sections 2.2.5(i) and 2.2.12(i)). These end clones 

were hybridised to dot blots of the three YAC clones and all of the PAC clones with 

appropriately-sized inserts identified from the three library screens (Sections 2.2.9, 

2.2.10(vi) and 2.2.11(vi)). These hybridisations showed, firstly, whether the end clone 

was sufficiently specific to be a useful probe, secondly, whether the SP6 or the T7 end 

clone from each PAC should be used to extend the island and, thirdly, they indicated 

possible regions of overlap with other clones identified from the library screens but not 

yet included in the contig.

These hybridisations identified two novel regions of overlap with clones which had 

been identified in the library screens; DJ280K24 with DJ87I15 and DJ81B4 with 

DJ297G23 (data not shown). These regions of overlap were first confirmed by 

hybridising the end clones (of DJ280K24 and DJ81B4 ) to filters with EcoKl digests of 

the PAC clones which they were thought to overlap (DJ87I15 and DJ297G23 

respectively). The regions of overlap were then further confirmed by generating end 

clones from the latter PACs (DJ87I15 and DJ297G23) and hybridising them back to 

EcoRl digests of the former clones (DJ280K24 and DJ81B4) (data not shown).

The hybridisations of end clones to dot blots also identified a T7 end clone of DJ139G9 

which was shown to be a good probe for extending an island, but which did not
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highlight any novel regions of overlap with the PAC clones identified from the library 

screens (data not shown). This end clone was therefore used to screen the PAC library, 

resulting in the identification of two novel PAC clones, DJ305L15 and DJ313G11. 

Southern blotting confirmed that these two new clones overlapped DJ139G9. They 

were also shown to overlap DJ109B5 and D J105011, which are contained in the same 

island of clones as DJ139G9 (data not shown).

The SP6 end clones of DJ264G1 and DJ261F20 were found to be the most important 

clones for completing the contig since they flanked the only remaining gap between 

DJ239I3 and the ASNS PACs. However, dot blot analysis showed that they had very 

low specificity (data not shown), so they could not be used to screen the PAC library by 

hybridisation. The De Jong PAC library is also supplied as pools of clones for PCR 

rather than hybridisation-based screening. Sequencing the SP6 end clones of DJ264G1 

and DJ261F20 could have produced single copy DNA sequence which could then have 

been used to design primers for PCR screening of the PAC library pools. These two 

bubble PCR products were therefore cloned into pGEM-T vector and both ends of each 

product were sequenced (Sections 2.2.13, 2.2.15(i) and 2.2.16). The DNA sequence 

obtained consisted entirely of LI repeat elements (data not shown). Alignments of 

these sequences with the published sequence of a complete LI repeat element suggested 

that both end clones consisted entirely of LI repeat (Section 2.2.24). The apparent 

absence of any single copy sequence in these end clones prevented the design of PCR 

primers. However, the alignments also suggested that the two end clones might contain 

different parts of the same LI repeat and therefore that DJ264G1 and DJ261F20 might 

overlap very slightly (data not shown). This suggested that a PAC contig spanning the 

proximal inversion breakpoint may have been completed and therefore that further 

screens may not have been required (illustrated in Figure 3.4).
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Figure 3.4 - Schematic diagram showing YAC contig and final PAC contig. YAC and PAC clones are represented by horizontal lines. 
The end of each YAC clone is represented by a vertical bar. The region where the proximal inversion breakpoint is located is 
indicated.



Table 3.1 -  List of all PAC clones containing inserts which were identified in library 

screens, divided into those which were included in the contig and those which were 

not.

Previous

work

YAC 783

screen

YAC 1214

screen

YAC 716 

screen

screening 

with end 

clones

clones 

included in 

contig

DJ239I3

DJ129I11

DJ214P10

DJ261F20

DJ280K24

DJ105O11

DJ216N8

DJ109B5

DJ139G9

DJ129I11

DJ214P10

DJ261F20

DJ280K24

DJ105O11

DJ109B5

DJ139G9

DJ103L13

DJ304D5

DJ264G1

DJ81B4

DJ87I15

DJ239I3

DJ67K13

DJ226C11

DJ297G23

DJ305L15

DJ313G11

(continued on next page)
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Previous

work

YAC 783 

screen

YAC 1214 

screen

YAC 716 

screen

screening 

with end 

clones

o ther clones DJ23P5 DJ7D7 DJ6G1

with inserts DJ38N7 DJ52I16 DJ15C10

DJ56I15 DJ77F12 DJ68M1

DJ91M21 DJ94E23 DJ90F4

DJ166L6 DJ100C24 DJ118G24

DJ281L6 DJ112E17 DJ131F7

DJ113C2 DJ184M6

DJ129C1 DJ193A15

DJ134H23 DJ214P15

DJ139P20 DJ227C21

DJ140G1 DJ244N17

DJ149A6 DJ293H7

DJ156K17 DJ301C22

DJ159A11

DJ16908

DJ171J3

DJ172K20

DJ190G22

DJ230O6

DJ258K24

DJ267A24

DJ267C23

DJ269B5
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3.7 Discussion

The strategy used to generate the PAC contig, of hybridising whole YAC clones to PAC 

library filters, has been discussed previously by (Tunnacliffe et al, 1999). As described 

in this chapter, this technique was found to be inefficient because very few of the clones 

identified from the library screens could be included in the contig ., Out of 127 PAC 

clones identified in the three library screens, only 54 contained inserts and only 12 were 

included in the final PAC contig. In contrast, Tunnacliffe et al (1999) identified 45 

clones by screening the same library with a single YAC clone (y939H03) representing 

chromosome region llq23 , of which 42 were assembled into a contig. Very few of the 

false positives could have been identified due to cross-hybridisation of yeast DNA to 

PAC clones because any clones which were identified by both y939H03 and a 

chromosome 7 YAC were excluded. Also, only one of the clones identified in the 

library screens was on the published list of known false positives. It is possible that 

false positive clones which had extremely small inserts contained repetitive sequences 

which hybridised to repetitive sequences contained in the YAC probes, however, 

identification of clones with no insert must have been caused by hybridisation of YAC 

DNA sequences to the PAC vector. YAC y939H03 and the chromosome 7 YACs were 

all cloned in the pYAC4 vector (Burke et al, 1987; Scherer, 1992), therefore cross

hybridisation between the PAC and YAC vectors cannot explain the high level of false 

positives observed here. Although very few false positives were identified by 

Tunnacliffe et al (1999), other YAC clones representing the region llq23  identified a 

large number of false positives when used to screen the PAC library (Jones C., personal 

communication). This evidence suggests that identification of false positives is caused 

by hybridisation with sequences contained in the YAC inserts. It is also possible that 

the region of chromosome 7 represented by the YACs used to screen the PAC library is 

underrepresented in that library. In addition, the measurement of the size of the three 

YAC clones showed that YAC HSC7E783 had lost much of its original insert. This 

YAC clone was originally approximately 650kb in size, but was found here to be
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approximately 240kb. This finding was not totally unexpected since YAC clones from 

this region are known to be unstable and rearrangements and deletions are common 

(Scherer S., unpublished data). The reduced size of YAC HSC7E783 explains why so 

few positive clones were identified from screening the PAC library with this clone.

Although alignments of DNA sequences obtained from the SP6 end clones of DJ264G1 

and DJ260F20 with the sequence of a complete LI repeat suggested that there may have 

been a small region of overlap between these two PAC clones, this was not proven. 

However, this possibility suggested that it would be prudent to show whether any of the 

novel clones contained in the PAC contig spanned the proximal inversion breakpoint 

before attempting further library screens. Assuming that there was a region of overlap 

between DJ264G1 and DJ260F20, EcoRI digests of the minimal contig of three PAG 

clones spanning the breakpoint region (between DJ239I3 and DJ260F20) suggested that 

this region was approximately 250kb in size, compared to the previous estimate of 

approximately 500kb (Johnson et al, 1996).
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CHAPTER 4 TDENTIFYING AND CHARACTERISING A SINGLE FAC

CLONE SPANNING THE PROXIMAL INVERSION 

BREAKPOINT

4.1 Introduction

A PAC contig spanning the proximal inversion breakpoint had been constructed. In 

order to locate the breakpoint within this contig, FISH was used to identify a single 

clone which spanned the breakpoint. Restriction mapping, DNA sequencing and 

Southern blotting experiments were then performed to try to characterise that clone.

4.2 Identifying a Single PAC Clone bv FISH

In order to identify a PAC clone which spanned the proximal inversion breakpoint, a 

number of PAC clones were used as probes in FISH experiments against metaphase 

spreads of cells from the inversion cell line and cells from a person of normal karyotype 

(Sections 2.2.5(i) and 2.2.17). Clones DJ216N8, DJ305LI5, DJ226CII and DJ103LI3 

were all found to be centromeric to the breakpoint, DJ304D5 and DJ264GI were both 

found to span the breakpoint and DJ261F20 and DJ87II5 were both found to be 

telomeric to the breakpoint (Figure 4.1). As the smaller of the two breakpoint-spanning 

clones (estimated from EcoRI restriction digests in previous chapter), DJ264G1 was 

used for further analysis.
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Figure 4.1(e) - FISH image of  P A C  DJ261F20  hybridised to m e ta phase 
ch ro mosomes  of the inversion cell line. T h e  PA C  probe is shown  in yel low  
and the ch rom os ome 7 centromere  probe is shown in red. T h e  normal  and 
inverted ch ro mosomes 7 are indicated. The P A C  probe has hybridised to 
the ^q22  region of  the normal c h r o m o s o m e  7 and the 7q34 region of the 
inverted chrom osome 7. This indicates that this P A C  hybridises telomeric 
to the proximal in\ ersion breakpoint.
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4.3 Restriction Map of PAC D.T264G1

As a first step towards characterising DJ264G1, a map was made of rare restriction sites 

within this clone. PAC DNA was digested with Nael, Nar\, Notl and Sail in

single and double digests and resolved by PFGE (Sections 2.2.7(i) and 2.2.18; Figure

4.2). Because of the small size of this PAC clone compared to the Y AC clones which 

are normally analysed in this way, this was performed using DNA in solution, rather 

than DNA contained in agarose plugs. A map of DJ264G1 containing BjjHII, Naei, 

Nar\, Not\ and Sail restriction sites was constructed by analysing these digests (Figure

4.3).
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4.4 Cloning and Sequencing a CpG Island

The restriction digests of DJ264G1 indicated the presence of a an Narl and

possibly also an Nael restriction site in close proximity to each other within the PAG 

insert. All of these restriction sites consist solely of C and G residues and are often 

present in CpG islands. These GC-rich sequences are often found in the upstream 5’ 

regions of genes, therefore this putative CpG island could lie in the upstream region of 

the gene closest to the breakpoint.

As a first step towards identifying this putative gene, the CpG island was cloned and 

partially sequenced. In order to do this, further restriction digests were first carried out 

to identify an appropriately-sized restriction fragment that contained the putative CpG 

island. PAC DJ264G1 was digested with the common-cutting enzymes BamYll and 

EcoRl, each individually and also in combination with B55HII, Narl and Nael (Section 

2.2.7(i)). A 6kb BamHl fragment was identified that was cut by each of these three 

rare-cutting enzymes (Figure 4.4). This 6kb BarnlAl fragment was cloned into pUClS 

vector (Section 2.2.19) and restriction mapping identified a cluster of eight C/G-only 

restriction sites, comprising two BssHll sites, three Narl sites, one Nael site and two 

Sacll sites (data not shown). This confirmed the presence of a CpG island. In order to 

sequence the CpG island, the pUClS clone containing the 6kb BamHl fragment was 

sub-cloned into M l3 vector using a sonication and shotgun-cloning strategy (Section 

2.2.20). Single-stranded DNA was purified from these clones and sequenced (Section 

2.2.16). BLAST analysis (Section 2.2.24) of sequence data from the first round of 

sequencing reactions found a perfect match with the published sequence of a 75kb PAC 

clone, DJ841B21 (data not shown).
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Figure 4.4 - Gel photograph showing restriction digests of PAC DJ264G1. 
The BamHl single digest contains a band of just over 6kb which is absent from

This band was cloned and partially sequenced.the BamHl double digests
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4.5 Analysing the Sequence of D.T841B21

In order to determine how much of DJ264G1 was overlapped by DJ841B21, it was 

necessary to align the two clones. Comparison of the predicted restriction sites within 

the sequence of DJ841B21 with the restriction map of DJ264G1 (Section 2.2.24) 

allowed the two clones to be aligned, showing that the majority of DJ841B21 comprised 

just over one half of DJ264G1 (Figure 4.5). The sequence annotation of DJ841B21 

showed that this region contained the tachykinin gene, TAC2. The CpG island 

contained in the 6kb BamYil fragment was located in the 5’ upstream region of this 

gene. The sequence annotation also showed matches of two separate regions of 

DJ841B21 with ESTs (data not shown).

Alignment of DNA sequence obtained from the SP6 end clones of DJ264G1 and 

DJ261F20 with the sequence of DJ841B21 also confirmed that these two PAG clones 

did overlap, by approximately 400bp (data not shown).
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PCR primer pairs: 34 32 29 25 22 US 16 11 9 4 1

DJ841B21

1/4 70 60 50 40 30 2() 10

BamWl

CpG island

NJOOn

//I Bs.yHII

1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 5() 60 70

DJ264G1

100 110 120

DJ261F20

Figure 4.5 - Schematic diagram showing clones DJ264G1 and DJ261F20 from the PAG contig aligned with the fully 
sequenced PAG clone DJ841B21. The restriction enzyme sites which allowed the clones to be aligned and Sail) are
shown. The GpG island, the BamW\ sites flanking the 6kb BaiiûW fragment and the PGR primer pairs designed from the 
sequence of DJ841B21 are also indicated.



4.6 Southern Blotting with PCR Products

The availability of the DNA sequence of the region of DJ841B21 corresponding to 

DJ264G1 made it easier to show whether the proximal inversion breakpoint was located 

in this region. This was done by using the sequence of DJ841B21 to design PCR 

primers, amplifying short sections of this region by PCR and hybridising these PCR 

products to Southern blots of the inversion cell line.

Pairs of PCR primers were designed at 5-15kb intervals, avoiding repeat sequences, 

along the section of DJ841B21 which overlapped DJ264G1 (Section 2.1.7; Figure 4.5). 

The PCR products were designed to be 200-800bp in size. The predicted restriction 

map of DJ841B21 (Section 2.2.24) was used to determine which restriction enzyme 

digests of the cell line DNA would be most informative (Figure 4.6). PCR products 9, 

11 and 25 (amplified from DNA of PAC DJ264G1) were used to probe Southern blots 

of BamHl, EcoRI, EcoRV and Seal digests of the inversion cell line and several normal 

controls (Sections 2.2.5(i), 2.2.23(i), 2.2.6(ii), 2.2.7(iii), 2.2.8, 2.2.10(vi) and 2.2.1 l(vi); 

Figures 4.7, 4.8 and 4.9). Probes 9 and 11 both identified additional bands compared to 

the predicted restriction map of DJ841B21 and the normal controls. Probe 9 

highlighted an additional rearranged band in the BamHl, EcoBM and Seal digests and 

probe 11 highlighted additional bands in the EeoBN  and Seal digests. Probe 25 did not 

highlight any additional bands.
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BamHl

EcoRV

Seal

DJ841B21
20 1040 3050

Probes: 25 22 18 16 11 9

Figure 4.6 - Schematic diagram showing predicted BamHl, EcoRl, EcoRV and Seal 
restriction fragments of the region of DJ841B21 which is equivalent to the most 
telomeric 40kb portion of DJ264G1. The PCR-generated probes corresponding to 
this region are also shown. The probes and restriction fragments are indicated by 
horizontal lines. Parts of restriction fragments which extend outwith this 40kb region 
are not shown. The scale bar shows the sequence numbering of PAC DJ841B21. 
The vertical bars rising from this scale bar show the positions of all the restriction 
sites. Southern analysis with the restriction enzymes and probes shown should locate 
the breakpoint to between two of the restriction sites indicated on the scale bar, i.e. to 
a region of not more than 4.5kb.
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Figure 4.7 - Autoradiograph showing probe 9 hybridised to a Southern blot of 
B am \\\, FcoRI, E c o K \  and Scwl digests of the DD1027 cell line. The predicted 
restriction map of DJ841B21 indicates that only a single band would be expected in 
each lane. An additional band is visible in each of the BamWl, EcoRV and Seal lanes.
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Figure 4.8 - Autoradiograph of probe 9 hybridised to a Southern blot of 
EcoRl, EcüRV  and Seal digests of three normal control DNAs. 

Positive signals were not visible in many of the lanes because there was not 
enough DNA on the filters, however, there is one clear result for each of the 
four restriction enzymes to confirm the predicted restriction fragments 
(BamHl and EcoRI in Normal 3 and EcoRV  and Seal in Normal 2).
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Figure 4.9 - Autoradiograph showing probes 11 and 25 hybridised to Southern blots 
of BamHl, EcoRl, EcoRV  and Seal digests of the DD1027 cell line. The predicted 
restriction map of DJ841B21 indicates that only a single band would be expected in 
each lane. An additional band is highlighted in each of the FcoRV and Seal lanes by 
probe 11. No additional bands are highlighted by probe 25.
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4.7 Discussion

Although the proximal inversion breakpoint was not known to be located in the region 

of DJ264G1 overlapped by DJ841B21, the availability of the full DNA sequence of this 

region and the presence of a CpG island within it encouraged the use of Southern 

blotting experiments with PCR-generated probes to attempt to further define the 

position of the breakpoint. Assuming that the predicted restriction map of DJ841B21 

was correct, the result of the Southern blot with probe 9 would have located the 

proximal inversion breakpoint to a region of just 500bp. If this had been the case, 

however, the additional bands highlighted by probe 11 could not have been caused by 

the same breakpoint. This suggested that at least some of these additional bands were 

caused by polymorphisms. The sequence annotation of DJ841B21 indicated the 

presence of a (CA% microsatellite repeat just 2kb from the position of probe 9. 

Polymorphisms involving this repeat may have accounted for some of the additional 

bands which had been observed. Additional Southern blot experiments (data not 

shown) failed to confirm whether any of the additional bands represented the inversion 

breakpoint. Given that it was not known whether the breakpoint was located within the 

region of DJ264G1 overlapped by DJ841B21 and that a large number of further 

Southern blot experiments would have been required to definitively locate the 

breakpoint within DJ264G1, it was decided to use an alternative technique to further 

define the position of the breakpoint before performing additional Southern blot 

experiments.
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CHAPTER 5 CONSTRUCTING A COSMID CONTIG AND

IDENTIFYING AND CHARACTERISING A SINGLE 

COSMID CLONE SPANNING THE PROXIMAL 

INVERSION BREAKPOINT

5.1 Introduction

The proximal inversion breakpoint had been defined to the level of a single PAC clone, 

DJ264G1. As a first step towards defining the proximal inversion breakpoint within 

this PAC to the level of a single cosmid clone, a cosmid contig covering the length of 

this PAC clone was constructed. This was done by hybridisation screening of a 

chromosome 7 cosmid library and identification of regions of overlap between the 

cosmid clones by restriction digestion, PCR and Southern blotting. FISH was then used 

to identify a single cosmid clone spanning the breakpoint. This clone was characterised 

by restriction mapping and the position of the breakpoint was then further refined by 

Southern blotting.

5.2 Screening the Chromosome 7 Cosmid Library

The chromosome 7 cosmid library was first screened with the 6kb BamHl fragment 

(from previous chapter) and then with PAC DJ264-G-1 (Section 2.2.21). The first 

screen identified seven positive clones (Y 57fll, Y81fl2, Y118c6, Y178g2, Y199b8, 

Y209e7 and Y 210all). Restriction digestion with EcoRI (Sections 2.2.22(i) and 

2.2.7(ii)) was used to check for non-recombinant clones, of which one was identified 

(Y118c6; data not shown). Analysis of the restriction patterns generated by these 

digests (Figure 5.1) allowed the six remaining clones to be arranged into a contig, which 

was then confirmed by PCR (Section 2.2.23(i); Figure 5.2) using the primer pairs 

designed from the sequence of DJ841B21 (in previous chapter).
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The second screen (with PAC DJ264G1) identified the same six clones, as well as three 

novel clones (Y55a6, Y144f3 and Y192dl0). Restriction digests with EcoRI showed 

that these three clones were all recombinant (data not shown). Southern blotting was 

then used to add these clones to the initial contig of six clones (Sections 2.2.8, 

2.2.10(iv) and 2.2.11(iv); Figure 5.3).
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Figure 5.1 - Gel photograph showing EcoRl digests of PAC DJ264G1 and 
the novel clones identified in the first screen of the chromosome 7 cosmid 
library. This photograph was used to arrange the novel clones into a contig.
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F igure  5.2 - Gel photographs showing products of PCR reactions which 
confirmed the proposed cosmid contig. Names of cosmid clones are given 
on the vertical axis and names of PCR prim er pairs are given on the 
horizontal axis. These gels clearly illustrate the contig.
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Figure 5.3 - Schematic diagram showing the cosmid contig aligned with PAG clones DJ841B21, DJ264G1 and DJ261F20. 
The PCR primer pairs are also shown. Clones and primer pairs are indicated by horizontal lines.



5.3 Identifying a Single Cosmid Clone bv FISH

FISH was used to identify a single clone from the cosmid contig which spanned the 

proximal inversion breakpoint. Each of the nine cosmid clones from the contig was 

hybridised to metaphase spreads of the inversion cell line and a normal control 

(Sections 2.2.22(iii) and 2.2.17). These experiments showed that Y144f3 was 

centromeric to the breakpoint, Y55a6 and Y192dl0 spanned the breakpoint and Y 57fll, 

Y81fl2, Y178g2, Y199b8, Y209e7 and Y 210all were all telomeric to the breakpoint 

(Figure 5.4). As the smaller of the two breakpoint-spanning clones, Y192dl0 was used 

for further analysis.
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F ig u r e  5 .4 (a )  - FISH and DAPl-bancl ing images  of cosmid 14413 
hybi idised to metaphase  ch romosom es  of the D D 1027 cell line (t his 
page)  and a normal  control  ( facing page ). C h r o m o s o m e  centromeres 
are highl ighted in red and the cosmid probe in yellow. The 
chrom os omes  7 are indicated on the DAPI-banding  images.  The 
cosmid probe has hybridised to the ~’q22 region of  both the normal  and 
im er t ed  ch romosom es  of  the cell line. This indicates that this probe 
hy bn dises cent romeric  to the proximal  invers ion breakpoint.
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Figure 5.4(b) - F ISH and D API- band ing images  of cosmid Y I 9 2 d l O  
hybr id ised to metaphase  ch rom osom es  o f  the D D I 0 2 7  cell l ine (this page) and 
a normal  control ( facing page). T h e  cosmid probe is highl ighted in ye l low and 
the ch r o m o so m e  7 centromeres  are shown in red. T h e  ch romosom es  “ are 
indicated on the DA PI-band ing images.  The  cosmid probe has hybridised to 
the 7q22 region of the normal  ch r o m o so m e  7 and to the Tq22 and ~^q34 regions
of the inverted ch rom osom e  7 of  the cell line. 
s])ans the proximal  inversion breakpoint.

This indicates that this cosmid
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F ig u r e  5 .4(c)  - F IS H  and D API- banding  images  ol cosmid Y55a6 
hybiidised to metaphase ch romosom es  of the D D 1 0 2 7  cell l ine (this page) 
and a normal control (facing page).  The cosmid probe is highl ighted in 
yel low and the chr om osom e 7 centromeres  are show n in red. The 
chromosomes 7 are indicated on the DA PI-band ing images.  T h e  cosmid 
probe has hybridised to the ^q22 region of the normal  ch rom osom e  7 and to 
the 7q22 and 7q3 4 regions of the inverted c h r o m o s o m e  of the cell line. 
This indicates that this cosmid spans the proximal  inversion breakpoint.
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inv er s ion  cell l ine

normal  inverted

V

F ig u r e  5 .4 (d )  - F ISH and DAPI-band ing images  of  cosrnid Y 2 1 0 a l l  hybridised to 
metaphase  ch rom osom es  of  the inversion cell l ine (this page) and a normal  control 
(facing page). Th e cosrnid probe is h ighl ighted in ye l lo w  and the chrornsome 
centromeres  in red. T h e  ch romosom es  7 are indicated on the DAPI-banding  i nr ages. 
The cosrnid probe has hybrid ised to the 7q22 region of  the normal  chromosotrre "  and 
the 7q3 4  region of the inverted ch rom osom e  7 o f  the cell line. This  indicates that this 
cosrnid hybridises  telomeric to the proximal  invers ion breakpoint.
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F ig u r e  5.4(e)  - FISH and DAPI-band ing images  of cosrnid Y 5 7 f I I  hybridised to 
rn eta phase  ch romosom es  of the inversion cell line (this page) and a normal  control 
(facing page). The cosrnid probe is highl ighted in y e l low  and the chrornsome 
centromeres  in red. The ch rom osom es  7 are indicated on the DAPI-banding images. 
Th e cosrnid probe has hybridised to the 7q22 region of the normal  ch romosom e  and 
the ^ q34  region of  the inverted ch r o m o so m e  7 of the cell line. This indicates that this 
cosrnid hybr id ises  telorneric to the proximal  invers ion breakpoint.
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5.4 Restriction Mapping of Cosrnid Y192dl0

As a first step towards further defining the position of the breakpoint within cosrnid 

Y192dl0, single, double and triple restriction digests of this clone were performed with 

the enzymes BamHI, EcoRl and H indlll (Sections 2.2.22(i) and 2.2.7(ii); Figure 5.5). 

These digests were then examined to identify fragments which could be excised from an 

agarose gel and cloned for use as Southern probes. Digestion with EcoRI produced six 

restriction fragments, ranging from ~13kb to Ikb in size, which were evenly separated 

on an agarose gel and therefore easy to clone. These fragments were denoted E .l to 

E.6, in order of size, starting with the largest. Further restriction digests (using each of 

the enzymes BstBl, Narl, Nhel and Xhol, both alone and in combination with EcoRl’, 

data not shown) were then carried out in order to map the E’coRI restriction sites within 

cosmid Y192dl0 (Figure 5.6).

To determine the position and orientation of cosmid Y192dl0 with respect to the PAC 

and cosmid contigs, a small amount of DNA sequence was obtained from either end of 

this clone by direct sequencing from the T3 and T7 promoters which flank the cloning 

site (Section 2.2.16). This sequence was used to design PGR primer pairs (Section 

2.1.7). PGR reactions using these primers (Section 2.2.23(i)) and template DNA from 

clones in the PAG and cosmid contigs allowed the position and orientation of cosmid 

Y192dl0 to be determined (Figure 5.7).
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Figure 5.5 - Gel photograph showing restriction digests of cosmid Y192dl0. 
EcoRl digestion produces bands of -13, 4.7, 3.7, 1.6, 1.3 and l.Okb.
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Figure 5.6 - Schematic diagram showing restriction map of cosmid Y192dl0. The 
total size of the clone is 26-27kb. BstBl, EcoRl, Narl, Nhel and Xhol sites are shown 
as well as the BamHl cloning sites. The EcoRl sites are shown in bold and the sizes of 
the EcoRl fragments are indicated.
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Figure 5.7 - Schematic diagram showing position and orientation of cosmid Y 192dl0 with respect to FAC and cosmid 
contigs. Clones are represented by horizontal lines and those which span the proximal inversion breakpoint are highlighted 
in red. The T3 and T7 ends of cosmid Y 192dl0 are indicated.



5.5 Southern Blotting with Cosmid Fragments

In order to further refine the position of the breakpoint within cosmid Y192dl0, the 

EcoRI fragments of this clone were used to probe Southern blots of the inversion cell 

line. Two of the EcoRl fragments were identified from the restriction map as vector- 

only fragments (E.3 and E.5), but the remaining four fragments were each cloned into 

pUClS vector (Section 2.2.19). Each of these clones was then hybridised to Southern 

blots of the inversion cell line and several normal controls (Sections 2,2.6, 2.2.7(iii), 

2.2.8, 2.2.15(i), 2.2.10(v) and 2.2.11(v); Figure 5.8). The largest fragment, E .l, 

highlighted two bands (of approximately 12kb and lOkb) in addition to the normal band 

within the EcoRl digest of the inversion cell line. These additional bands were not 

present in the same digest of the normal controls. The other three EcoRl fragments 

used as probes (E.2, E.4 and E.6) did not highlight any additional bands.

The E .l fragment is ~13kb in size and constitutes approximately 60% of the insert of 

cosmid Y192dl0. In order to further define the position of the breakpoint within this 

region, additional restriction digests were performed to identify fragments of E .l which 

could be cloned for use as Southern probes. Double restriction digestion of cosmid 

Y192dl0 with EcoRl and H indlll (Sections 2.2.22(i) and 2.2.7(ii)) indicated that E .l 

was cut into a number of smaller fragments by Hindlll. Digestion of gel-purified E .l 

fragment with Hindlll showed that six smaller fragments, of 5.4, 3.3, 2.6, 1.7, 0.33 and 

0.22kb, were generated (Figure 5.9). These were denoted E/H.l to E/H.6, in order of 

size, starting with the largest. Each of these fragments was cloned into pUC18 vector 

and then used to probe Southern blots of the inversion cell line and several normal 

controls (Figure 5.10). The E/H.2 fragment (3.3kb) highlighted the normal band and the 

larger of the additional bands (that had been highlighted by E .l) in the EcoRl digest of 

the inversion cell line, whereas the E/H.3 fragment highlighted the normal band and the 

smaller additional band (that had been highlighted by E .l). This indicated that the
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breakpoint was located between E/H.2 and E/H.3. Hybridisation of the other cloned 

E/H fragments to Southern blots was uninformative.
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Figure 5.8(b) - Autoradiograph showing the E.2 fragment of cosmid Y 192dl0 hybridised to a Southern 
blot of BamWl, EcoRI, EcoKW and H indlll restriction digests of the DD1027 cell line and four normal 
controls. This hybridisation has highlighted single bands within the EcoKl and EcoKV  digests of the cell 
line DNA. The same single bands can be seen in the EcoRI digests of all four normal controls and the 
EcoKV  digest of normal control M.



F ig u re  5.8(c) - Autoradiograph 
showing the E.4 fragm ent of 
cosmid Y 192dl0 hybridised to a 
Southern blot of BamHl, E coR l 
and EcoRV  restriction digests of 
the DD1027 cell line and six 
normal controls. No additional 
bands were visible in the digests 
of the cell line DNA compared to 
the normal controls.
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Figure 5.9 - Gel photographs showing the six HindWl restriction fragments of the 
gel-purified E .l fragment. The range of sizes of the fragments meant that they 
could not be resolved on a single gel. Fragments E/H.l to E/H.4 can be seen in the 
left hand gel and fragments E/H.5 and E/H.6 can be seen in the right hand gel.
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5.6 Sequencing a Cosmid Fragment

In order to locate the breakpoint within E .l, it was necessary to map the HindlW  

restriction sites within this fragment. Restriction mapping had failed to map all of these 

sites with complete certainty, therefore the E. 1 fragment was fully sequenced. This was 

done by shotgun-cloning the E .l clone into M13 vector, automated DNA sequencing 

and computerised assembly of the full sequence (Sections 2.2.20, 2.2.16 and 2.2.24). 

Computer analysis of the 13.5kb sequence of E .l (Section 2.2.24) predicted H indlll 

fragments of the appropriate sizes and indicated that E /H .l, E/H.4 and E/H.5 lay 

between E/H.2 and E/H.3 (Figure 5.11). This located the breakpoint to a region of 

approximately 7.5kb.
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breakpoint region (7.5kb)
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1  E/H.3 ' E/H.l ' ' E/H.4 * E/H.2 
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Figure 5.11 - Schematic diagram showing EcoR\ sites within cosmid Y192dl0 insert and HindlW  sites within the E.l fragment of that 
cosmid. The cosmid insert is represented by a horizontal line and the restriction sites are represented by vertical lines. The 7.5kb breakpoint 
region between fragments E/H.2 and E/H.3 is indicated.



5.7 Discussion

When the initial contig of six cosmid clones had been constructed it was discovered that 

probing the library with the 6kb Bam\{\ fragment alone could not have identified all six 

clones. This fragment had been purified by Bam H l digestion of PAC DJ264G1, 

excision of the 6kb band from an agarose gel and gel purification. It was found to be 

contaminated with another BamHl fragment of a very similar size which also 

represented the region of DJ264G1 overlapped by DJ841B21. This contaminating 

restriction fragment was responsible for the identification of some of the clones in the 

library screen.

The FISH experiments with cosmid probes showed that the proximal inversion 

breakpoint was not located in the region of DJ264G1 overlapped by DJ841B21. This 

confirmed that the additional bands observed in Southern blotting experiments in the 

previous chapter were not caused by this breakpoint. They were probably caused by 

polymorphisms, although at this stage the possibility that they were caused by 

breakpoints of additional rearrangements could not be excluded.

Despite the inconclusive nature of some of the Southern blotting data presented in this 

chapter, these data suggested that the breakpoint was located within the 7.5kb region of 

E .l flanked by E/H.2 and E/H.3. The identification of two additional bands in the 

EcoBl digest of the cell line DNA by E .l and one of these bands by each of E/H.2 and 

E/H.3 could not have been caused by a single restriction fragment length polymorphism 

(RFLP). If one of the EcoRl sites flanking E .l had been lost, E/H.2 and E/H.3 would 

both have identified a single additional band, whereas if an additional E’coRI site had 

been created in the 7.5kb region between E/H.2 and E/H.3, the sum of the sizes of the 

two additional bands would have been 13.5kb, rather than ~22kb. These two events in 

combination would have been required to generate the additional restriction fragments 

which were observed, which was judged to be unlikely.

244



CHAPTER 6 CLONING BOTH INVERSION BREAKPOINTS

6.1 Introduction

The proximal inversion breakpoint had been localised to a 7.5kb region of cosmid 

Y 192dl0. Bubble-PCR was used to try to clone the breakpoint from this region. 

Meanwhile, Southern blotting with PCR-amplified probes further refined the position of 

the breakpoint to within SOObp. The distal inversion breakpoint was then cloned by 

bubble PGR using primers designed to flank this narrow interval. This breakpoint was 

sequenced, allowing the cloning of the proximal inversion breakpoint by PGR, which 

was then also sequenced.

6.2 Bubble PGR on 7.5kb Region

In order to try to clone the proximal inversion breakpoint from the 7.5kb region, pairs of 

PGR primers were designed facing in each direction at 2-3kb intervals across this region 

(Section 2.1.7; Figure 6.1). Bubble libraries were generated from DNA of cosmid 

Y192dlO and of the DD1027 inversion cell line using the restriction enzymes EcoRW, 

Nael, Pvull, Seal, Sm al and Sspl and a blunt-ended bubble linker. To confirm the 

expected size of the normal bubble PGR products the primers were first tested on the 

cosmid bubble libraries. Products were fairly easily obtained from the cosmid bubble 

libraries using a single round PGR protocol (Section 2.2.12(ii); Figure 6.2). The same 

reactions were also performed on the cell line bubble libraries, however, these were 

initially unsuccessful. Further reactions using the cell line bubble libraries and a two 

round, nested PGR protocol (Section 2.2.12(ii)) were more successful. Single distinct 

bands were amplified from the majority of the six cell line bubble libraries, although 

there was also a background smear of unspecific products (Figure 6.3). These reactions 

were also difficult to reproduce.
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primers:
E.1/31

E.1/33 E.1/35

►  ►
E.1/32 E.1/34

E.1/29

repeats: MER2 All! MIR
sr.
repeats /  Alu L2 Alu L2 LI

OS
E.l

breakpoint region (7.5kb)

1 
H

E
E/H.6
(220bp)

E/H.3
(2.6kb) H E/H.l

(5.4kb) - ,  "

(330bp)

E/H.2
(3.3kb)

Figure 6.1 - Schematic diagram showing the H indlll restriction map of the E .l fragment, the repetitive sequence 
elements within this region and the primers which were designed to clone the proximal inversion breakpoint from the 
7.5kb region by bubble-PCR. The E .l fragment is represented by a horizontal line, restriction sites are represented by 
vertical lines (E = EcoRl and H = Hindlll) and primers are represented by arrows.



Template: Y192dl0 DD1027

Primer:

2.5kb

500bp
lOObp

31 33 29 32 M
29 32 31 33

Figure 6.2 - Gel photograph showing the result of initial, single round, bubble 
PCR reactions on HindlW bubble libraries generated from cosmid Y192dl0 and 
the inversion cell line. A single specific product can be seen in each of the 
bubble PCR reactions on the HindWl bubble library of the cosmid, but no 
products can be seen in the reactions of the corresponding cell line bubble 
library. The successful reactions on the cosmid bubble library indicate the size 
of the normal product that would be expected from the cell line bubble library 
(assuming that there are no restriction fragment length polymorphisms).
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Primers: 29^*32^^34^^

YI92dlO

Primers:

DD1027 - 1st attempt

31 33 35
29 32 34

Primers: 29 32 34

DD1027 - 2nd attempt

Primers: 2 9 ^ * 3 2 ^ 3 4 ^ ^

DD1027 - 3rd attempt

F igure  6.3 - Gel photographs showing results of bubble-PCR reactions on EcoRV  
bubble libraries of cosmid Y192dl0 and the inversion cell line. The cosmid bubble 
library was amplified by a single round PCR protocol, whereas the cell line bubble 
library was amplified by a double round protocol. The products obtained from the 
cosmid bubble library indicate the expected size of the normal product from the cell 
line bubble library (assuming that there are no restriction fragment length 
polymorphisms). The results of three successive rounds of bubble PCR reactions 
on the cell line bubble library show that specific products were difficult to obtain 
reproducibly.
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6.3 Further Refinement of the Breakpoint bv Southern Blotting

In an attempt to more accurately locate the proximal inversion breakpoint, several 

bubble PCR products that had been generated from the cosmid Y192dl0 template were 

hybridised to Southern blots of the inversion cell line and several normal controls 

(Sections 2.2.6, 2.2.7(iii), 2.2.8, 2.2.10(vi) and 2.2.1 l(vi)). One SOObp product 

(generated by amplification of EcoRV  bubble library with primer E.l/33a and denoted 

33/EV) highlighted both of the additional bands in the EcoRl digest of the cell line that 

had been highlighted by the E .l fragment (Figures 6.4 and 6.5). This probe also 

highlighted additional bands within the BamHl and EcoR V  digests of the cell line. 

None of these additional bands were present in digests of the normal controls. This 

located the likely position of the breakpoint to a region of just SOObp.

249



probes: 33/EV 36/H

repeats:

breakpoint
w region
o  ^  ^

E.l

[ T  E/H.3 J  E/H.l E/H.4 ' E/H.2
E (2-6kb) (5.4kb) _  (1.7kb) (3.3kb)
E/H 6 li/H .j

(220bp) (330bp)

Figure 6.4 - Schematic diagram showing the bubble PCR-generated probes (which were hybridised to Southern 
blots of the inversion cell line) against the H indlll restriction map of the E. 1 fragment. The probes and the E. 1 
fragment are represented by horizontal lines and restriction sites are represented by vertical lines (E = EcoRI and 
H = HindiW). The reduced (SOObp) breakpoint region and repetitive sequence elements are also indicated.
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Figure 6.5 - Autoradiograph of SOObp bubble-PCR product, 33/EV, hybridised to Southern blot of BamW\, E’coRI, EcoKW 
and HindlW restriction digests of the inversion cell line and six normal controls. Three bands are visible in the £cr;RI digest 
of the cell line, a doublet at 12-13kb and a single band at lOkb. A single 13kb band can be seen in the EcoRI digests of 
normal controls F, M and C. Two additional bands are also present in the B a m \\\ and EcoRV digests of the cell line 
compared to the normal controls.



6.4 Cloning the Distal Inversion Breakpoint bv Bubble PCR

In order to clone the proximal inversion breakpoint from this SOObp region, further 

bubble PCR reactions were performed using primers E.1/33 and E.l/33b (Section 2.1.7) 

and bubble libraries generated from DNA of the inversion cell line (Sections 2.2.6(ii) 

and 2.2.12(ii)). These primers were designed from sequences telomeric to the 

breakpoint region. Therefore, if an additional product of an unexpected size were 

obtained from a bubble PCR reaction it would be expected to contain the distal 

inversion breakpoint of the inverted chromosome.

These primers were used in a two round PCR protocol to amplify products from Clal, 

EcoRl, Seal and Smal bubble libraries of the cell line DNA. Two clear bands were 

obtained from amplification of the Seal library, one of which was the size of the 

expected normal product (Figure 6.6). These two PCR products (the larger was denoted 

33/SC/A and the smaller 33/SC/B) were cloned into pUClS vector (Section 2.2.14) and 

both ends of each product were sequenced (Sections 2.2.15(i) and 2.2.16). None of the 

sequences obtained were found to match the normal sequence of E .l. BLAST analysis 

(Section 2.2.24) of these sequences showed that 33/SC/A had homology with another 

clone in the PAC contig that had been constructed to span the proximal inversion 

breakpoint, whereas 33/SC/B had homology with a PAC clone from chromosome 10 

(data not shown). This bubble-PCR reaction was then repeated with the result that three 

clear bands were seen (data not shown), further evidence that these products were PCR 

artefacts.

To confirm that the SOObp bubble-PCR product which had been shown by Southern 

blotting to span the breakpoint was genuine, it was directly sequenced from both ends 

(Section 2.2.16). Alignment of these sequences with the sequence of E .l (Section 

2.2.24), confirmed that the SOObp bubble PCR product (33/EV) represented the 

expected section of E .l (data not shown). This bubble PCR product was then used to
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probe blots of digests of PAC DJ264G1, cosmids Y192dl0 and Y144f3 and the E .l 

clone (Sections 2.2.7, 2.2.8, 2.2.10(vi) and 2.2.11(vi); data not shown), which 

confirmed that it represented the appropriate regions of each of these clones.

Further bubble-PCR reactions were then performed using two pairs of nested primers 

flanking the SOObp breakpoint region to amplify products from BamWl, Clal, EcoRI, 

H indlll, EcoRW, Pvull, S ea l  and Sm al bubble libraries of the inversion cell line 

(Sections 2.1.7 and 2.2.12(ii)). Primers E .l/38a and E .l/38b were designed from 

sequences centromeric to the breakpoint region and primers E .l/33c and E.l/33d from 

sequences telomeric to this region (Figure 6.7). The products were resolved on two 

agarose gels (Figure 6.8) which were blotted (Section 2.2.8). To identify the genuine 

products the Southern blots were probed with a third internal primer from the same side 

of the breakpoint region as the pair of nested primers used in the PCR reaction (Sections 

2.2.10(vii) and 2.2.11(vii); Figure 6.9); i.e. products amplified with primers E.l/38a and 

E.l/38b were probed with primer E.l/38c and products amplified with primers E.l/33c 

and E.l/33d were probed with primer E.l/33a. In order to identify the product of the 

normal chromosome in cases where more than one genuine product had been identified, 

the blots were stripped and reprobed with a primer from the other side of the breakpoint 

region (Figure 6.9); i.e. products amplified with primers E .l/38a and E .l/38b were 

probed with primer E .l/33a and products amplified with primers E.l/33c and E.l/33d 

were probed with primer E.l/38c. Two genuine products were clearly identified within 

seven of the sixteen bubble PCR reactions and in two cases {33/BamHl and 3S/Bam¥ll) 

the product of the normal chromosome was identified. In a third case (33/EcoRl), 

although the product from the normal chromosome was not highlighted by the second 

hybridisation, the smaller of the two products was only ~230bp. If this were the normal 

product it would not have been identified by this technique since the sequences from 

which primers E.l/38c and E.l/33d were designed were 980bp apart. Both products 

from each of these three reactions were gel-purified and used to probe Southern blots of
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digests of cosmid Y192dl0 and PAC DJ264G1. These hybridisations confirmed that 

they all represented the appropriate parts of these clones (data not shown).
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Figure 6.6 - Gel photograph showing products of 1st and 2nd rounds of bubble- 
PCR reactions using bubble libraries of the inversion cell line DNA as template. 
Primer E .l/33a and the bubble primer were used in the first round and primer 
E .l/33b  and the nested bubble primer were used in the second round. The 
restriction enzyme used to construct the bubble library is indicated above each 
lane. Two clear bands can be seen in the second round lane. It was 
assumed that these products had been amplified from the normal and inverted 
chromosomes of the cell line and that the latter would contain the sequence of 
the distal inversion breakpoint.

255



pnmers:

repeats:

E .l/3 8 c^  ^ E .l/3 3 a
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F igure 6.7 - Schematic diagram showing primers used to clone the breakpoint from the 800bp breakpoint 
region against a HindllL restriction map of EcoRl restriction fragment E .l. The E .l fragment is represented 
by a horizontal line, the restriction sites are indicated by vertical lines (E = EcoRI and H = HindlÛ) and the 
primers are represented by arrows. The breakpoint region and repetitive sequence elements are also 
indicated.
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Figure 6.8 - Gel photographs showing bubble PCR products generated with primers 
flanking the 800bp breakpoint region. The top gel shows products amplified from 
cell line bubble libraries with primers E.l/33c and E .l/33d. The bottom gel shows 
products amplified from the same libraries with primers E. l/38a and E.l/38b. The 
restriction enzyme used to construct the bubble library template is indicated above 
each lane.
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F ig u re  6.9 - A u torad iographs show ing 
hybridisations to identify genuine bubble- 
PCR products and to show which product 
represents the normal chromosome. The two 
autoradiographs on the left hand side show 
bubble PCR products amplified with primers 
E .l/33c and E .l/33d  and those on the right 
hand side show products am plified with 
primers E .l/38a and E .l/38b . The top two 
autoradiographs show blots probed with a 3rd 
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as those used to amplify the products and 
those at the bottom show blots probed with a 
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breakpoint. Two products were amplified 
from the BcuuHX bubble library by each pair 
of primers (there is a doublet of bands at ~3kb 
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6.5 Sequencing the Distal Inversion Breakpoint

In order to obtain the sequences of the inversion breakpoints, both ends of each of these 

six bubble PCR products were sequenced (Section 2.2.16). In two cases (33/RamHI and 

33/EcoRI), computer sequence alignments (Section 2.2.24) confirmed that both ends of 

the product from the normal chromosome matched the sequence of E .l, whereas only 

one end of the product from the inverted chromosome matched this sequence (data not 

shown). The 33/EcoRI product of the inverted chromosome was fully sequenced. The 

point at which the sequence of this product ceased to match the sequence of E. 1 was the 

position of the distal inversion breakpoint. The remaining ‘unknown’ sequence from 

this product (i.e. sequence from the distal breakpoint region of the normal chromosome) 

was subjected to BLAST analysis (Section 2.2.24; Figure 6.10). A perfect match was 

found with a PAC clone, DJ1154E9, the full sequence of which was publicly available.
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7q22 7q34

Normal
chromosome: 38 33 154E9

oCEN

proximal distaldistalproximal

TEL

inversion
breakpoint

inversion deletion deletion
breakpoint breakpoint breakpoint

Inverted
chromosome:

154E9

f o o TELCEN

Figure 6.10 - The primers which were used to clone both inversion breakpoints are shown 
against schematic diagrams of the q arm of the normal and inverted chromosomes 7. The 
inversion and deletion breakpoints are marked. The proximal inversion breakpoint region 
of the normal chromosome is highlighted in blue, the distal inversion breakpoint region 
(also containing the proximal deletion breakpoint) in red and the distal deletion breakpoint 
region in green. Nested primers E.l/33c and E.l/33d are represented by the arrow marked 
33, nested primers E.l/38h and E.l/38a are represented by the arrow marked 38 and 
nested primers 1154E9/1 and 1154E9/2 are represented by the arrow marked 1154E9.
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6.6 Cloning the Proximal Inversion Breakpoint by PCR

The availability of the normal DNA sequence of both breakpoint regions made it 

possible to clone the proximal inversion breakpoint by conventional PCR. In order to 

do this a pair of nested primers (1154E9/1 and 1154E9/2) were designed from the 

sequence of FAC DJ1154E9. These primers, in combination with the nested primers

E.l/38h and E.l/38a, were used to amplify the proximal inversion breakpoint from the 

inverted chromosome of the cell line (Sections 2.1.7 and 2.2.23(i); Figure 6.10). This 

PCR product was fully sequenced (Section 2.2.16) and alignment of this sequence with 

the sequence of E. 1 (Section 2.2.24) indicated the position of the proximal inversion 

breakpoint.

Alignments of the sequences of both inversion breakpoints with the normal sequences 

of both breakpoint regions (Section 2.2.24) revealed that a 3bp motif from the proximal 

breakpoint region of the normal chromosome and a 4bp motif from the distal breakpoint 

region of the same chromosome were present at both breakpoints of the inverted 

chromosome (Figure 6.11). These small duplications prevented the positions of the 

breakpoints from being more accurately determined. These alignments also revealed 

that a 190bp region just telomeric to the position of the distal breakpoint on the normal 

chromosome was not present in the inverted chromosome. The deletion breakpoints 

were found to occur within identical 15bp sequence motifs, the nearest of which was 

13bp telomeric to the 4bp region of the distal inversion breakpoint (Figure 6.11). A 

single 15bp motif was recreated by the deletion, therefore the exact positions of the 

deletion breakpoints could not be determined. There was no loss of material from the 

proximal breakpoint region.
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(A) proximal inversion breakpoint (normal chromosome) 

ATTACCCTTAAACATGGTTGTTAACATGTAAAAGCTATCTGTTTGGTAGTTATGACTATGAC
46385 46447

proximal inversion breakpoint (inverted chromosome) 

ATTACCCTTAAACATGGTTGTTAACATGTAAAA> ICTAGCCCGCCTCAGCCTCCCAAAGCGCT

distal inversion breakpoint and proximal deletion breakpoint (inverted chromosome) 

GCCAGGATGGTCTTGATCTCTTGACCTCGTGATCCGCCCCTATCTGTTTGGTAGTTATGACTAT

distal inversion breakpoint and proximal deletion breakpoint (normal chromosome) 

GCTAATITGGTCTTGATCTCTTGACCTCGTGATCCGCCCGCCTCAGCCTCCCAAAGCGCTGGG
45349 45287

distal deletion breakpoint (normal chromosome)

GCCAGGATGGTCTTGATCTCTTTTTTTTTTTTTTTTTGAGACGGAGTCCCGCTCTGTCGCCCAGG 
45537 45472

(B)
Normal

chromosome:

proximal
inversion

breakpoint

CEN

distal
inversion

proximal
deletion

distal 
deletion

breakpoint breakpoint breakpoint

I  /
■0— 0 -------------  TEL

Inverted
chromosome:

CEN TEL

Figure 6.11 - (A) Aligned sequences o f  the inversion and deletion breakpoints on the 
normal and inverted chromosomes. Sequence from  the proximal inversion breakpoint 
region is shown in blue, sequence from the region o f  the distal inversion breakpoint and 
proximal deletion breakpoint is shown in red and sequence from the distal deletion 
breakpoint region is shown in green. The duplicated 3bp  and 4bp  sequences o f  the 
inversion breakpoints are shown in black and underlined. T he  15bp repeat sequences at 
the deletion breakpoints are shown in black without underlining. The base numbering o f  
the proximal inversion breakpoint region refers to PAC clone D J1145A22 and the 
numbering o f  the distal inversion breakpoint region refers to PAG clone D Jl 154E9. (B) 
Schematic diagram showing how the colours of the DNA sequence refer to parts o f  the 
normal and inverted chromosomes.
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6.7 Discussion

The Southern blot experiment with the SOObp bubble PCR product (33/EV) gave 

conclusive evidence for the position of the proximal inversion breakpoint. Additional 

bands were observed in three of the four restriction digests of the cell line DNA (in the 

fourth the DNA was not properly digested) and the bands were stronger and clearer than 

those observed in hybridisations with restriction fragments of cosmid Y192dl0 in the 

previous chapter. The quality of this data was due to the smaller size of the probe and 

the absence of any repetitive sequences within it. This result confirmed that the 

proximal inversion breakpoint was located within the 7.5kb region of E .l as the same 

time as further refining its position to just SOObp.

The first two bubble PCR products generated from DNA of the DD1027 inversion cell 

line which were cloned (33/SC/A and 33/SC/B) were found to be PCR artefacts. It was 

noticeable that this bubble PCR reaction and the other reaction using a bubble library 

generated with a blunt-cutting restriction enzyme {Seal and Smal respectively) had 

produced much less background smear than the reactions using bubble libraries 

generated with restriction enzymes which leave overhanging ends (Clal and EcoRI). It 

is possible that construction of the Seal and Smal libraries might have created unusual 

ligation products consisting of multiple restriction fragments of the cell line DNA and 

multiple bubble linkers, which might then have led to the amplification of parts of the 

genome which were not associated with the inversion breakpoints. The hybridisations 

which were used to identify genuine bubble PCR products of later reactions did not 

identify any such products from Seal or Smal libraries, supporting this hypothesis that 

ligation of blunt-ended fragments lacked specificity.

The cloning and sequencing of the two inversion breakpoints confirmed that the 

additional bands observed in the Southern blotting experiments which had allowed the 

proximal breakpoint to be located were caused by this breakpoint.
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CHAPTER 7 ANALYSING THE BREAKPOINT SEQUENCES

7.1 Introduction

The proximal and distal inversion breakpoints had been cloned from the cell line and 

sequenced. Computer analysis of these sequences was used to determine the positions 

of both breakpoints with respect to STS markers and known genes. Further computer 

analysis was then used to attempt to identify other expressed sequences in both 

breakpoint regions and to look for evidence of the mechanism of the inversion.

7.2 Extending the DNA Sequences of the Breakpoint Regions

In an attempt to obtain further DNA sequence information from both inversion 

breakpoint regions, the sequence of E. 1 (proximal breakpoint region) and short sections 

of sequence from either end of PAC clone DJ1154B9 (distal breakpoint region) were 

subjected to BLAST analysis (Section 2.2.24). These analyses revealed a contig of 

three sequenced PAC clones (DJ1145A22, DJ841B21 and DJ1090P18) and one 

sequenced BAC clone (RG94H21) providing 375kb of normal DNA sequence spanning 

the proximal inversion breakpoint. They also revealed a contig of two sequenced PAC 

clones (DJ894A10 and DJ1154E9) providing 197kb of normal DNA sequence around 

the distal inversion breakpoint (Figure 7.1).
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Figure 7.1(a) - Schematic diagram of the proximal inversion breakpoint region showing the results of NIX analysis on the published 
DNA sequences surrounding the breakpoint. STS markers, known genes, ESTs and DNA clones are represented by horizontal lines.
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Figure 7.1(b) - Schematic diagram of the distal inversion breakpoint region showing the results of NIX analysis on the published 
DNA sequences surrounding the breakpoint, STS markers, known genes, ESTs and DNA clones are represented by horizontal lines.



7.3 Locating the Breakpoints with Respect to Known Genes and 

Markers

In order to identify all of the physical markers and known genes within these two large 

DNA sequences they were both subjected to NIX analysis (Section 2.2.24; Figure 7.1). 

The proximal inversion breakpoint region was found to contain the STS markers 

sWSSI530, sWSS1208 and sWSS30. This region also contained the genes TAC2 

(tachykinin 2) and ASNS (asparagine synthetase), which were 40kb and 160kb 

telomeric to the breakpoint respectively. The distal inversion breakpoint region was 

found to contain the STS markers sWSS3068 and sWSS505. This region also contained 

the SSBP gene (encoding a mitochondrial single-stranded DNA binding protein) and a 

wee 1-like protein kinase gene, which were 42kb and 65kb centromeric to the breakpoint 

respectively, and a myosin light chain gene which was 20kb telomeric to the breakpoint.

7.4 Identifying Expressed Sequences

In an attempt to identify additional expressed sequences close to the inversion 

breakpoints, NIX was used to analyse 3Okb of normal DNA sequence centred on each 

breakpoint (Section 2.2.24; Figure 7.2). In the proximal inversion breakpoint region, a 

region of homology to the thymosin-P4 gene was found 8kb centromeric to the 

breakpoint and a region with homology to two Unigene clusters of ESTs (Hs.28444 and 

Hs.289712) was found llk b  telomeric to the breakpoint. A large number of possible 

exons were also predicted, as were one single exon gene and four multiple exon genes, 

three of which spanned the breakpoint. In the distal inversion breakpoint region, two 

separate regions of homology to the candidate taste receptor T2R5 were found, which 

were 740bp and 12kb centromeric to the breakpoint. Regions of homology to NADH 

dehydrogenase subunits 1 and 2 and cytochrome c oxidase subunit 1 were also found 

I Okb telomeric to the breakpoint. Unigene clusters of ESTs were found corresponding 

to both regions of homology to T2R5 (Hs.272388 and Hs.272387 respectively) and to
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another region 1 Ikb centromeric to the breakpoint (Hs. 195699) and multiple ESTs were 

found corresponding to each of the regions of homology to NADH dehydrogenase and 

cytochrome c oxidase. In addition, a large number of possible exons and genes were 

predicted. Two separate single exon genes, corresponding with the regions of 

homology to T2R5, were each predicted by three separate gene prediction programs. 

Five multiple exon genes were also predicted, four of which spanned the breakpoint.
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yo Figure 7.2(a) - Diagram showing selected results of NIX analysis on 3Okb section of DNA sequence centred on 
the proximal inversion breakpoint. Features of the + strand are shown above the scale bar and features of the - 
strand are shown below. Results of exon prediction programs are in purple, results of gene prediction programs 
are in blue, results of protein BLAST searches are in green and results of DNA BLAST searches are in yellow. 
The brightness of the coloured results bars indicates the quality of the prediction; brightest = excellent, medium 
= good, dimmest = marginal.
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^  Figure 7.2(b) - Diagram showing selected results of NIX analysis on 3Okb section of DNA sequence centred on
^  the distal inversion breakpoint. Features of the + strand are shown above the scale bar and features of the -

strand are shown below. Results of exon prediction programs are in purple, results of gene prediction programs 
are in blue, results of protein BLAST searches are in green and results of DNA BLAST searches are in yellow. 
The brightness of the coloured results bars indicates the quality of the prediction; brightest = excellent, medium 
= good, dimmest = marginal.



To try to predict possible functions of these putative genes, the predicted protein 

sequences were subjected to PIX analysis (Section 2.2.24). Most of these predicted 

proteins had some slight homologies to motifs characteristic of various protein families 

(data not shown). However, the only ones for which there was strong evidence for a 

particular function were the predicted protein sequences of the putative single exon 

genes which corresponded to the regions of homology to the candidate taste receptor 

T2R5 in the distal inversion breakpoint region. Each of these had a large region of 

homology to many different candidate taste receptors and multiple signature motifs of 

rhodopsin-like superfamily proteins which corresponded to predicted transmembrane 

regions. Those corresponding to the region of homology to T2R5 closest to the 

breakpoint also had a predicted coiled coil domain, whereas those corresponding to the 

region of T2R5 homology further from the breakpoint had a predicted leucine zipper 

region (Figure 7.3).
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Figure 7.3(a) - D iagram  showing selected results o f  P IX  analysis o f  predicted 
protein sequence corresponding to the region of hom ology to the candidate  taste 
receptor T 2 R 5  which was 740bp centrom eric  to the distal inversion breakpoint. 
P rogram s to predict secondaiy  structure motifs are shown in light blue, B L A S T  
searches o f  protein databases in red, searches of protein dom ain  databases in dark 
blue, p rogram s to predict coiled coil motifs in red, program s to predict 
t ransm em brane  regions in pink and a program  to predict helix-turn-helix  motifs in 
white. F o r  the secondaiy  structure predictions, pink indicates a possible alpha helix 
and ye l lo w  indicates a possible beta strand. T h e  brightness of the other features 
indicates the qualit}' of the prediction; brightest = excellent, medium = good, 
d im m est  = marginal. All of the matches found by B last/SPT R  were to candidate 
taste receptors. The row  of six blue blocks level with PR IN T S  represents six out of 
seven signature motifs o f  the rhodopsin-like G P C R  superfam ily  preoteins.
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F igure 7 .3 (b) - D iagram  showing selected results o f  FIX analysis o f predicted 
protein sequence corresponding to the region of hom ology to the candida te  taste 
receptor T 2 R 5  which was 12kb centrorneric to the distal inversion breakpoint. 
P rogram s to predict secondary structure motifs are show n in light blue, B L A S T  
searches of protein databases in red, searches of protein dom ain  databases in dark 
blue, program s to predict coiled coil motifs in red, program s to predict 
transm em brane  regions in pink and a program  to predict helix-turn-helix motifs in 
white. F o r  the secondaiy  structure predictions, p ink  indicates a possible alpha helix 
and y e l lo w  indicates a possible beta strand. T h e  brightness o f  the o ther features 
indicates the quality of the prediction; brightest = excellent, m edium = good, 
d im m est  -  marginal. All o f  the matches found by B last/SPT R  were to candidate 
taste receptors. T he  row  o f  six blue blocks level with PR IN T S represents six out of 
seven s ignature motifs o f the rhodopsin-like G P C R  superfam ily  preoteins. T h e  
single blue block level with P R O SIT E ,m otifs  is a predic ted  leucine zipper domain.
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7.5 Evidence for Possible Mechanisms of Rearrangement

In order to look for further evidence of the mechanism of the inversion, short segments 

of DNA sequence surrounding the positions of both inversion breakpoints were 

searched for a variety of sequence motifs (Section 2.2.24). These included the heptamer 

and nonamer motifs of the V(D)J recognition signal sequence (RSS), DNA 

topoisomerase II (topo II) consensus binding sites, chi-\ike sequences, translin binding 

sites and Alu, LINE and dinucleotide repeats (Section 1.3). Four sequences 

homologous to the topo II site were found close to the proximal inversion breakpoint, 

including one spanning the 3bp breakpoint motif. Ten sequences homologous to the 

topo II site were found in the 312bp centromeric to the distal inversion breakpoint. 

Three chi-\ikQ sequences were also found close to the distal inversion breakpoint and 

partial homologies to both the heptamer and nonamer elements of the V(D)J RSS were 

found close to both inversion breakpoints. A short (CA)„ repeat was found 2.7kb 

telomeric to the distal inversion breakpoint (data not shown). No full length LINE 

repeats were present in the 5kb to either side of each breakpoint, although small 

fragments were (data not shown). No translin binding sites were found close to either 

breakpoint. Sequence analysis revealed, however, that the distal inversion breakpoint 

and both breakpoints of the 190bp deletion were within Alu repeats. No Alu repeats 

were found near the proximal inversion breakpoint (Figure 7.4).
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TCCTTTCCTTATTCCNTGCTCATAATTTCTTTCAGACAAATCTACTAAAAATATCATGGAGC

TTAACTCTAAGATTTTACAACTAATCTATTAATTACCCTTAAACATGGTTGTTAACATGTAA
  topo II

AAGCTATCTGTTTGGTAGTTATGACTATGACTACAGAGCAATTAAACATCTCTGGAATCTA
BP 7mer

CTTATGAAGGTGTTGTGGTGAAAAGGATAATAATTAATGGGAAAGTTTAGGTGTGCTCCTG
9mer

TGTATTAATATGATGATGAGAGTAGAAGGTGGAGAAGTAATGTGATTAGTAAATATGATTAA
topo II 7mer

TTTGGTTAGTAAGTATATAGTATATTAGGAAATTTATGTATGGATGTATTTTATTATTGTTTT
topo II topo II

Proximal breakpoint region (5124-5492)

AGAGATGTATATGGTTTTTAAGTATATATTTAAGAGAAAAAGGATGATATGTTTTGTGTGTAATG
topo II topo II 9mer topo II

GTTGTTAATATGAGTAGTAATTAAAAATAGTTTAAAATGGATATGTAATTAGAATGAGTAAAATGT
topo II 7mer topo II topo II topo II
ATAGGAAAAATTTTTGATAGTTTATTAAAGGGGTAAAGAGAGGAGATTAGATAGATTAATAGATT 

topo II topo II
GAGTTTTTGTTTTGTTTTGTAGAAATATAAAGAGGTTGAAAGAAAGTGGGGATGGGAAGGGAAA 

9mer topo II
GTGTTATTTTTAGTGGGAGTGGGGAGATTAGGGTGGGGAAAGGGTGGGAGTGGGGGGGGGTA

7mer chi BP 7mer
G TG GTGCAGTTCTGTAGTTGTGGTTTAATGGGGGGGGGGGAGGGGGGGGGGAGATGAGGGTG

15bp repeat
GATGAGGGGTGGGAGTGGGTGGTGTTAGGGGACTTGGGGGGTTGGGGTGGAAGGTGAGTGGG

chi 7mer 7mer
GTGTAAGGGGGTGAGGTGAGGGGTGAGGGGGGAGGGGGTGTGTGGGGGTGAGGGAGAGTTT

7mer 7mer 7mer
TTTTTTTTTTT I I ICTCTAGTTCTGGTAGGAGGGATTGTAGTAATTTGGGGTAGAGATGATTTTT 

15bp repeat
ATGTTTTTTAATGGGAGGAGAGAAGGGGGGGTGGAGATGAGGGTGGATGAGCCCTCCG AGTG

chi
GGGGGTGTTAGGGTAGTTGGGTGGTGGAGGTGTAGGGTCACTCGGGTGTGGTACGGTGAGGT

7mer 7mer
G AGGTGGGAGGGGTTGTGTGGGTGTAGGGCAGAGTTTTTT TTTTl I I ITTGGTGTTATTTTGAGT

7mer
GAAGGTAGGGTAGTAGAGATAATTGGAGGTTGGGGGTGGTTGAGTTGAGGGGGTTATAGTGTT

AGTGGGGGTGAAGTAAGAGGAATTTTTTTTATGTGAGGGAAAGTTGTGGAGTGGGAGAGAGGA
7mer 7mer

GAAGTGAGTAAATGGGTAAAAGGGAGAGATGAGAGGGGAGTGGTGTGGGATGTGAGTGTGAA
7mer 7mer 7mer 7mer

G ATGAGAGGGTGGAGAAAGTGAAGGTGGGTGTAGTAAATGTTAGGGTGTAGGTAGGGTGATGG 
7mer 7mer

Distal breakpoint region (44996-46008)

F ig u re  7 .4  - Sequences o f  breakpoint regions with significant motifs highlighted. The 
regions o f  sequence highlighted in red, blue and green are three Alu repeat fragments. 
The inversion breakpoints are indicated by double underlining. Sequences homologous 
to topo II sites and V(D)J 7 mers and 9mers, chi-Vike sequences and the I5bp  repeats 
present at the deletion breakpoints are indicated by single underlining.
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CHAPTER 8 DISCUSSION. CONCLUSIONS AND FURTHER WORK

8.1 Introduction

To briefly summarise, both breakpoints of the 7q22-q34 inversion carried in the 

DD1027 cell line were cloned by PCR techniques and sequenced. A 13.5kb section of 

the proximal breakpoint region of the normal chromosome 7 was sequenced and a 

further 361.5kb was obtained from public databases. 197kb of sequence from the distal 

breakpoint region of the normal chromosome was also obtained from public databases. 

The sequences of the normal and inverted chromosomes were aligned to identify the 

positions of the inversion breakpoints. This revealed small (3-4bp) duplications at the 

inversion breakpoints and a 190bp deletion close to the distal inversion breakpoint of 

the inverted chromosome. Analysis of the normal sequences of the breakpoint regions 

revealed that the proximal inversion breakpoint was 40kb centromeric to the TAC2 

gene and that the distal inversion breakpoint was 42kb telomeric to the SSBP gene. 

Further analyses revealed evidence of expressed sequences which may have been 

disrupted by the inversion and evidence for possible mechanisms of the inversion. The 

positions of the breakpoints in relation to other studies of 7q critical regions and the 

evidence for putative candidate tumour suppressor genes and possible mechanisms of 

the inversion are discussed below.

8.2 Discussion and Conclusions

8.2.1 Positions of Inversion Breakpoints 

8.2. l(i) Proximal Breakpoint

Analysis of published sequences surrounding the proximal inversion breakpoint show 

that it is 40kb centromeric to the TAC2 gene and 160kb centromeric to the ASNS gene.
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In terms of STS markers, the breakpoint is only 3kb centromeric to sWSS1208 

(D7S554) and is 40kb centromeric to sWSSSO (TAC2) and 80kb distal to sWSS1530. 

In relation to critical regions defined by other investigators, the breakpoint is slightly 

centromeric to those defined in chromosome band 7q22 (Kere et al, 1987; Kere, 1989; 

Fischer et al, 1997; Le Beau et al, 1996; Liang et al, 1998; Tosi et al, 1999b), however, 

the proximal boundaries of 7q deletions are highly variable and the region where this 

breakpoint is situated has been shown to be deleted in many patients. Y AC HSC7E783 

was found to be lost in 12 out of 17 MDS/AML patients with 7q deletions studied by 

Fischer et al (1997), although it was excluded from the MDR that was defined in this 

study. In addition to this, there are thought to be a number of tumour suppressor genes 

on 7q, of which this breakpoint may disrupt one with relatively low penetrance, as 

suggested by the history of the family from whom the cell line was derived.

8.2.1 (ii) Distal Breakpoint

Analysis of published sequences surrounding the distal inversion breakpoint show that 

it is 20kb centromeric to a smooth muscle myosin light chain gene, 42kb telomeric to 

the SSBP gene and 65kb telomeric to a wee-1-like protein kinase gene. The closest 

STS marker is sWSS505 (D7S2022), which is 42kb centromeric to the breakpoint. The 

distal inversion breakpoint is significantly telomeric to the MDRs defined by Le Beau et 

al (1996), Fischer et al (1997) and Liang et al (1998) involving chromosome bands 

7q32-q33, but is within the much larger MDRs defined by Kere et al (1987) and Lewis 

et al (1996). It is also within the MDR defined using only the patients with pure 7q 

deletions by Tosi et al (1999) at 7q33-q36 (our breakpoint lies between clones 

HSC7E472 and E l l  used in this study). However, the breakpoint is just telomeric to 

the smaller MDR defined in the same study at 7q33-q34 using patients with unbalanced 

translocations involving 7q as well as those with pure deletions. The distal inversion 

breakpoint is also close, but slightly centromeric, to the distal breakpoint of the 

inversion carried in the GF-D8 cell line also defined by the same author. In addition, it
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is slightly centromeric to the MDR defined at 7q35-q36 and the translocation breakpoint 

localised to 7q35 by Dohner et al (1998) (our breakpoint lies between clones 

HSC7E190 and HSC7E630 used in that study), although it is in a region which was lost 

in 9 out of the 12 patients.

8.2.1(iii) Conclusion

Both inversion breakpoints are therefore in regions which appear to be lost in a large 

proportion of patients with 7q deletions.

8.2.2 Possible Candidate Genes

8.2.2(i) Proximal Breakpoint

TAC2 and ASNS are the only identified genes within the 375kb of sequence 

surrounding the proximal breakpoint and neither of them is an obvious candidate for a 

myeloid tumour suppressor gene. ASNS is a cell cycle control gene and low expression 

has been reported in AML (Codegoni et al, 1995). However, this gene is 160kb from 

the breakpoint and previous work in this laboratory failed to find mutations in this gene 

in patients, although only 8 of the 12 exons were studied (Johnson, 1997). TAC2 is 

40kb from the breakpoint, which is much closer than ASNS, but still a considerable 

distance away. The gene encodes the (3-protachykinin precursor which is processed to 

produce the proteins substance P and neurokinin A, both of which are thought to be 

involved in pain response. Therefore, TAC2 is an unlikely candidate for a myeloid 

tumour suppressor gene.

The region of homology to thymosin-|34, the region with homology to a large number of 

ESTs and the predicted exons and genes in the proximal inversion breakpoint region all 

suggest the possible existence of a gene which may have been disrupted by the
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breakpoint. Thymosin-134 (or TB4X) has been mapped to Xq21.3-q22 and a homologue, 

TB4Y, has been mapped to the Y chromosome. Thymosin-P4 is ubiquitously 

expressed, but higher levels of expression are found in the spleen, thymus, lung and 

peritoneal macrophages and an alternative transcript is expressed in lymphocytes. 

Northern blot analyses of neoplastic B lymphocytes showed that steady state levels of 

thymosin-p4 varied as a function of differentiation stage (Gondo et al, 1987). 

Thymosin-p4 induces the expression of terminal deoxynucleotidyl transferase activity 

in vitro and in vivo, inhibits the migration of macrophages and stimulates the secretion 

of hypothalamic luteinizing hormone-releasing hormone (Clauss, 1991). Thymosin-P4 

is also an anti-inflammatory agent generated by monocytes in the presence of 

glucocorticoids (Young, 1999), is involved in regulating actin polymerisation (de la 

Cruz, 2000) and high expression is associated with increased adherence-dependent 

resistance to apoptosis (Niu, 2000). This evidence suggests that a gene with a region of 

homology to thymosin-p4 would be a good candidate for a myeloid tumour suppressor 

gene.

Exon prediction programs are very good at predicting real exons, although they often 

identify many false positives (Claverie, 1997). Therefore the absence of any predicted 

exons incorporating the region of homology to thymosin-P4 suggests that it may not be 

part of an expressed sequence. The first exon of the gene on the negative strand 

predicted by FGenes does contain a small part of this region of homology, however, the 

predicted protein sequence does not have any homology to the protein sequence of 

thymosin-P4. Many of the predicted exons around the proximal inversion breakpoint 

are predicted by more than one program and all but one of these is incorporated in one 

or more of the predicted genes, suggesting that they are likely to be genuine. However, 

FIX analysis did not provide strong evidence for possible functions of any of these 

predicted genes.
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The region of homology to two Unigene clusters which is 11 kb telomeric to the 

breakpoint corresponds to only one predicted exon and no predicted genes. This may be 

because exon prediction programs can only recognise coding exons and the ESTs 

represent the 3 ’ untranslated region (UTR) of a gene. Gene prediction programs are 

also very poor at identifying the 5’ and 3’ extremities of genes and are usually only 

accurate when the sequence being analysed contains a single complete gene. Sequences 

which contain partial or multiple genes rarely produce accurate predictions.

These analyses suggest that there are likely to be one or more expressed sequences close 

to the proximal inversion breakpoint which may have been disrupted by the 

rearrangement. It is possible that the region of homology to two Unigene clusters of 

ESTs 1 Ikb telomeric to the breakpoint represents the 3’ end of a gene which spans the 

breakpoint. Further experimental work will be required to identify these expressed 

sequences and show whether they have been disrupted by the breakpoint.

8.2.2(ii) Distal Breakpoint

The 197kb of sequence surrounding the distal inversion breakpoint contains a number 

of genes which have not been previously considered as candidate myeloid tumour 

suppressor genes. The two genes closest to the breakpoint, a smooth muscle myosin 

light chain gene and a mitochondrial single-stranded DNA-binding protein gene 

(SSBP), are both unlikely candidates, although mitochondrial defects have been 

implicated in MDS (Gattermann, 1999). A more obvious candidate is the wee 1-like 

protein kinase. W eel is a key gene controlling the cell cycle. It was originally cloned 

in the fission yeast Schizosaccharomyces pombe {S. pombe), where induction of mitosis 

is dependent upon activation of cdc2, which is antagonistically regulated by weel and 

cdc25. The human homologue, W EEl, acts in an analogous fashion to ensure that DNA 

replication is complete before entry to mitosis occurs (Heald, 1993). However, this

282



w eel-like protein kinase gene is 65kb from the breakpoint and its expression is 

therefore unlikely to have been affected by the inversion.

NIX analysis of the region surrounding the distal inversion breakpoint suggests that it 

contains other, as yet unidentified, genes which may be better candidates for a myeloid 

tumour suppressor. The two regions of homology to candidate taste receptors are each 

contained in a large number of predicted exons and genes suggesting that they are likely 

to belong to one or more expressed sequences. The fact that each corresponds to a 

Unigene cluster suggests that the prediction that each is a single exon gene is likely to 

be correct. FIX analysis showed that the predicted protein sequence of each of these 

putative genes has multiple signature motifs of rhodopsin-like superfamily proteins 

which correspond to predicted transmembrane regions.

The regions of homology to NADH dehydrogenase subunits and the cytochrome c 

oxidase subunit are contained in few predicted exons or genes and have much weaker 

matches to ESTs than the regions of homology to candidate taste receptors. This 

suggests that they may be pseudogenes.

The prediction of a large number of other exons, many of which are predicted by more 

than one program, as well as five multiple exon genes and another Unigene cluster 

suggests that this region is likely to contain other expressed sequences. However, the 

predicted protein sequences of the multiple exon genes did not have any significant 

features of known proteins so possible functions cannot be suggested. Further 

experimental work will be required to investigate these predictions.

8.2.2(iii) Conclusion

Neither of the inversion breakpoints has yet been shown to disrupt the coding region of 

an expressed sequence. However, computer analysis of the sequences surrounding both
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breakpoints suggests the likely presence of as yet unidentified genes which may have 

been disrupted by the inversion. Further work is required to identify these genes and to 

show whether their expression has been altered by the inversion.

8.2.3 Possible Mechanisms of Rearrangement

8.2.3(i) Small Duplications

The duplication of 3bp at the proximal inversion breakpoint and 4bp at the distal 

inversion breakpoint (Figure 6.11) suggests that the mechanism of the inversion 

involved the creation of staggered breaks, followed by ‘filling-in’ of the overhanging 

ends, rearrangement and religation. This hypothesis has previously been proposed in 

relation to a number of chromosomal translocations including BCR-ABL (Zhang et al, 

1995), MLL-AF9 (Super et al, 1997) and TEL-JAK2 (Romana et al, 1999). It has been 

suggested that such a mechanism could involve formation of staggered breaks by topo II 

and binding to the ssDNA ends by translin (Kanoe et al, 1999). A sequence with 

homology to the topo II consensus binding site was found to span the 3bp region of the 

proximal inversion breakpoint (Figure 7.4), suggesting the possible involvement of topo 

II in creating this breakage. No translin binding sites were found near either inversion 

breakpoint, however, the distal inversion breakpoint is within an Alu repeat and it has 

recently been suggested that translin may bind to Alu repeats (Jeffs et al, 1998).

Alternatively, the inversion could have resulted from the incorrect repair of two 

simultaneous double-strand breaks (DSBs) by the non-homologous end-joining (NHEJ) 

repair pathway (Richardson and Jasin, 2000). Small duplications are one feature of this 

pathway, however, they are usually larger than those reported here. In addition, none of 

the filler-DNA sequences or mini-direct-repeats which are also characteristic of NHEJ 

were found (Gillert et al, 1999).
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8.2.3(ii) Alu-Alu Deletion

The 190bp deletion close to the distal inversion breakpoint is likely to have resulted 

from an Alu-Alu homologous recombination event, since the two deletion breakpoints 

lie within identical 15bp motifs of partial Alu repeats in the normal chromosome 7 

sequence (Figures 6,11 and 7.4). It has previously been reported that c/zMike sequences 

are often present at recombination hotspots in Alu repeats (Harteveld et al, 1997). In 

this case a c/z/-like sequence, as defined by Jaeger et al (1993), was found within each 

of the Alu repeats involved in the deletion, although in this case they were 24bp and 

90bp respectively from the 15bp repeats and outwith the Alu recombination hotspot 

region defined by (Rudiger et al, 1995). An inversion-deletion event where all three 

breakpoints were within Alu repeats, resulting in the hereditary bleeding disorder 

Glanzmann Thrombasthenia, has previously been reported (Li and Bray, 1993). In this 

case, however, the inversion and the deletion do not share a breakpoint and there are no 

Alu repeats close to the proximal inversion breakpoint, suggesting that this mechanism 

was not responsible for this inversion. However, recombination between the Alu 

repeats may have directly promoted the inversion by creating a loop structure which 

formed a substrate for further rearrangement. Alternatively, the Alu repeats may have 

promoted the inversion indirectly by creating a region of genomic instability (Gu et al, 

1994).

8.2.3(iii) Chi-like Sequences

A copy of the 6bp c/z/-like sequence defined by Jaeger et al (1993) was found 9bp 

proximal to the distal breakpoint. It is part of a 13bp sequence element, ending 2bp 

proximal to the distal breakpoint, which was found at the c-myc breakpoint of a t(2;8) 

by the same authors. Two additional copies of this 6bp c/zMike motif were found 80bp 

and 310bp distal to the distal breakpoint, one within each of the Alu repeats involved in 

the deletion. This is particularly interesting since it has previously been reported that
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c/zMike sequences are often present at recombination sites in Alu repeats (Harteveld et 

al, 1997; Marshall et al, 1996; Rudiger et al, 1995), although in this case the c/i/-like 

sequences are not as close to the recombination sites as those reported.

8.2.3(iv) DNA Topoisomerase II Sites

A  sequence element with homology to the topo II consensus binding site (13/15 

nucleotides) was found immediately centromeric to the proximal breakpoint and ten 

similar sequence elements were found in the 312bp centromeric to the distal breakpoint, 

although the closest was 96bp from the breakpoint. The presence of a topo II site 

immediately adjacent to the proximal breakpoint suggests a possible direct involvement 

of topo II in the inversion. The presence of so many topo II sites close to the distal 

breakpoint suggests a possible S/MAR, which may have been an indirect factor in the 

inversion.

8.2.3(v) V(D)JRSS

Sequence elements with partial homology to the V(D)J heptamer and nonamer motifs 

were found near both inversion breakpoints, suggesting a possible involvement of 

illegitimate V(D)J recombination in this rearrangement, although the lack of N regions 

at either breakpoint argues against the involvem ent of conventional V(D)J 

recombination. It is interesting to note that chi-like  sequences and sequences 

homologous to V(D)J RSS motifs may act in combination to promote illegitimate V(D)J 

recombination events (Jaeger et al, 1993; Krowczynska et al, 1990; Wyatt et al, 1992).

8.2.3(vi) Dinucleotide Repeats

Dinucleotide repeats have been found near the breakpoints of translocations thought to 

have been formed by illegitimate V(D)J recombination, usually at the locus which is not
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an Ig or TCR gene (Burnett et al, 1994; Cayuela et al, 1997). A (CA)^ repeat was found 

2.7kb telomeric to the distal inversion breakpoint. This repeat is probably too far from 

the breakpoint to have promoted the rearrangement.

8.2.3(vii) Conclusion

It has been suggested that different combinations of Alu repeats, topo II sites, chi-WkQ 

sequences, (CA)^ repeats and V(D)J RSS can cooperate to induce recombination events. 

It seems likely that some combination of these factors contributed to this inversion.

8.3 Further Work

The most important next step would be to experimentally identify genes in the two 

breakpoint regions, the expression of which may have been altered by the inversion. 

The most obvious way to try to do this would be to obtain some of the I.M.A.G.E. 

clones corresponding to the Unigene clusters in each breakpoint region and to determine 

the full DNA sequence of the inserts contained in those clones. This should provide the 

sequence of most of the coding regions of the respective genes. Alignment of these 

sequences with the normal genomic sequences of the breakpoint regions should provide 

the intron-exon structures of these genes and show whether the breakpoints fall within 

their coding regions. If one or both of the breakpoints fall within the coding region of a 

gene it should be possible to determine the effect the inversion would have on the 

transcription of that gene. If neither of the breakpoints falls within the coding region of 

one of these genes, they may fall in upstream regulatory regions. Extensive work would 

be required to identify the upstream regulatory elements before the effect on gene 

expression could be predicted. As an alternative strategy, PCR and RT-PCR 

experiments using primers designed from the sequences of exons predicted by more 

than one program could be used to try to identify an expressed sequence. If the primer 

sequences were contained in separate exons of the same gene the RT-PCR reaction
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would produce a smaller product than the PCR reaction. This would prevent DNA 

contamination producing a false positive result and would identify two exons of an 

expressed sequence. The RT-PCR product could then be sequenced and a full length 

cDNA obtained. If neither of these techniques were successful, techniques such as exon 

trapping or cDNA selection could be used to identify expressed sequences from the 

breakpoint regions.

Once a gene had been identified it would be necessary to carry out a Northern blot using 

total RNA from the inversion cell line to show an effect on transcription. This could 

show either reduced or increased expression of the normal transcript or expression of a 

novel fused or truncated transcript. If altered gene expression were detected, it would 

then be necessary to study the expression of that gene in a series of MDS/AML patients, 

both with and without chromosomal abnormalities affecting the breakpoint regions, to 

see whether altered expression of that gene is a frequent occurrence in myeloid 

disorders. This would show whether it could be considered to be a candidate myeloid 

tumour suppressor gene. Once such a gene has been identified, it would then be 

possible to start to elucidate the normal function of that gene and to show how 

subverting that function contributes to leukaemogenesis. It would also be necessary to 

identify mutations in patients.

Further work to elucidate the mechanism of this inversion could involve functional 

studies to show whether the topo II consensus binding site identified at the proximal 

inversion breakpoint represents an in vivo cleavage site, to identify proteins which bind 

to the c/zLlike sequence adjacent to the distal inversion breakpoint and to show whether 

RAG-1 and RAG-2 bind to the sequences homologous to the V(D)J RSS motifs. DNA 

topology studies could also be used to show whether the breakpoint regions might be 

particularly susceptible to rearrangement.
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Localization of Jacobsen Syndrome Breakpoints on 
a 40-M b Physical Map of Distal Chromosome llq
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Jacobsen syndrome is a hapioinsufficiency disorder caused, most frequently by terminal deletion of part of the 
long arm of chromosome II, with breakpoints in Hq23.3-llq24.2. Inheritance of an expanded p(CCG)„ 
trinucleotide repeat at the foiate-sensitive fragile site F R A IIB  has been implicated in the generation of the 
chromosome breakpoint in several Jacobsen syndrome patients. The majority of such breakpoints, however, 
map distal to this fragile site and are not linked with its expression. To characterize these distal breakpoints and 
ultimately to further investigate the mechanisms of chromosome breakage, a 40-Mb YAC contig covering the 
distal long arm of chromosome II was assembled. The utility of the YAC contig was demonstrated in three ways:
(IJ by rapidly mapping the breakpoints from two new Jacobsen syndrome patients using FISH; (2J by 
demonstrating conversion to high resolution PAC contigs after direct screening of PAC library filters with a 
YAC clone containing a Jacobsen syndrome breakpoint; and (3J by placing 23 Jacobsen syndrome breakpoints 
on the physical map. This analysis has suggested the existence of at least two new Jacobsen syndrome 
breakpoint cluster regions in distal chromosome II.

Jacobsen syndrom e is characterized by  partial aneu- 
som y of th e  d istal long arm  of ch rom osom e 11, m ost 
frequen tly  caused by term inal de letion  of the  ch rom o
som e, w ith  b reakpoin ts in  th e  in terval H q 23 .3 -q24 .2 . 
Patients exh ib it a com plex pheno type, b u t th e  syn
d rom e is characterized  typically  by trigonocephaly , 
card iac  defects, th ro m b o cy to p aen ia , dysm orph ism , 
an d  m en ta l re tardation  (for review, see Penny  et al. 
1995; P ivnick et al. 1996).

It is w idely accepted th a t th e  chrom osom e break
age characteristic  of certa in  genetic diseases, of w hich  
Jacobsen syndrom e is one exam ple, occurs de novo 
w ith  no  pred isposition . We have presen ted  evidence, 
how ever, th a t som e ch rom osom e deletions can result 
from  th e  in heritance  of defined sequence variants. In a 
p ro p o rtio n  of Jacobsen syndrom e patien ts, th e  ch ro 
m osom e dele tion  is associated w ith  th e  expansion  in 
one  pa ren t of a p(CCG)„ trinucleo tide  repeat a t a so- 
called folate-sensitive fragile site, F R A l lB  (Jones et al. 
1994, 1995; an d  unpubl.).

Folate-sensitive fragile sites are cy togenetic p h e 
n o m en a  observed in  a sm all percentage of individuals
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^Present address: Institute o f Biotechnology, University o f Cambridge, Cam
bridge CB2 1QT, UK.
‘ Corresponding authors.
E-MAIL at10004@biotech.cam.ac.uk; FAX 44-1223-334162. 
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during  in  v itro  cell cu ltu re  u n d er cond itions of folate 
deficiency. The fragile site m anifests as a nonsta in ing  
gap in  th e  m etaphase ch rom osom e th a t is susceptible 
to breakage (Sutherland an d  H echt 1986). There is no  
evidence to  suggest th a t such fragile sites are expressed 
in  vivo, how ever. Folate-sensitive fragile sites have 
been  show n to  be attribu tab le  to  th e  dram atic  expan
sion of a p(CCG)„ trinucleo tide  repeat (Kremer et al. 
1991; Verkerk et al. 1991; for review, see Richards and  
Sutherland  1997). The p(CCG)„ trinucleo tide  repeat at 
F R A llB  is located in  th e  5 '-un transla ted  region of the  
CBL2  p ro to -o n c o g e n e  in  c h ro m o so m e  su b -b a n d  
llq 2 3 .3 . It is found  m ost frequently  in  th e  popu la tion  
as an  11-copy repeat (i.e., n = 11) and  alm ost always as 
a repeat of <50 copies, b u t is expanded  to  hundreds of 
copies in  fragile site expressors (Jones et al. 1995).

In  key Jacobsen syndrom e patien ts , chrom osom e 
11 is trunca ted  very near to  th e  site of F R A l lB  and  th e  
deleted  ch rom osom e derives from  a p a ren t carrying an  
ex p an d ed  p(CCG)„ tr in u c le o tid e  rep ea t a t F R A l lB  
(Jones e t al. 1995; an d  unpub l.). C hrom osom e trunca
tio n  at a fragile site suggests a novel m echanism  of 
ch ro m o so m e  b reakage in  v ivo  an d  cha llenges th e  
dogm a th a t congenita l ch rom osom e abnorm alities are 
purely de novo  events. It m ay also ind icate  a predispo
sition  tow ard ch rom osom e rearrangem ents in  th e  off
spring of certain  individuals.
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A lthough  th e  fragile site F R A llB  is linked w ith  
som e Jacobsen syndrom e breakpoints, th is  represents 
on ly  -1 0 %  of cases (M ichaelis et al. 1998; C. Jones, F.E. 
C otter, a n d  A. T unnacliffe , un p u b l.) . O th e r b reak
po in ts m ap  m ore distally in  chrom osom e l l q  and  are 
n o t apparen tly  associated w ith  F R A llB  (Penny et al. 
1995; M ichaelis e t al. 1998; C. Jones, F.E. C otter, and  A. 
Tunnacliffe, unpub l.). The question  therefore arises as 
to  w h eth er these ch rom osom e breakage events occur 
at random , or w hether, like those m app ing  to  FRAllB ,  
th e re  is ev id en c e  for in v o lv e m e n t o f specific  se
quences.

To address th is  question , it was critical to develop 
a physical m ap p in g  tool for distal chrom osom e l l q ,  
w hich  w ould  allow  us to  rapidly and  accurately  m ap 
Jacobsen syndrom e breakpoints from  large num bers of 
patients; to  search for sequences th a t could  be im pli
cated in  th e  m echan ism  of chrom osom e breakage; and 
to  clone o u t those  sequences and  surround ing  regions. 
To th is end , a h igh-reso lu tion  yeast artificial ch rom o
som e (YAC) con tig  was developed th a t covers th e  re
gion of th e  Jacobsen  syndrom e breakpoin ts an d  o ther 
ch rom osom e abnorm alities and  genetic diseases asso
ciated w ith  th e  distal long arm  of ch rom osom e 11. In 
th is paper th e  YAC contig, w h ich  ex tends over an  es
tim ated  40 Mb, has been used to  m ap  th e  breakpoints 
of tw o new  Jacobsen  syndrom e patien ts , to  rapidly 
convert a YAC clone in to  a h igh-reso lu tion  PAC contig  
covering o n e  o f these breakpoints, and  to  correlate 
m app ing  in fo rm atio n  for th e  breakpoin ts of 23 pa
tien ts w ith  th e  physical m ap.

RESULTS
A YAC Contig for Distal Chromosome llq

A high-reso lu tion  m app ing  too l for th e  characteriza
tio n  of Jacobsen  syndrom e breakpoints was generated 
by  assem bling a YAC contig  for th e  distal long arm  of 
ch ro m o so m e 11. T he CEPH mega-YAC lib rary  was 
screened exhaustively , w ith  269 STSs over th e  region 
from  D11S923 (in b an d  llq 2 2 )  to  th e  long arm  telo
m ere. The full con tig  is show n in  Figure 1 and, based 
on  th e  frac tion  of chrom osom e 11 covered (as ind i
ca ted  by cy togene tic , rad ia tio n  hybrid  an d  genetic 
maps), it is estim ated  to span -4 0  Mb o r -28%  of chro
m osom e 11. The con tig  consists of 254 YAC clones, 
ordered m an u ally  w ith  reference to  th e  480-kb resolu
tio n  rad ia tion  hybrid  m ap (James et al. 1994). The con 
tig resolves 169 positions w ith  one to  five STSs per 
position , w ith  an  average of six YACs for each resolved 
m ap  p o s itio n . T he average re so lu tio n  is -2 4 0  kb, 
whereas th e  STSs cou ld  provide for a theoretical reso
lu tion  of -1 5 0  kb.

Coverage is com plete  w ith  th e  excep tion  of one 
gap betw een  positions 143 and  144 (Fig. 1), w h ich  we 
estim ate to  be at m ost a few h u n d red  kilobases in  size.

The overlap betw een  positions 124 and  125 relies on  
YAC-to-YAC A/«-PCR hybrid iza tion  data  (no t show n) 
and  is th e  on ly  case in  w h ich  a non-STS link  is em 
ployed in  th e  contig .

Mapping Jacobsen Syndrome Breakpoint Locations 
by FISH

T he physical ordering  o f YAC clones in to  a contig  en 
com passing th e  Jacobsen  syndrom e breakpo in t region 
allow s rap id  physical m ap p in g  of u n k n o w n  break
poin ts. M etaphase ch rom osom es from  a previously u n 
described  p a tie n t (RB) w ith  th e  k a ry o ty p e  46,XX 
d el(ll)(q 2 3 .3 -q te r) w ere analyzed by  FISH using four 
YAC clones (Table 1): y l3 3 B 0 6  (covering  p o sitio n  
n u m b ers  101 -103 ), y934D 03 (p o s itio n s  111-118), 
y951C04 (positions 120-124), an d  y918D 08 (positions 
140-141). The m ost p rox im al o f these was retained o n  
th e  deleted  chrom osom e, w hereas th e  th ree  m ore dis
tal clones were lost. This placed th e  breakpo in t be
tw een  D 1 15667 (p o s itio n  101; th e  m o st p rox im al 
m arker in  y l33B 06) and  D11S1328 (position  118; the  
m ost distal m arker in  y934D 03). The location  of the  
b reak p o in t was th e n  d efined  fu rth e r by FISH w ith  
y939H 03 (positions 106-109), w h ich  gave a retained 
signal o n  th e  deleted  chrom osom e, refin ing th e  proxi
m a l b o u n d a r y  o f  t h e  b r e a k p o i n t  lo c a t io n  to  
D11S4325E (position  106).

A s e c o n d  n e w  p a t i e n t  (M C) h a d  a 4 6 ,XY, 
d e l(ll)(q23 .3 -q te r) karyotype and  was also subjected 
to  FISH analysis w ith  th e  sam e four YACs in itia lly  
screened against p a tien t RB (Table 1). In  this case, how 
ever, th e  th ree  m ost prox im al YACs were retained on  
th e  deleted  chrom osom e, w hereas th e  m ost distal YAC, 
y918D08, was lost. This placed th e  b reakpo in t in  th is 
p a tie n t b e tw een  D11S541 (p o sitio n  120; th e  m ost 
p ro x im al m arker in  y951C 04) an d  D l lS 9 1 2 / fL / l /  
D11S450 (position  141; th e  m ost d istal m arkers in 
y918D08). The location  of th e  b reakpo in t was th en  
refined fu rth er by FISH w ith  y 9 7 5 F ll (positions 127- 
134), w h ich  gave a re ta ined  signal on  th e  deleted  ch ro 
m osom e, an d  a PAC dJ177-h4  co n ta in in g  D11S707 
(position 135), w h ich  was lost from  th e  deleted  ch ro 
m o s o m e . T h is  p la c e d  th e  b r e a k p o in t  b e tw e e n  
D11S2092 (position  127; th e  m ost prox im al m arker in  
y 9 7 5 F ll)  an d  D11S707.

Conversion of YACs to PAC Contigs: Further 
Refinement of Breakpoint Location
As a first-order physical m ap , th e  YAC contig  can be 
used for th e  developm ent of h igher reso lu tion  contigs 
in  BAC, PAC, an d  cosm id vectors. To dem onstra te  this, 
YACs y939H03 an d  y934D 03, defin ing  th e  b reakpoin t 
of p a tie n t RB, w ere u sed  for d irec t h y b rid iz a tio n  
screening of gridded PAC library filters. H ybridization 
was perform ed using  a crude yeast m in ip rep  o f each
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YAC clone as a probe. A lthough  th is m eth o d  does iden
tify  som e PAG clones th a t  hybrid ize to  yeast sequences, 
these  clones w ere easily recognizable, as th ey  were co n 
sisten tly  positive in  hybrid iza tions w ith  YAC clones 
from  d ifferen t regions of th e  genom e an d  could there
fore be rejected. A to ta l of 45 PAC clones correspond
ing  specifically to  y939H 03, an d  24 PAC clones corre
sp o n d in g  to  y934D 03, w ere isolated. These were in i
tially  rescreened w ith  STSs from  th e  in terval D 11S667- 
D lis  1328 to  confirm  th e ir p rovenance . Selected PACs 
were th e n  chosen  for FISH experim en ts on  m etaphase 
ch rom osom es from  p a tien t RB to  beg in  to refine the  
b reakpo in t location . O ne PAC clone, dJ9-D18, co n ta in 
in g  D 11S1284 (p o s itio n  111) a n d  th ere fo re  co rre 
spond ing  to  th e  p rox im al en d  of y934D03, was lost 
from  th e  l l q "  ch rom osom e. Therefore, a contig  was 
on ly  constructed  from  th e  PAC clones corresponding 
to  th e  m ore p rox im al YAC, y939H 03.

Assem bly o f th e  iso lated  PACs in to  an  ordered con 
tig was perform ed first by  screen ing  o f clones by PCR 
u sin g  th e  ch ro m o so m e  11 STS m arkers co n ta in ed  
w ith in  th e  YAC, w h ich  iden tified  10 positive clones 
an d  allow ed an  in itia l o rdering  after reference to the  
YAC con tig  an d  rad ia tio n  hybrid  m ap . A second stage 
of con tig  assem bly was carried o u t by  hybrid ization  
analysis of th e  iso lated  PACs. S ou thern  blots were pre
pared of all 45 PAC clones digested w ith  £coRl, and 
these were sequen tia lly  p robed  w ith  individual PAC 
clones. PAC-to-PAC hyb rid iza tion  generates tw o bands 
of h y b rid iza tio n  co rre sp o n d in g  to  vector, an d  tw o 
b a n d s  c o r re s p o n d in g  to  e n d  frag m en ts , b e tw een  
nono v erlap p in g  PACs. O verlapping  clones are clearly 
d is tingu ished  by  th e  presence of additional, sim ilar
sized bands of hyb rid iza tion , an d  th e  ex ten t of overlap 
can  easily be determ ined .

This m e th o d  was used to  generate  a PAC contig, 
co rrespond ing  to  th e  region of th e  YAC contig  cover
ing  th e  in terval from  D11S4325E (position  106) to  
D11S1336 (position  109), w h ich  consisted  of 23 PAC 
clones ex tend ing  over -7 5 0  kb (Fig. 2). FISH analysis of 
YAC y939H 03 suggested th a t it was chim eric (data n o t 
show n) because in  ad d itio n  to  signals in  llq 2 3 .3 , ad
d itiona l signal w as observed o n  ch rom osom e 3p. M ap
p in g  d a ta  f r o m  t h e  C E PH  W e b  s i te  ( h t t p : / /  
w w w .cephb.fr) confirm s th is, as y939H 03 also con tains 
STSs from  ch rom osom e 3p. As a m easure of the  efficacy 
of th is  techn ique , 19 PACs co rrespond ing  to  th e  ch ro 
m osom e 3p sequences co n ta in ed  w ith in  y939H03 were 
also assem bled in to  a con tig  (data n o t show n). There
fore, o f th e  45 PACs in i tia lly  iso la ted , 42 clones

m apped  to  one  of th e  tw o regions con ta ined  w ith in  
th e  YAC an d  could  be assem bled in to  contigs, w hereas 
on ly  tw o PACs w ere found  n o t to  co n ta in  inserts, and  
one  clone was n o t linked to  e ither contig .

Several clones from  th e  l l q  PAC contig  were th en  
chosen for fu rther FISH m app ing  to  define PACs flank
ing  and  co n ta in in g  th e  RB b reakpo in t. PAC clones 
dJ213-J23, dJ104-A7, and  dJ101-N 13 were re tained  on  
b o th  chrom osom es, w hereas c lone d J2 6 1 -0 4  was lost 
from  th e  deleted  ch rom osom e (Table 1). These data 
suggest th a t th e  dele tion  b reakpo in t in  p a tien t RB is 
w ith in  PACs dJ101-N 13 or d J3 3 -N l, probably  distal to 
th e  m arker D11S1336 (Fig. 2).

This exercise h igh ligh ts p o ten tia l inaccuracies in  
estim ating  spacing an d  relative o rien ta tio n  of markers 
in  b o th  rad ia tion  hybrid  (RH) m app ing  an d  th e  assem 
bly of a large YAC contig . It is clear from  th e  assem bly 
of our PAC contig  th a t the  relative order of m arkers in 
YAC y939H 03 is D 11S982E-D 11S4325E-D 11S1345- 
D11S1336. The ap p aren t o rder of m arkers in  th e  YAC 
contig, how ever, show s D11S982E an d  D11S4325E in  
th e  opposite o rien ta tion . In  add ition , th e  RH m ap  sug
gests th a t th e  m arkers are relatively  evenly  spaced, 
w hereas th e  PAC con tig  suggests o therw ise. W here 
there  is an  apparen t conflict in  th e  m app ing  data, the  
h igher reso lu tion  m ap, th a t is, th e  PAC m ap, is m ore 
likely to  be correct.

Positioning of Jacobsen Syndrome Breakpoints 
on the Physical Map

Several recent reports have used hap lo type  analysis to 
m ap  Jacobsen  synd rom e b reakpo in ts. M icrosatellite 
analysis of p a tien t DNA can  define th e  ex ten t of the  
hem izygous region co rresponding  to  th e  deletion , ide
ally w ith  reference to  paren ta l DNA (Penny et al. 1995; 
M ichaelis e t al. 1998; T. M attina, A. Tunnacliffe, an d  C. 
Jones, in  prep.). The availability  of th e  YAC con tig  for 
d is ta l c h ro m o so m e  l l q  gives th e se  b reak p o in ts  a 
physical location  an d  allows an  in itia l assessm ent of 
th e  likelihood of b reakpo in t c lustering  a t sites distal to 
fragile site FRAllB .

Figure 3 show s th e  location  on  th e  physical m ap  of 
th e  b reakpoints from  23 Jacobsen syndrom e patients. 
A lthough in  m an y  cases th e  precision of th e  physical 
m app ing  is lim ited  by th e  in form ativeness of th e  h ap 
lo type analysis achieved, it is ap p aren t th a t a num ber 
of b reakpoin ts can be localized to  sm all physical in te r
vals. For exam ple, th e  breakpo in t o f p a tien t VH re
ported  by  M ichaelis e t al. (1998) is located distal to 
F R A l l B  b e tw e e n  D 1 1 S 9 2 4  ( p o s i t i o n  9 7 ) a n d

Figure 1 A 40-Mb YAC contig covering the distal long arm of chromosome 11. At top are the 169 resolved positions defined by the 
associated STSs. The prefix S in the name of STSs is an abbreviation of D11 S. Alternate YACs are shaded for clarity. + and ? indicate a 
positive or uncertain PCR result for the STS at that position, respectively. Hatched segments indicate possible physical deletions or regions 
of instability in the YACs, consistently observed in different preparations of the same YAC. A discontinuity in the contig between positions 
143 and 144 is indicated by a gap. Numbers of positions linked by a single YAC are boxed. Positions 106 and 107 (asterisks) had the 
reverse order in the PAC contig of Fig. 2.
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T able 1. Summary of FISH Data

Probe
Positions
covered® Patient Patient MC**

Initial screen
y133B06 101-103 + + + +
y934D03 111-118 + - + +
y951C04 120-124 + - + +
y918008 140-141 + - + -
Secondary screens
y939H03 106-109 + + N.D.
dJ213-123 108 + + N.D.
dJ104-A7 109 + + N.D.
dj101-N13 — + + N.D.
dJ261-04 — + - N.D.
dJ9-D18 I l l + - N.D.
y975F11 127-134 N.D. + +
djl77-H4 135 N.D. + -

Metaphase spreads from patients RB and MC were initially 
screened by RSH with a set of four YACs to give an approxi
mate breakpoint location. This was followed by FISH experi
ments with YAC and PAC probes to give a higher resolution 
localization. YAC clones are prefixed by y; PAC clones by d). 
“The positions ordered in the YAC contig of Fig. 1 plus a 
location of each probe within it.
*’(+ +) Hybridization to both normal and deleted chromo
somes; ( + - )  hybridization to normal chromosome only. 
(N.D.) Experiment not done.

D11S2087/D11S696/D11S382 (position  100). This in 
terval is con ta ined  w ith in  a single YAC, y969D07, and  
therefore w ould  be am enable to  conversion to  a PAG 
contig , as dem onstra ted  above, w ith  a view to  further 
refinem en t of th e  b reakpoin t location  an d  its subse
q u en t c loning. The breakpo in t of AD, reported  by th e  
sam e authors, is betw een  D11S924 (position  97) and  
D11S925 (position  103) an d  is con ta ined  w ith in  either 
th e  sam e YAC as p a tien t VH, th a t is y969D07, or its 
overlapping  neighbor, y l33B 06 (Fig. 1). Several p a
tien ts from  th e  group reported  by Penny et al. (1995), 
th a t is, pa tien ts 4, 5, 6, 7, and  9, a lthough  n o t m apped 
w ith  th e  sam e accuracy as pa tien ts VH and  AD, could 
also have breakpoin ts in  th is region.

A second region th a t could evidence Jacobsen syn
drom e breakpo in t clustering  is represented  by pa tien t 
RB (this paper) an d  pa tien ts 11, 12, an d  13 of P enny et 
al. (1995). For these four patients, th e  b reakpoints fall 
in  th e  in terval betw een  D 1151345 (position  108) and  
D11S933 (position  121; Fig. 3), a lthough  for pa tien t 
RB, th e  best-m apped case, th e  b reakpoin t probably  falls 
betw een D11S1336 (position  109) and  D11S542 (posi
tio n  110). If th e  ap p a ren t b reak p o in t c lustering  in 
these tw o regions is confirm ed by  fine scale m apping, 
it  w ou ld  strong ly  im plica te  prev iously  undescribed  
fragile sites or o th e r specific sequences in  no n ran d o m  
chrom osom e breakage.

DISCUSSION

It has long been  th e  dogm a w ith in  th e  m edical genet

ics co m m un ity  th a t th e  ch rom osom e abnorm alities 
typical of m an y  b ir th  defects in itia lly  arise de novo  
w ith o u t p redisposing factors (e.g., G ardner and  Suther
la n d  1989). C e rta in  c h ro m o so m e  in s ta b ili ty  sy n 
drom es, inc lud ing  atax ia  telangiectasia, Fanconi ane
m ia, and  Bloom syndrom e, are recognized exceptions. 
The chrom osom e rearrangem ents seen in  such cases, 
how ever, usually  occur random ly  th ro u g h o u t th e  ge
n o m e an d  are a ttribu tab le  to  defects in  DNA repair; 
recurring  rearrangem ents at specific loci are unusual. 
The location  of te rm in a l de letions from  several p a 
tien ts w ith  Jacobsen syndrom e w ith in  a few kilobases 
of each o th e r (Jones et al. 1995; an d  unpub l.) was 
therefore surprising  and  led to  th e  im plication  of th e  
closely linked folate-sensitive fragile site FRAl IB in  th e  
genesis of these breakpoints.

Clearly, how ever, o n ly  a fraction  of Jacobsen syn
drom e breakpoin ts are associated w ith  F R A llB  (Jones 
e t al. 1995; Penny  et al. 1995; M ichaelis et al. 1998; C. 
Jones, F.E. C otter, and  A. Tunnacliffe, unpubl.), w ith  
th e  m ajority  being  located  distal to  th e  fragile site. The 
question  therefore arises as to  th e  etiology of these dis
tal breakpoin ts—w h eth e r they  also have resulted from 
th e  in h e ritan ce  o f p a rticu la r sequence  varian ts, or 
w hether they  are in  fact purely  sporadic phenom ena . 
To address this question , a large series of breakpoints 
m ust be m apped  precisely  and , w here appropriate , 
b reak p o in t reg ions c lo n ed  an d  sequenced . This re
quires a pow erful an d  accurate physical m apping  tool 
for distal ch rom osom e l l q ,  w here th e  breakpoints are 
located. To th is end , an d  to  facilitate th e  genetics of th e  
distal long arm  of ch rom osom e 11 generally, a YAC 
contig  has been constructed  ex tend ing  -4 0  Mb to  th e  
long arm  telom ere.

The YAC con tig  represents a tw ofold  increase in  
reso lu tion  over th e  RH m ap  of th e  sam e region (James 
et al. 1994), w ith  169 positions spaced o n  average 240 
kb apart, com pared  w ith  480 kb. It therefore d em o n 
strates a fu rther re fin em en t of m arker ordering  for dis
tal chrom osom e l l q  an d  also provides th e  first-order 
c lon ing  tools (i.e., th e  ind iv idual YACs them selves) for 
focusing o n  particu lar regions of in terest. The contig  is 
anchored  by  a large n u m b er of G éné thon  m icrosatel
lite m arkers th a t allow  easy reference to  genetic m ap
p ing  data  for disease c lon ing  projects. We have also 
dem onstra ted  how  th e  YAC m ap can be rapidly and  
easily converted  to  a h igher reso lu tion  m ap  in  PAC 
vectors. A 750-kb PAC con tig  covering a Jacobsen syn
drom e b reakpo in t region was assem bled after direct 
screening of PAC library filters w ith  a crude prepara
tio n  of YAC DNA.

There are 15 YACs th a t exh ib ited  possible instab il
ity, w h ich  are show n in  Figure 1 w ith  th e  problem  
segm ents h igh ligh ted . In  several cases, it is clear th a t 
these problem  segm ents are clustered, as th ey  are ob
served in  overlapping  o r ne ighboring  YACs. Of no te

48 Genome Research
www.genome.org

http://www.genome.org


A 4 0 - M b  C o n t i g  o f  Dis ta l  H u m a n  C h r o m o s o m e  llq

y 9 3 9 H 0 3 |

157 -B 17

205-M 18

107-110

76-17

1 5 2 - F 6 ______

2 5 5 - F 3 ______

24 6 -B 3

47-D20I
57 -F 22

57-G 22

2 1 3 -J2 3

28-B 18

1 7 1-J3

209-M 22

320 -P 1 2

244-E 20

1 3 0 -0 1 9

104-A 7

101-N 13

33-N1

Figure 2 A PAC contig corresponding to YAC clone y939H03 covering the chromosome 
breakpoint of Jacobsen syndrome patient RB. STS markers within the contig are listed without 
the D11 prefix for clarity; e.g., D11S982E is shown as S982E; the prefix d) is omitted from PAC 
names. Alternate PACs are shaded. YAC contig position numbers are in parentheses. STSs were 
demonstrated within PACs by PCR. PAC end clones are given the prefix ec, together with the 
clone name and end from which they are derived; they were screened against PACs by hybrid
ization. (-f) Positive results for PCR of STSs or hybridization with PAC end clones. Overlap of PAC 
clones in the contig was also determined by cross-hybridization of PACs against each other. (?) 
An unclear hybridization.

are th e  regions sp a n n in g  positions 90 -1 0 0  an d  125- 
134, w h ich  to g e th e r acco u n t for over h a lf of all th e  
p rob lem  sites. Two YACs, y738D 01 an d  ySOOAlO, oc
cur in  tw o w idely  separa ted  parts of th e  con tig  (posi
tions 59 an d  138, an d  positions 105 a n d  144, respec
tively). T hese p resum ab ly  rep resen t ch ro m o so m e 11- 
ch ro m o so m e 11 ch im eras an d  is w ith in  expecta tion  
given th e  overall h ig h  ch im erism  of th e  CEPH m ega- 
YAC library.

W ith  th e  excep tio n  of local inversion  of o rder at a 
few positions, th e  ag reem en t in o rder betw een  th e  YAC 
contig , th e  RH m ap  (James et al. 1994), an d  th e  genetic 
m ap  (Dib et al. 1996) is very good. F urtherm ore, there  
is n o  con flic t in o rd e r w ith  th e  in d ep en d e n tly  c o n 
structed  co n tig  o f Arai et al. (1996) th a t overlaps sub
stan tia lly  w ith  th e  cen trom eric  ha lf of ou r contig . In

ad d itio n  to  th e  p resen t studies, 
large parts of th is con tig  have 
b een  available to  th e  scientific 
c o m m u n ity  to  suppo rt studies 
o n  gene tic  d isease (van Scho- 
th o rs t et al. 1996; Baysal et al. 
1997) a n d  d isea se -a sso c ia ted  
c y t o g e n e t i c  p h e n o m e n a  
(C herif e t al. 1994; S tilgenbauer 
e t al. 1996; D ôhner e t al. 1997; 
K oreth et al. 1999). C o m p ari
son  of th e  te rm ina l 10 M b of 
th e  co n tig  w ith  RH an d  genetic  
m aps has also been  m ade  by 
Y ousry et al. (1999).

W here a ch rom osom al re
g ion  of in te rest is rep resen ted  
by  a b reakpo in t, as in Jacobsen 
sy n d ro m e , th e  m o s t effective 
in i t ia l  m a p p in g  a p p ro a c h  is 
FISH. W h en  used w ith  th e  YAC 
con tig , th is  is ex trem ely  rap id— 
th e  location  o f th e  b reakpoin ts 
o f tw o new  p a tien ts  was refined 
from  40 M b to  <1 Mb in  just 
tw o FISH experim en ts. Further 
re fin em en t of b reakpo in t m ap 
p o s itio n  is fa c ilita te d  by th e  
co n v ers io n  of YACs to  a PAC 
co n tig  follow ed by fu rther FISH 
ex p erim en ts  w ith  PAC clones. 
T he location  of th e  b reakpo in t 
of p a tie n t RB w ith in  tw o over
la p p in g  PACs w ill re s u lt  in  
rap id  c lo n in g  o f th is b reakpo in t 
reg ion  an d  will allow  ex am in a 
t io n  o f th e  s u r r o u n d in g  se 
qu en ce  for clues to  th e  m ech a
n ism  of ch ro m o so m e  breakage.

The 23 Jacobsen  synd rom e 
b reak p o in ts  p o s itio n e d  o n  th e  physica l m ap  rep re
sen ted  by th e  YAC co n tig  all fall w ith in  th e  in terval 
D 11S1356/D 11S976 (p o s itio n  85) to  D 11S912/FL/1/ 
D11S450 (position  141), an  estim ated  d is tance  o f -13 .5  
Mb in  H q 2 3 .3 -q 2 4 . A lthough  te rm in a l de le tions m ay 
occur m ore  d istally , it is p robab le  th a t th e  resu lting  
p h e n o ty p e  w ou ld  be ex trem e ly  m ild  a n d  th ere fo re  
likely to  be m issed. Furtherm ore , it is un likely  th a t 
such cases could  stric tly  be inc luded  u n d e r th e  Jacob
sen synd rom e um brella  in  th e  absence of its m ajo r fea
tures. T he w ide v a ria tio n  in  b reak p o in t location  in  Ja
cobsen sy n d ro m e  is n o  d o u b t largely responsib le  for 
th e  h igh  degree of p h en o ty p ic  variability . T here are 
probab ly  >100 genes in  th e  13.5-M b in terval, a sign ifi
can t p ro p o rtio n  of w h ich  m ig h t ex h ib it h ap io in su ffi
c iency . It is th e re fo re  a rg u ab le  th a t  Jacobsen  syn-
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RB. Patients numbered 1 -1 7  are from Penny et al. (1995), of which patients 3 and 8 were shown to have breakpoints at fragile site FRA 7 7 8 (Jones et al. 1995); patients VH and AD 
are from Michaelis et al. (1998); patient C is from Breton-Gorius et al. (1995); patient GS is from T. Mattina, C. Jones, and A. Tunnacliffe (in prep.); and patients RB and MC are described 
in this paper.
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drom e is n o t a single, d ea rly  defined disease b u t a col
lection  of genetic disorders w ith  overlapping p h e n o 
types.

A lthough  on ly  tw o of th e  patien ts represented  in 
Figure 3 have breakpoin ts a t FRAllB ,  tw o new  patien ts 
have recently  been iden tified  w here th is fragile site is 
also im plicated  (C. Jones, F.E. C otter, an d  A. T unnac
liffe, unpubl.). Nevertheless, th e  m ajority  of Jacobsen 
syndrom e breakpoin ts m ap distal to  FRAllB ,  and  an 
in itial exam ination  o f th e  data for b reakpo in t cluster
ing, w h ich  w ould  be indicative of h o t spots of ch ro 
m osom e breakage, suggests th e  possibility  of a t least 
tw o new  b reakpo in t cluster regions: betw een D11S924 
and  D11S925, and  betw een  D11S1345 and  D11S933. 
Further exam ina tion  of these regions is under way to 
p roduce a precise defin ition  of b reakpo in t locations 
and  to  search for sequences such as p(CCG)„ trinucleo 
tide repeats, w h ich  m ay be im plicated  in  th e  structural 
lability of th e  chrom osom e.

METHODS
YAC Library Screening
The CEPH mega-YAC library was screened by PCR according 
to standard methods (Cohen et al. 1993). All primer sequence 
and PCR conditions for the STSs have been described (James 
et al. 1994; Shows et al. 1996) and are accessible from several 
electronic sources (ftp://ftp.well.ox.ac.uk/pub/genetics/rhll/; 
h t tp : //s h o w s .m e d .b u ffa lo .e d u /; h ttp : //m c d e r m o tt . 
swmed.edu/). Clones were verified using individual YAC aga
rose plug DNA, and after preliminary ordering, YACs were 
assembled into a putative order in microtiter format and sub
ject to repeated PCR screening for all markers until consistent 
results were obtained. PCR was performed as described in 
James et al. (1994).

Fluorescence In Situ Hybridization

EBV-transformed lymphoblastoid cell lines derived from Ja
cobsen syndrome patients were used as a source of metaphase 
chromosomes. Cells were grown in RPMI/10% fetal calf serum 
(GIBCO BRL), and metaphase chromosomes and spreads were 
prepared using standard techniques. Probes were labeled with 
either biotin-16-dUTP or digoxygenin-11-dUTP using a nick- 
translation protocol (Sambrook et al. 1989). Labeled PAC 
DNA (200 ng) or 500-ng labeled YAC DNA was preannealed 
with 20 pg of Cotl DNA (GIBCO BRL) at 37°C for 90 min in 
a hybridization solution (2 x  SSC; 50% formamide; 10% dex- 
tran sulfate). Metaphase spreads were denatured in 70% for- 
mamide/2 x  SSC at 70°C for 3 min and preannealed probe 
was hybridized in a moist chamber at 37°C overnight. A Texas 
Red-conjugated chromosome 11 «-satellite probe (Oncor) was 
cohybridized to specifically detect both chromosomes 11. De
tection of labeled probes was achieved using "sandwiches" of 
FITC-conjugated avidin and biontinylated anti-avidin (Vector 
Laboratories), or Texas Red-conjugated anti-digoxygenin  
(Boehringer Mannheim). Slides were mounted in antifadant 
solution (API; Citifluor) containing 10 pg/ml DAPI. Staining 
and hybridization signals were analyzed under a computer- 
controlled Nikon epifluorescence microscope equipped with a 
cooled charge-coupled device (CCD) camera. Computer im

ages were merged and Q-banding (generated by DAPI stain
ing) converted to G-banding, using IP Lab Spectrum software 
(Digital Scientific).

Assembly of the PAC Contig
High-density filters of the de Jong PAG library [supplied by 
the Human Genome Mapping Project (HGMP) Resource Cen
tre, Hinxton, Cambridge, UK; loannou et al. 1994)] were hy
bridized with 150 ng of YAC miniprep DNA, labeled with 
[a-^^P]dCTP (ICN) using a previously described oligo-labeling 
protocol (Feinberg and Vogelstein 1983). YAC-specific PAC 
clones were grown in 15 ml of "terrific broth" containing 
kanamycin (25 pg/ml), and DNA was prepared by alkaline 
lysis, followed by a modified protocol of purification with 
Hybaid midiprep columns. Primary screening was performed 
by PCR of 1 ng of PAC DNA using appropriate STS markers 
and standard protocols (Sambrook et al. 1989). Positive clones 
were chosen for the preliminary rounds of Southern analysis 
by PAC-to-PAC hybridization. Ordering of some PACs was 
refined by hybridization of PAC end probes, derived using a 
previously described PCR-based technique, bubble-PCR (Riley 
et al. 1990).
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Sum m ary: Chromosome 7 abnormalities are observed in a wide range of myeloid 

disorders, particularly myelodysplasia (MDS) and acute myeloid leukaemia (AML). 

Monosomy 7 and 7q deletions are the most frequent abnormalities, although translocations 

and inversions involving 7q also occur. The region 7q22-q34 may contain as many as four 

distinct minimal regions of deletion (MDRs) which are thought to contain one or more 

myeloid tumour suppressor genes. We have previously defined the proximal breakpoint of 

a constitutional 7q22-q34 inversion, carried in a cell line derived from a member of a 

family with a history of MDS. A YAC clone spanning this breakpoint was identified. Both 

inversion breakpoints have now been cloned and sequenced, placing the proximal 

breakpoint 40kb centromeric to the TAC2 (tachykinin 2) gene and the distal breakpoint 

42kb telomeric to the SSBP (mitochondrial ssDNA-binding protein) gene. Sequence 

alignments revealed small (3-4bp) duplications at the inversion breakpoints, suggesting that 

the mechanism of the inversion involved the creation of staggered breaks and filling-in of 

the overhanging ends. A 190bp Alu-Alu deletion close to the distal breakpoint was also 

detected and may have contributed to the inversion.

K eyw ords: myelodysplasia, chromosome 7, chromosome inversion, staggered breaks, 

Alu-Alu deletion



INTRODUCTION

Abnormalities of chromosome 7 are associated with a wide range of myeloid disorders. 

These include primary myelodysplasia (MDS) and acute myeloid leukaemia (AML), 

secondary MDS/AML (often associated with prior chemotherapy with alkylating agents or 

occupational exposure to organic solvents) and congenital bone marrow disorders such as 

neurofibromatosis type 1, Fanconi’s anaemia and Down’s syndrome. Chromosome 7 

abnormalities are seen in 32% of cases of MDS and 5% of cases of AML in children, while 

in adults the corresponding figures are 16% and 10% respectively (Greenberg et al, 1997; 

Hasle et al, 1999; Luna-Fineman et al, 1999; Luna-Fineman et al, 1995). In therapy-related, 

secondary MDS and AML, chromosome 7 abnormalities are seen in 50-75% of cases with 

detectable chromosomal abnormalities (Le Beau et al, 1986; Pedersen-Bjergaard et al, 

1990). In children it is usually the sole abnormality, but in adults it is most commonly part 

of a more complex karyotype. Chromosome 7 abnormalities are amongst the most frequent 

chromosomal abnormalities seen in these disorders and are generally associated with a very 

poor prognosis (Greenberg et al, 1997; Luna-Fineman et al, 1999).

Monosomy 7 and 7q deletions are by far the most common abnormalities involving 

chromosome 7 and previous research has attempted to define minimally deleted regions 

(MDRs) of 7q in the belief that one or more tumour suppressor genes may reside in such 

regions (Neuman et al, 1992). The first studies used restriction fragment length 

polymorphism (RFLP) analysis to show that deletions were usually interstitial and that the 

maximum extent of these deletions was the region 7q22-q36 (Kere et al, 1989a; Kere et al, 

1989b; Kere et al, 1987; Lewis et al, 1996). Conventional cytogenetic analyses later 

defined 2 MDRs within this region at 7q22 and 7q32-q34 (Le Beau et al, 1996; Neuman et 

al, 1992). Fluorescence in situ hybridisation (FISH) and loss of heterozygosity (LOH) 

analyses further defined these regions and suggested that the region 7q22-q34 may in fact



contain as many as four distinct MDRs (Fischer et al, 1997; Liang et al, 1998; Tosi et al, 

1999). The extent and variability of deletions of 7q have so far prevented the identification 

of a putative tumour suppressor gene.

The molecular mechanisms underlying these chromosomal abnormalities also remain 

unclear. Other investigators have identified a number of sequence elements/motifs which 

are frequently present near the breakpoints of chromosomal rearrangements and which may 

suggest how these rearrangements occurred (Hirai et al, 1999). They include Alu repeats 

(Jeffs et al, 1998), chi-\\kt sequences (Jaeger et al, 1993), DNA topoisomerase II consensus 

binding sites (Atlas et al, 1998) and sequences with homology to the heptamer and 

nonamer motifs of the V(D)J recognition signal sequence (Cayuela et al, 1997). Small 

deletions and duplications associated with chromosomal rearrangements have been reported 

which may also provide insights into possible mechanisms (Romana et al, 1999; Super et 

al, 1997). Attempting to understand the mechanism of specific chromosome 7 

rearrangements could provide insights into how and why such rearrangements occur.

Translocations and inversions involving 7q, although much rarer than 7q deletions, have 

also been observed. Cloning the breakpoints of these rearrangements may allow the rapid 

identification of candidate tumour suppressor genes (Fischer et al, 1997; Tosi et al, 1999) 

and possible mechanism s of rearrangem ent. A cell line with the karyotype 

46XYinv(7)(q22-q34), derived from a member of a family with a history of MDS, most of 

whom carry the inversion, has previously been studied in this laboratory. A single YAC 

clone (HSC7E783) which spans the proximal breakpoint of the inversion was identified by 

FISH (Johnson et al, 1996). This report describes the further molecular characterisation of 

this breakpoint, initially by FISH, to a single PAC clone and then to a single cosmid clone. 

Additional refinement by Southern analysis then allowed both breakpoints to be cloned by 

bubble-PCR. Computational analysis of the DNA sequence around each breakpoint



identified expressed sequences which could be myeloid tumour suppressor genes, as well as 

two small duplications, an Alu-Alu deletion and various sequence motifs which suggest 

possible mechanisms for the inversion.



MATERIALS AND METHODS 

Cell Line

The DD1027 cell line was obtained from the European Collection of Cell Cultures, 

Salisbury, UK and cells were cultured according to the supplied protocol.

Library filters and clones

Filters of the De Jong human genomic PAC library (in pCYPAC2N vector) and the LLNL 

chromosome 7 cosmid library (LL07NC01) and individual clones from both libraries were 

obtained from the UK HGMP Resource Centre, Hinxton, UK. PAC and cosmid clones 

were grown in Terrific Broth and DNA was purified using the Hybaid Recovery Mini-prep 

Kit (Hybaid Limited, Teddington, UK) with a modified protocol.

Southern Blotting

Southern blotting was performed as described by Sambrook et al, (1989). Klenow 

fragment enzyme was obtained from Promega Corp., Southampton, UK and a^^P-dCTP 

was obtained from ICN, Basingstoke, UK. Hybridisation of whole YAC clones to PAC 

library filters has previously been discussed by Tunnacliffe et al, (1999).

FISH

Metaphase spreads were prepared using standard procedures. Probes were labelled, 

according to manufacturer’s instructions, using the Bionick Labelling System supplied by 

Gibco-BRL, Paisley, UK. FISH was performed as previously described by Kempski et al,

(1998). Chromosome 7 a-satellite probe was obtained from Oncor, Gaithersburg MD, 

USA, rhodamine-anti-digoxygenin was supplied by Roche, Lewes, UK and fluorescein- 

avidin and biotin-anti-avidin were supplied by Vector Laboratories, Burlingame CA, USA. 

Images were obtained using a Zeiss Axioskop microscope (Carl Zeiss Mikroskop-System,



Oberkochen, Germany) with a CCD camera (Photometries, Tucson AZ, USA) and 

SmartCapture software (Digital Scientific, Cambridge, UK).

Sequencing

The 13kb EcdRl fragment was fragmented by sonication with a Vibracell VClOO 

ultrasound probe supplied by Sonics & Materials Inc., Danbury CT, USA. The DNA ends 

were ‘polished’ with Klenow fragment and T4 DNA polymerase ( Promega Corp., 

Southampton, UK) and the fragments were then ligated into M 13m pl8 vector (New 

England Biolabs, Hitchin, UK) that had been linearised by digestion with H ind i (Promega 

Corp., Southampton, UK). Single-stranded DNA was obtained from the positive clones 

(according to protocol supplied with ABI 377 Sequencer) and sequenced using the ABI 

Prism BigDye Terminator Kit and an ABI Prism 377 DNA sequencer (Perkin Elmer, 

Warrington, UK). Sequences were assembled using Assembly LION software from Oxford 

Molecular Group, Oxford, UK.

PCR

Conventional PCR was performed according to manufacturer’s instructions using Taq 

polymerase supplied by Qiagen, Crawley, UK. Primers were supplied by Cruachem, 

Glasgow, UK. Bubble-PCR, first described by Riley et al, (1990), was performed 

according to manufacturer’s instructions using the Vectorette II Kit supplied by Sigma- 

Genosys, Cambridge, UK and TaKaRa LA Taq polymerase supplied by Bio Whittaker, 

Wokingham, UK.

Computer Analysis

BLAST and NIX analyses were performed through the UK HGMP-RC website 

(http://www.hgmp.mrc.ac.ukl PAC and BAC sequences were downloaded from the 

HGMP-RC Sequence Retrieval Service (http://srs5.hgmp.mrc.ac.uk). Sequence motifs

http://www.hgmp.mrc.ac.ukl
http://srs5.hgmp.mrc.ac.uk


were identified using Mac Vector software supplied by Oxford Molecular Group, Oxford, 

UK. P h y s ic a l maps  of  c h ro m o s o m e  7 were  ob t a in e d  f rom 

http://www.genet.sickkids.on.ca/chromosome7/ and http://genome.wustl.edu/gsc.

http://www.genet.sickkids.on.ca/chromosome7/
http://genome.wustl.edu/gsc


RESULTS

Y AC clone HSC7E783 had previously been used to identify a number of PAG clones, and 

these had been shown by FISH to flank a region of ~500kb containing the proximal 

breakpoint of the 7q22-q34 inversion (Johnson, 1997). In order to identify further PAG 

clones from this region, Y AG clone HSG7E783, and two contiguous clones (HSG7E716 

and HSG7E1214), were used to probe filters of the De Jong human genomic PAG library. 

The novel PAG clones identified in this way were arranged, using Southern blotting, into a 

contig which linked the previously-identified PAG clones on either side of the breakpoint 

region. Two of these novel PAG clones (DJ264G1 and DJ304D5) were then shown, by 

FISH, to span the breakpoint. Using the same method to define the breakpoint to the level 

of a cosmid clone, PAG clone DJ264G1 was first hybridised to filters of the LLNL 

chromosome 7 cosmid library. The novel clones were again arranged, by Southern 

blotting, into a contig spanning the breakpoint and two of these clones (Y55a6 and 

Y192dl0) were shown, by FISH, to span the breakpoint (Figs 1 and 2).

In order to further refine the position of the breakpoint, restriction fragments (EcoRI and 

EcoKUHindlll) of the smaller of these clones (Y192dl0) were used to probe Southern blots 

of DNA from the inversion cell line and a ~13kb EcoRI fragment identified two additional 

bands within the EcoRl digest of the cell line, but not the normal controls. To obtain the 

normal sequence of this region, this restriction fragment was shotgun cloned into M l3 

vector and fully sequenced. To refine the breakpoint still further, short sections of this 

fragment were then amplified by PGR and hybridised to Southern blots of the inversion cell 

line. An 800bp PGR product identified the same two rearranged fragments within the 

EcoRl digest of the cell line and also identified additional bands within the BamRl and 

EcoRV  digests. In order to clone the breakpoints, bubble-PGR was then used to amplify 

both breakpoints from the cell line (Figs 3 and 4).



The bubble-PCR products were sequenced to obtain the sequences of the breakpoints from 

the inverted chromosome. BLAST searches with ‘unknown’ sequence from beyond the 

breakpoints, i.e. from the distal breakpoint locus of the normal chromosome, showed that 

the position of the distal breakpoint lay within a PAC clone, DJ1154E9, for which the full 

DNA sequence was available. Comparison of the sequences of the normal and inverted 

chromosomes allowed the positions of both breakpoints to be determined. The proximal 

breakpoint was pinpointed to a 3bp region and the distal breakpoint to a 4bp region of the 

normal chromosome. These 3bp and 4bp regions were each present at both breakpoints on 

the inverted chromosome, i.e. the inversion involved the duplication of these small regions. 

These duplications prevented the positions of the breakpoints from being more accurately 

determined. Sequence alignments also revealed that 190bp had been deleted from the distal 

breakpoint region of the inverted chromosome, compared to the normal chromosome. The 

deletion breakpoints were found to occur within identical 15bp sequence motifs, the nearest 

of which was 13bp telomeric to the 4bp region of the distal inversion breakpoint. A single 

15bp motif was recreated by the deletion, therefore the exact positions of the deletion 

breakpoints could not be determined either. There was no loss of material from the 

proximal breakpoint region (Fig 5).

Further BLAST searches revealed another fully sequenced PAC clone overlapping 

DJ1154E9 at the distal inversion breakpoint locus, providing a total of 198kb of normal 

DNA sequence, and a contig of four fully sequenced PAC and BAC clones at the proximal 

inversion breakpoint locus, providing another 375kb of normal DNA sequence. NIX 

analysis was used to identify all known genes, regions of homology, ESTs and STS 

markers within these sequences (Fig 6). The proximal breakpoint region was found to 

contain the genes TAC2 (tachykinin 2) and ASNS (asparagine synthetase), a region of 

homology to the thymosin-(34 gene and a region with homology to a number of ESTs. It



also contained the STS markers sWSS1530, sWSS1208 and sWSS30. The distal 

breakpoint region was found to contain the SSBP (mitochondrial single-stranded DNA 

binding protein) gene, a wee 1-like protein kinase gene, an NADH dehydrogenase gene, a 

myosin light chain gene and a brain-derived cDNA. It also contained five separate regions 

with homology to ESTs as well as the STS markers sWSS3068 and sWSS505.

The normal DNA sequences were then analysed in greater detail for further evidence of the 

mechanism of the rearrangement (Fig 7). Short segments of DNA sequence surrounding 

the positions of both inversion breakpoints were searched for the heptamer and nonamer 

motifs of the V(D)J recognition signal sequence (RSS), DNA topoisomerase II (topo II) 

consensus binding sites, chi-likc  sequences, translin binding sites and LINE and 

dinucleotide repeats. Four sequences homologous to the topo II site were found close to the 

proximal inversion breakpoint, including one containing the 3bp breakpoint region. Ten 

sequences homologous to the topo II site were found in the 312bp centromeric to the distal 

inversion breakpoint. Three c/i/-like sequences were also found close to the distal inversion 

breakpoint and partial homologies to both the heptamer and nonamer elements of the V(D)J 

RSS were found close to both inversion breakpoints. No translin binding sites or LINE or 

dinucleotide repeats were found close to either breakpoint. Sequence analysis also revealed 

that the distal inversion breakpoint and both breakpoints of the 190bp deletion were within 

Alu repeats. No Alu repeats were found near the proximal inversion breakpoint.



DISCUSSION

Both breakpoints of the 7q22-q34 inversion carried in the DD1027 cell line have been 

cloned and sequenced. The positions of these breakpoints on the normal chromosome are 

discussed in relation to previously defined critical regions of 7q and possible candidate 

myeloid tumour suppressor genes. Possible mechanisms for the inversion are also 

considered.

Critical regions

The proximal inversion breakpoint is centromeric to the MDRs previously defined in 

chromosome band 7q22 (Fischer et al, 1997; Kere et al, 1989b; Kere et al, 1987; Le Beau 

et al, 1996; Liang et al, 1998; Tosi et al, 1999) (Fig8). However, the proximal boundaries 

of 7q deletions are highly variable and the region where this breakpoint is situated has been 

shown to be deleted in many patients. Y AC HSC7E783 (previously shown to span the 

breakpoint) was found to be lost in 12 out of 17 MDS/AML patients with 7q deletions 

studied by Fischer et al (1997), although it was excluded from the MDR.

The distal inversion breakpoint is significantly telomeric to the MDRs defined by Le Beau 

et al (1996), Fischer et al (1997) and Liang et al (1998) involving chromosome bands 

7q32-q33, but is within the much larger MDRs defined by Kere et al (1987) and Lewis et al

(1996). It is also within the MDR defined using only the patients with pure 7q deletions by 

Tosi et al (1999) at 7q33-q36 (our breakpoint lies between clones HSC7E472 and E l 1 used 

in this study). However, the breakpoint is just telomeric to the smaller MDR defined in the 

same study at 7q33-q34 using patients with unbalanced translocations involving 7q as well 

as those with pure deletions. The distal inversion breakpoint is also close, but slightly 

centromeric, to the distal breakpoint of the inversion carried in the GF-D8 cell line also



defined by the same author. In addition, it is slightly centromeric to the MDR defined at 

7q35-q36 and the translocation breakpoint localised to 7q35 by Dohner et al, (1998) (our 

breakpoint lies between clones HSC7E190 and HSC7E630 used in that study), although it 

is in a region which was lost in 9 out of the 12 patients.

Both inversion breakpoints are therefore in regions which appear to be lost in the majority 

of patients with 7q deletions.

Candidate genes

TAC2 and ASNS are the only identified genes in the proximal inversion breakpoint region 

(Fig6). TAC2 is closest to the breakpoint, however, the two separate proteins it encodes are 

both thought to be involved in pain response. ASNS is a cell cycle control gene and low 

expression has been reported in AML (Codegoni et al, 1995), but it is ~160kb from the 

breakpoint and previous work in this laboratory failed to find mutations in patients either 

with or without 7q abnormalities, although only 8 of the 12 exons were studied by SSCP 

(single strand conformation polymorphism analysis) (Johnson, 1997). The region of 

homology to thymosin-|34 just centromeric to the breakpoint and the region with 

homologies to ESTs just telomeric to the breakpoint suggest the possible existence of a 

gene spanning the breakpoint. The thymosin-p4 gene (TB4X) maps to Xq21.3-q22 and a 

homologue, TB4Y, maps to the Y chromosome. The steady state level of thymosin-|34 in 

neoplastic B lymphocytes has been shown to vary with differentiation (Gondo et al, 1987). 

A gene with a region of homology to thymosin-|34 would therefore make a good candidate 

for a myeloid tumour suppressor gene.

The three identified genes in the distal inversion breakpoint region, an NADH 

dehydrogenase gene, a smooth muscle myosin light chain gene and a mitochondrial single



stranded DNA-binding protein gene, are all unlikely candidates, although mitochondrial 

defects have been implicated in MDS (Gattermann, 1999). The wee 1-like protein kinase 

gene is a more likely candidate, although it is ~65kb from the breakpoint. The EST which 

maps just centromeric to the breakpoint could represent the gene most likely to be disrupted 

by this breakpoint. However, expression studies would be required to show whether this 

represents an expressed gene sequence. Previous work in this laboratory suggested that the 

apoptosis gene NEDD2 (caspase2) was close to the distal inversion breakpoint (Johnson, 

1997). Since deregulated apoptosis is a feature of MDS and AML, this gene would be a 

particularly good candidate for a myeloid tumour suppressor gene. However, physical 

maps suggest that NEDD2 is significantly telomeric to our breakpoint.

Although both breakpoints are close to gene coding regions we have not demonstrated that 

they disrupt a gene sequence. As such it is not possible to predict whether the inversion 

leads to inactivation of nearby genes by direct involvement of exon structure.

Mechanism o f  rearrangement

The duplication of 3bp at the proximal inversion breakpoint and 4bp at the distal inversion 

breakpoint (Fig5) suggests that the mechanism of the inversion involved the creation of 

staggered breaks, followed by ‘filling-in’ of the overhanging ends, rearrangement and 

religation. This hypothesis has previously been proposed in relation to a number of 

chromosomal translocations including BCR-ABL (Zhang et al, 1995), MLL-AF9 (Super et 

al, 1997) and TEL-JAK2 (Romana et al, 1999). It has been suggested that such a 

mechanism could involve formation of staggered breaks by topo II and binding to the 

ssDNA ends by translin (Kanoe et al, 1999). A sequence with homology to the topo II 

consensus binding site was found to span the 3bp region of the proximal inversion 

breakpoint (Fig7), suggesting the possible involvement of topo II in creating this breakage.



No translin binding sites were found near either inversion breakpoint, however, the distal 

inversion breakpoint is within an Alu repeat and it has recently been suggested that translin 

may bind to Alu repeats (Jeffs et al, 1998). Alternatively, the inversion could be the result 

of incorrect repair of two simultaneous double-strand breaks (DSBs) by the non- 

homologous end-joining (NHEJ) repair pathway (Richardson & Jasin, 2000). Small 

duplications are one feature of this pathway, however, they are usually larger than those 

reported here. In addition, we found none of the filler-DNA sequences or mini-direct- 

repeats which are also characteristic of NHEJ (Gillert et al, 1999).

The 190bp deletion close to the distal inversion breakpoint is most probably the result of an 

Alu-Alu homologous recombination event, since the two deletion breakpoints lie within 

identical 15bp motifs of partial Alu repeats in the normal chromosome 7 sequence (Figs 5 

and 7). It has previously been reported that c/zMike sequences are often present at 

recombination hotspots in Alu repeats (Harteveld et al, 1997). In this case a c/zz-like 

sequence, as defined by Jaeger et al (1993), was found within each of the Alu repeats 

involved in the deletion, although in this case they were 24bp and 90bp respectively from 

the 15bp repeats and outwith the Alu recombination hotspot region defined by Rudiger et 

al, (1995). An inversion-deletion event where all three breakpoints were within Alu 

repeats, resulting in the hereditary bleeding disorder Glanzmann Thrombasthenia, has 

previously been reported (Li & Bray, 1993). In our case the inversion and the deletion do 

not share a breakpoint and there are no Alu repeats close to the proximal inversion 

breakpoint, suggesting that this mechanism was not responsible for the inversion. 

However, recombination between the Alu repeats may have directly promoted the inversion 

by creating a loop structure which formed a substrate for further rearrangement, or the Alu 

repeats may have promoted the inversion indirectly by creating a region of genomic 

instability (Gu et al, 1994).



Other sequence elements which may have contributed to the inversion include a chi-likc 

sequence ending 7bp centromeric to the distal breakpoint, which is part of a 13bp sequence 

element ending 2bp centromeric to the distal breakpoint, that was originally found at a 

t(2;8) breakpoint in c-myc by Jaeger et al (1993) (Fig7). Ten sequences with homology to 

the topo II site were also found in the 312bp centromeric to the distal breakpoint, 

suggesting a possible matrix attachment region (MAR), which could have been an indirect 

factor in the inversion (Sperry et al, 1989). Sequence elements with partial homology to the 

V(D)J heptamer and nonamer motifs were found near both inversion breakpoints, 

suggesting a possible involvem ent of illegitim ate V(D)J recom bination in this 

rearrangement, although the lack of additional nucleotides inserted at either breakpoint 

argues against the involvement of conventional V(D)J recombination.

It has been suggested that different combinations of Alu repeats, topo II sites, c/z/-like 

sequences and V(D)J RSS can cooperate to induce recombination events. It seems likely 

that some combination of these factors contributed to this inversion.

Conclusion

DNA sequence analysis of both breakpoints of a 7q22-q34 inversion has identified ESTs, 

possibly representing novel expressed sequences which may have been disrupted by the 

inversion. Sequence analysis of the inversion breakpoints has led to the suggestion of 

possible mechanisms for the inversion. Further work will be required to show whether 

these ESTs represent myeloid tumour suppressor genes and to understand the mechanism 

which created the inversion.
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FIGURE LEGENDS

Fig 1. Schematic diagram showing Y AC, PAG and cosmid contigs spanning proximal 

inversion breakpoint region. Horizontal lines represent DNA clones. Clones shown by 

FISH to span the breakpoint are represented in red. The position of ASNS, the closest 

known gene to this breakpoint, is also indicated. PAC clones identified in previous work 

are DJ239I3, DJ261F20, DJ2I4PI0, DJ280K24 and DJ129II1.

Fig 2. FISH images of cosmid YI92dlO hybridised to metaphase spreads of the DDI027 

inversion cell line (top left) and a normal control (bottom left). Chromosome 7 centromere 

probes are shown in red and cosmid probes are shown in yellow. Black and white DAPI- 

banding images are shown alongside.

Fig 3. Schematic diagram of cosmid Y192dl0 insert: showing EcoRI restriction sites; the 

position of the breakpoint; the 800bp PCR product which was shown by Southern blotting 

to span the breakpoint; the bubble-PCR products generated from the normal and inverted 

chromosomes of the DD1027 inversion cell line; and the BamYil site involved in generating 

the normal product.

Fig 4. Autoradiograph showing 800bp PCR product hybridised to restriction digests of the 

inversion cell line and 4 normal controls. B = BamHI, E = FcoRI, EV = FcoRV and H = 

HindlW. One normal band and two additional bands are visible in each of the B, E and EV 

digests of the inversion cell line, DD1027.

Fig 5. (A) Aligned sequences of the inversion and deletion breakpoints on the normal and 

inverted chromosomes. Sequence from the proximal inversion breakpoint region is shown 

in blue, sequence from the region of the distal inversion breakpoint and proximal deletion



breakpoint is shown in red and sequence from the distal deletion breakpoint region is 

shown in green. The duplicated 3bp and 4bp sequences of the inversion breakpoints are 

shown in black and underlined. The 15bp repeat sequences at the deletion breakpoints are 

shown in black without underlining. The base numbering of the proximal inversion 

breakpoint region refers to PAC clone DJ1145A22, while that of the distal inversion 

breakpoint region refers to PAC clone DJ1154E9. (B) Schematic diagram showing how 

the colours of the DNA sequence refer to parts of the normal and inverted chromosomes.

Fig 6. Schematic diagrams of the proximal and distal inversion breakpoint regions showing 

the results of NIX analysis on the published DNA sequences surrounding each breakpoint. 

STS markers, known genes, ESTs and regions of homology are all represented by 

horizontal lines, as are the sequenced clones and the clones used to pinpoint the proximal 

breakpoint.

Fig 7. Diagram showing sequences of the proximal and distal inversion breakpoint regions 

on the normal chromosome with significant features marked. The duplicated 3bp and 4bp 

sequences are highlighted in bold and double-underlined. The 15bp repeats, c/zi-like 

sequences, sequences homologous to topo II sites and sequences homologous to V(D)J 

heptamers and nonamers are single-underlined. The three contiguous, partial Alu repeats in 

the distal inversion breakpoint region are highlighted in red, blue and green respectively.

Fig 8. Schematic diagram comparing critical regions of 7q defined by different studies. 

The sources of information are indicated by the author names above each set of data, which 

refer to studies referenced in this paper.
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proximal Inversion breakpoint (normal chromosome) 

TAATTACCCTTAAACATGGTTGTTAACATGTAAAAGCTATCTGTTTGGTAGTTATGACTATGACTA
46383 46449

proximal inversion breakpoint (Inverted chromosome) 

TAATTACCCTTAAACATGGTTGTTAACATGTAAAAGCTAGCCCGCCTCAGCCTCCCAAAGGGCT

distal Inversion breakpoint and proximal deletion breakpoint (Inverted chromosome) 

GCCAGGATGGTCTTGATGTCTTGACCTCGTGATCCGCCCCTATCTGTTTGGTAGTTATGACTAT

distal Inversion breakpoint and proximal deletion breakpoint (normal chromosome) 

GGTAATTTGGTGTTGATGTGTTGAGGTGGTGATGGGGGGGGGTGAGGGTGGGAAAGGGGTGGG
45349 45287

distal deletion breakpoint (normal chromosome)

GGGAGGATGGTGTTGATGTGTTTTTTTTTTTTTTTTTGAGAGGGAGTGGGGGTGTGTGGGGGAGG  
45537 45472
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Fig 6 (a)

STS markers

proximal breakpoint

SW881530

Genes and ESTs

Sequenced PAC and BAC clones

RG 94H21
125

PAC and cosmid clones used 
to pinpoint breakpoint

CEN

homology to 
thymosin-p4

DJ 1145A22
0

0

0

Y192d10

SW881208 SW8830

E8ÏS TAC2

53 122
DJ 841B21

75 0

DJ 264G1
119

0 100 200

A8N8

DJ 1090P18
0

300
n  tel
375kb



Fig 6 (b) distal breakpoint
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TCCTTTCCTTATTCCNTGCTCATAATTTCTTTCAGACAAATCTACTAAAAATATCATGGAGC

TTAACTCTAAGATTTTAGAACTAATCTATTAATTACCCTTAAACATGGTTGTTAACATGTAA
topo II

AAGCTATCTGTTTGGTAGTTATGACTATGACTACAGAGCAATTAAACATCTCTGGAATGTA
BP 7mer

GTTATGAAGGTGTTGTGGTGAAAAGGATAATAATTAATGGGAAAGTTTAGGTGTGGTGGTG
9m er

TGTATTAATATGATGATGAGAGTAGAAGGTGGAGAAGTAATGTGATTAGTAAATATGATTAA 
topo II 7m er

TTTGGTTAGTAAGTATATAGTATATTAGGAAATTTATGTATGGATGTATTTTATTATTGTTTT 
topo II topo II

Proximal breakpoint region (5124-5492) 

AGAGATGTATATGGTTTTTAAGTATATATTTAAGAGAAAAAGGATGATATGTTTTGTGTGTAATG
topo II topo II 9m er topo II

GTTGTTAATATGAGTAGTAATTAAAAATAGTTTAAAATGGATATGTAATTAGAATGAGTAAAATGT
topo II 7m er topo II topo II topo II
ATAGGAAAAATTTTTGATAGTTTATTAAAGGGGTAAAGAGAGGAGATTAGATAGATTAATAGATT 

topo II topo II
GAGTTTTTGTTTTGTTTTGTAGAAATATAAAGAGCTTCAAAGAAAGTGGGGATCGGAACCGAAA 

9m er topo II
GTGTTATTTTTAGTGGGAGTGGGGAGATTAGGGTGGGGAAAGGGTGGGAGTGGGGGGGGGTA

7m er c h i  BP 7m er
GTGGTGGAGTTGTGTAGTTGTGGTTTAATGGGGGGGGGGGAGGGGGGGGGGAGATGAGGGTG

15bp repeat
GATGAGGGGTGGGAGTGGGTGGTGTTAGGGCAGTTGGGGGGTTGGGGTGGAAGGTGAGTGGG

c h i  7m er 7mer
GTGTAAGGGGGTGAGGTGAGGGGTGAGGGGGGAGGGGGTGTGTGGGGGTGAGGCAGAGTTT

7m er 7m er 7m er
TTTTTTTTTTTTTTCTGTAGTTCTGGTAGGACCGATTGTACTAATTTGGGGTAGAGATGATTTTT

15bp repeat
ATGTTTTTTAATGGGAGGAGAGAAGGGGGGGTGGAGATGAGGGTGGATGAGGCCTGCGAGTG

c h i
GGGGGTGTTAGGGTAGTTGGGTGGTGGAGGTGTAGGGTCACTGGGGTGTGGTAGGGTGAGGT

7m er 7m er
GAGGTGGGAGGGGTTGTGTGGGTGTAGGGCAGAGTTTTTTTTTTTTTTTTGGTGTTATTTTGAGT

7mer
GAAGGTAGGGTAGTAGAGATAATTGGAGGTTGGGGGTGGTTGAGTTGAGGGGGTTATAGTGTT

AGTGGGGGTGAAGTAAGAGGAATTTTTTTTATGTGAGGGAAAGTTGTGGAGTGGGAGAGAGGA
7m er 7m er

GAAGTGAGTAAATGGGTAAAAGGGAGAGATGAGAGGGGAGTGGTGTGGGATGTGAGTGTGAA
, 7m er 7m er 7m er 7m er

G ATGAGAGGGTGGAGAAAGTGAAGCTCCCTCTAGTAAATGTTACGGTCTAGGTAGCGTGATGG  
7m er 7m er

Distal breakpoint region (44996-46008)

Fig 7
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