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ABSTRACT

This thesis describes the mapping of the breakpoints of three different chromosome

rearrangements, all involving lp36,in acute myeloid leukaemia (AML) patients, and

an investigation into the molecular outcomes of these rearrangements'

The t(l;3)þ 36;q2l) is the most frequently occurring translocation involving 1p36 in

AML. The breakpoints in a patient with this translocation wele mapped and the

translocation shown to result in the upregulation of the MEL| gene, consistent with

other reports. A panel of non t(l;3Xp36;q21) AML patients were also tested for MELI

expression , and asubset of these were found to be positive for expression. MELL had

previously been reported to be expressed specifically in patients with the

t(l;3Xp36;q21). Contrary to previous reports, MELl was found to be expressed in

normal bone marrow. These results suggest that the expression of MELI in non-

t(l;3Xp36;q21) patients may be due to the clonal expansion of a normally-expressing

haematopoietic progenitor. The 3q21 gene GATA2 was also found to be aberrantly

upregulated by the t(1;3)(p36;q2I), as well as the t(3;3X q2l;q26) and the

inv(3)(q21q26). These three translocations define a subset of AML patients with

distinct features, namely elevated platelet counts and dysmegakaryopoíesis' GATA2

expression is proposed as a likely cause of this phenotype'

v111



The ins(12;1Xp13;p36p2l) is a novel rearrangement. Investigation of this

rearrangement in Patient 2 revealedthe 1p36 breakpoint was similar to those of the

t(l;3xp36;q21) patients. The l2pl3 breakpoint was within the TEL gene, which is

frequently involved in fusion genes in leukaemia. No fusion transcript was identified,

and the primary outcome of the rearlangement was determined to be upregulation of

MELI ,most likely caused by position effects of the juxtaposed l2pl3 sequences'

The t(l ;3)(p36;p21) is a recurrent translocation in several types of leukaemia.

Investigation of this translocation in Patient 3 mapped the 3p2l breakpoint to an

intron of GOLGA4, which has not previously been implicated in leukaemia. Northern

analysis strongly suggested the formation of a fusion transcript. Possible

leukemogenic mechanisms by which this fusion may function are proposed'

IX





ACKNO\ryLEDGEMENTS

I am very grateful to my principal supervisor, Dr Alex Dobrovic, who provided me with an

unexpected opportunity to undertake a Ph.D., and who went out of his way to find a project

that suited my liking and abilities. I thank him for his guidance and especially for his

approachable and easy-going approach to supervision, which allowed me to develop the

project over time.

I am also in debt to Dr Damian Hussey for his supervision, his excellent knowledge of all

laboratory techniques, and for his expert guidance in the analysis and understanding of

chromosome translocations. His example inspired me on many occasions and is one I still

aspire to live up to.

I am very grateful to Dr Sally Stephenson for her supervision and support. She was always

willing and able to help with any problem, and she encouraged me many times when I had

reason to despair and always got me back on track'

I would also like to thank my external supervisor, Dr Simon Koblar, for providing moral

support, especially early in the project, and for always being available on the rare occasions I

felt the need to go outside the department'

I gratefully acknowledge the assistance of Dr Ian Lewis and Dr David Westerman, who read

and corrected drafts of this thesis.

Thanks also go to the staff of the Department of Haematology-Oncolo gy at The Queen

Elizabeth Hospital. I would especially like to thank Professor Ed Sage for fostering research

within the department throughout his long tenure. I wish him well in his retirement.

I would like to acknowledge the financial support provided by The Queen Elizabeth Hospital

Research Foundation and The Cancer and Bowel Research Trust. Without this support, I

would not have been able to complete this project, and I am extremely grateful.

x1



Sarah Moore from the Department of Haematology at the IMVS was of great assistance in

performing and analysing karyotypes, and also in providing patient material and background

information upon request. Her contribution to this work is greatly appreciated'

Members of other labs within the Queen Elizabelh Hospital were generous with their

resources and expertise, and I would like to thank them also: Jenny Hardingham, Prue

cowled, Henry Betts, Ravi Krishnan, Nicole Hussey, Anke 
'warner, Belinda Fatmer, Lefta

Leonardos, Sue Millard, Terry Gooley and Jenny Kennedy' Thanks also to Jing Xian Mi'

Adrian Brenton and Logi Bauer for their excellent technical assistance.

I appreciate the support and friendship of the other research students at the Queen Elizabeth

Hospital. I have made many friends over my years here, and this is surely an important

component of any studentship. They are too many to list but I hope to remain in touch with

them all.

I am extremely grateful to Tanya Sanders, who has helped me in more different ways through

my project than anyone. She provided great support during some difficult times and was

always excellent company during the more tedious experiments. She helped me through the

diff,rcult experiment-finalising and thesis-writing period, and provided the same emotional

and additional culinary support during this time. I wish her well in her own Ph.D. and for all

her endeavours in life, and hope to remain her friend throughout.

(Dr) Tina Bianco, who suffered through the thesis write-up period almost concurrently with

me, is owed an enormous debt of gratitude for allegedly suggesting to Alex that I was a

worthy ph.D. student and so landing me in the position I find myself. Our friendship extends

back to our undergraduate days, and she has remained an excellent friend, lab companion and

fellow student. She guided me through my first inept days in the laboratory, and for this and

much more she has my eternal gratitude' She still owes me a lasagne, though'

xl1



I am indebted to Nathaniel Albanese, who shared an offrce with me for two years (and a radio

show for one), and who provided great friendship and support over the first part of my

project. His friendly and laid-back manner made work more fun and with this attitude to life I

have no doubt that he will be successful in everything he does. I wish him nothing less'

I thank Michael Raynor for sharing an office with me for almost the duration of his own

ph.D. Among my many bad habits that he has never commented on is that of monopolising

the computer, especially during the final six months. This tolerance was noted and

appreciated, and I hope the benefit of having the office to himself now will allow him to

complete his Ph.D. in a relatively pain-free manner'

Thanks also to Evelyn Douglas for sharing an office with me for as long as she could bear

(about six months), for being a good and supportive friend and such a deft hand with glue and

scissors. I wish her well in completing her Ph.D. also, and in all things to follow'

cassandra v/oithe and Rebecca Gully have been similarly good friends and fun to have

around the lab. I wish them both well in their endeavours and marriages.

Thanks to my parents, who have provided me not only with love, support and guidance, but

also my education. This thesis was only possible because of them. I also appreciate the love

and support of the rest of my family. They have all assisted me at every opportunity

throughout this project, and before (and hopefully beyond)'

My friends, who have provided me with amusement, distraction and fun, as well as support

and friendship, know who they are and know how much they mean to me. I apologise to them

all for being relatively unavailable for about three years, and promise to be less so in the

future. Really.

Finally, the biggest thanks goes to Ai, not only for her love and support during the work

presented here, but also for being an unexpectedly good motivator. She taught me that hard

work can pay off, and without that, much of the work presented here would not have been

performed. I owe this thesis to her as much as anyone. I cannot thank her enough, for that and

everything else.

xl11



AML
ALL
BAC
BLAST
bp
BSA
CELU
CLL
CML
dATP
dCTP
dGTP
DIG
DNA
dNTP
dTTP
EDTA
EST

EtBr
FAB
FCS

FISH
IMVS
ISH
kb
Mb
MDS
MMLV
NCBI
nt
PBMNC
PBS

PCR
RACE
RNA
RT-PCR
UPW
UV
wHo

ABBREVIATIONS

acute myeloid leukemra

acute lymphoid leukemia

bacterial artificial chromosome

basic local alignment search tool

base pair(s)
bovine serum albumin

cohesive end ligation unit
chronic lymphoid leukemia

chronic myeloid leukemia

deoxyadeno sine tripho sPhate

deoxycyto sine tripho sPhate

deoxyguanine triphosPhate

Digoxigenin
deoxyribonucleic acid

deoxynucleoside triPhosPhate

deoxytþmine triPho sPhate

etþlene diaminetetraacetic acid

expressed sequence tag

ethidium bromide
French - American - British
fetal calf serum

fluorescent in situ hybridisation

Institue of Medical and Vetinary Science (Adelaide)

in situ hybridisation
kilobases (103 base pairs)

megabases (106 base pairs)

myelodysplastic sYndrome

Moloney Murine Leukaemia Virus

National Centre for Biotechnology Information

nucleotide(s)
peripheral blood mononuclear cells

phosphate buffered saline

polymerase chain reaction

rapid amplification of oDNA ends

ribonucleic acid

reverse transcription PCR

ultrapure water

ultraviolet
World Health Organisation

SI (Systeme International) units and the international code for DNA bases are used

throughout this thesis.

XIV



CHAPTER 1

Intro d uctio n

and

Review of Literature



CHAPTER 1

Introduction and Review of Literature

1.0 Overview

The aim of the work described in this thesis was to characterise the chromosomal

translocation breakpoints in three acute myeloid leukaemia (AML) patients with three

different reafrangements involving chromosome band 1p36: t(1;3Xp36;q2l),

ins( 1 2; 1 )þ t3 ;p3 6p2t) and t( 1 ;3)Gß 6;p2r)'

past studies characterising translocation breakpoints have led to the discovery of

many genes important in leukaemia, as well as genes with important functions in

normal processes such as haematopoiesis and development (Wang et al 1998, Okuda

et al200l, Crans and Sakamoto 2001). These studies have proven that translocations

are important mechanisms in the development of leukaemia, as many events caused

by chromosome translocation are leukemogenic when reconstructed in cell lines or

transgenic mice (for example Heisterkamp et al7990, Pandolfi 2001, van Etten 2001,

yuan et at 2001). Moreover, many translocations are highly correlated with particular

subtypes of leukaemia (reviewed in Ban 1998, reviewed in Rowley 1999).

a
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The importance of studying translocations is two-fold. Firstly, mapping individual

translocation breakpoints may identify new genes important in the promotion of

leukemogenesis (or indicate novel leukemogenic functions for known genes). As

translocation breakpoints act as markers for the location of these genes, translocation-

affected genes are among the easiest disease genes to identify. Secondly, greater

understanding of the role of translocations in leukaemia leads to a better

understanding of genetic leukemogenic mechanisms in general. Better understanding

of the causes of the disease may allow more effective treatments to be developed and

implemented.

This chapter provides an introduction to leukaemia (Section 1.1) and chromosome

translocations (Section 1.2). It demonstrates the value of mapping translocation

breakpoints and studying the genes affected by the breakpoints to determine their

contribution to leukemo genesis.

1.1 Leukaemia

Leukaemia is a disease of the haematopoietic system, arising from the disruption of

the regulation of haematopoiesis. It is characterised by the uncontrolled proliferation

or expansion of haematopoietic cells that do not retain the capacity to differentiate

normally to mature blood cells (Sawyers et al l99l)'

2



1.1.1 Prevalence of Leukaemia

Leukaemia is the seventh most common cancer in South Australia, after prostate

cancer, breast cancer, colorectal cancer, lung cancer, melanoma and lymphoma' There

were 4510 cases of leukaemia diagnosed in South Australia between Jantary 1977

and December 2000, representing 3'4 % of all cancer diagnoses' Most diagnoses

occur in the over 50 years age group, with the majority of the paediatric cases being

acute lymphoid leukaemias (ALL). Acute myeloid leukaemias (AML), the primary

focus of this thesis, represent | .0 % of all cancers and 30 .8 % of all leukaemias' Rates

of occurrence of leukaemia are slightly higher in males than in females, but this is

reflective of an overall trend for most types of cancer (South Australian Cancer

Registry,2001).

1.1.2 HaematoPoiesis

Haematopoiesis is the means by which new blood cells are produced. The process

originates with pluripotent stem cells which have the capacity to give rise to all of the

different types of specialised blood cells. Haematopoietic stem cells possess the

crucial capacity to divide either symmetrically (stem cell self-renewal) or

asymmetri cally, such that one daughter cell becomes a stem cell which retains the

pluripotency of the parental cell, while the other daughter cell differentiates to one of

several different fates. The differentiation pathways leading to these fates are

illustrated in Figure 1.1 .
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chronic). The diagnosis of the type of leukaemia is now based on a combination of

morphologic, immunophenotypic, cytochemical and cytogenetic characterisation

using the World Health Organisation (V/HO) Classification. This is a relatively new

proposal for classification of haematological malignancies, formulated on behalf of

the WHO by the European Association of Pathologists and the Society for

Hematopathology, and was formally adopted in 2000 (Bennett 2000)' This

classification system places greater emphasis on immunological and cytogenetic

characteristics of the disease than did the French - American - British (FAB) system

which preceded it (discussed in Section 1.1.3.2).

The translocations studied in this thesis all arose in patients with AML' Leukemic

cells in AML are referred to as blasts, as they resemble undifferentiated cells. The

definition of acute leukaemia requires that there be both a loss of differentiation

capacity and a loss of proliferative control (Sawyers et al l99I). In addition to the

AML patients investigated, some myelodysplastic syndrome (MDS) patients were

also studied. MDS is a clonal disorder of the myeloid lineage in which affected cells

have a block preventing normal differentiation, leading to morphologic abnormalities

and an accumulation of haematopoietic progenitor cells. under the FAB system, if

blasts must be present at less than 30 %o inthe marrow for diagnosis as an MDS, as a

higher blast count would lead to a diagnosis of leukaemia. under the new $/Ho

system, this threshold has been lowered to 20 % (Bennett 2000)' In approximately 20

yo of cases, MDS can transform into AML as the affected cells undergo additional

changes.
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1.1.3.2 Subtypes of AML

While the WHO classification system has been widely adopted for the classification

of leukaemias, the FAB system is discussed here for two reasons. Firstly, the v/Ho

classification categories used to describe subtypes of AML are based on the FAB

categories. Secondly, the patients studied in this thesis presented prior to the adoption

of the V/HO classification system and were diagnosed under the FAB system'

The FAB classifrcation system for AML was hrst devised by a consortium of

haematologists in 1976 (BenneIt" et al I976) and comprehensively revised in 1985

(Bennett et al1985a). The system at first defined six AML subtypes (Ml - M6), later

adding M7 (Bennett et al19S5b) and M0 (Bennett et al l99l) (see Table 1.1). In a

broad sense, the subtypes are based on morphologic appearaîce of the blasts and

reflect the degree of maturation and lineage commitment of the leukemic blasts, with

M0 being derived from undifferentiated cells, Ml being AML derived from

haematopoietic cells without maturation and M2 from cells showing partial

maturation. AML M3 through M7 are classified according to the lineage of the

haematopoietic cells from which the leukaemia derived'

classification by the FAB system requires morphological examination and

cytochemical staining of the leukemic blast cells. The system takes into account cell

size and shape, nucleus size and shape, number of nucleoli present and the staining

pattern of cytoplasmic granules (reviewed in Bennett et al 19854). A number of

cytochemical stains are useful in the diagnosis and classification of AML subtypes.
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AML FAB SubtYPe Diagnostic Criteria

AML MO

Minimally differentiated
acute myeloid leukemia

Blast cells >- 30 o/o of non-erythroid cells (NEC)

< 3 % of blasts positive for myeloperoxidase'

Confirmation of myeloid lineage by
immunophenotyping and electron microscopy'

AML M1

Acute myeloblastic leukemia
without maturation

Blast cells 2 90 % of NEC. 2 3 Yo of blasts

positive for myeloperoxidase or sudan black

ituining. Maturing granulocytic component < 10

%. Maturing monocytic component< l0 %o.

AML M2

Acute myeloblastic leukemia
with maturation

Blast cells between 30 % and 89 % of NEC

Monocytic cells < 20 %' Maturing granulocytic

cells (promyelocYtes) > l0 %.

AML M3

Acute promyelocYtic
leukemia

Blast cells >- 30 yo of NEC. Majority ofcells are

abnormal promyelocytes. Heavy granulation of
promyelocytes is Prominent'

AML M4

Acute myelomonocYtic
leukemia

Blast cells > 30 % of NEC in bone marrow. 30

% - 80 %o of NEC in bone marrow are of the

myelomonocytic lineage. 20 % - 80 % of NEC

in bone marrow are of the monocytic lineage'

M4 diagnosis also requires substantial presence

of monocytic cells in the peripheral blood,

either by cell count or other method.

AML M5

Acute monocytic leukemia

Blast cells > 30 Yo of NEC. 2 80 % of NEC in
bone marrow are of the monocytic lineage'

M5a: > 80 % of monocytic cells are monoblasts'

M5b: < 80 o/o of monocytic cells are monoblasts'

AML M6

Acute erythroleukemia

Blast cells > 30 Yo of NEC. Erythroblasts 2 50
o/o of nucleated cells.

AML M7

Acute megakaryocYtic
leukemia

Blast cells > 30 % of all cells. Megakaryocytic

lineage demonstrated by the platelet peroxidase

reaction. <

myeloperoxidase or Sudan Black' Negative for
lymphoid markers.

Table l.l. The FAB Subtypes of Acute Myeloid Leukemia. Diagnostic criteria compiled from

Bennet et al (1976),Bennet et øt (1985a),Bennett et al (1985b) and Bennett et al (199I)'
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For example, myeloperoxidase and Sudan Black positivity is primarily indicative of

granulocytic lineage cells. Nonspecific esterase (o-naphthyl butyrate esterase) stains

specifically for cells of the monocytic lineage (reviewed in Elghetany et al 1990).

Leukaemia is a disease of acquired genetic dysregulation' so it would appear desirable

to classify the different types of leukaemia on a genetic basis rather than a phenotypic

basis. This would allow diagnosis to be more closely related to the genetic cause of

the leukaemia than to the morphological outcome of the disease' The development of

the WHO classification system reflects a desire among clinicians for this to occur'

Certain cytogenetically detectable chromosomal reaïrangements are correlated with a

particular clinical AML subtype, and in many cases this is a useful means of

confirming a subtype diagnosis. For example, the t(l5;17)(q22;ql2) is present in

virtually all cases of AML M3, and is never present in other AML subtypes (Pandolfr

2001). However, the genetic classification of leukaemia will progress to become

much more sophisticated than the employment of cytogenetic data alone. Recently,

microarray technology has been used to correctly categorise leukaemias as either ALL

or AML purely on the basis of the gene expression profile of the leukaemia (Golub e/

al 1999).It has also been used to correctly categorise AML subtypes which correlate

with a cytogenetic marker (schoch et at 2002), and even to identify mixed lineage

leukaemia (MLL) involving an llq23 translocation (affecting the MLL gene) as a

disease genetically distinct from both ALL and AML (Armstrong et a|2002)' The

power of microarray technolo gy may eventually lead to more robust classification and

more individualised therapy, but the clinical application of this technology is some

years away (reviewed in Radich 2002).
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1.2 Chromosome Translocations

1.2.1 Translocations in Leukaemia and other Malignancies

Cancer is a disease of acquired genetic dysregulation, meaning that it arises out of

disruption of normal genetic function. This disruption can come in the form of an

epigenetic mechanism, such as methylation of a gene promoter region which affects

expression of a gene, or a genetic mechanism, which involves changes to the actual

DNA sequence of the genome. The most gross form of mutation is chromosomal

rearrangement, where the normal structure of the chromosomes is altered. These

rearrangements come in the form of deletions, amplifications, inversions and

translocations, and are often discernible cytogenetically. Figure 1.2 is a schematic

representation of each of these types of rearrangements. Translocations are the

reciprocal exchange of material between two chromosomes. Inversions occur when

chromosomal material is, in effect, removed from the chromosome, rotated and

reinserted in the original position. Inversions and translocations have similar

molecular outcomes; either existing genes are expressed aberrantly due to the new

genomic context in which they are placed, or two existing genes are combined to form

a fusion gene which retains some properties of both original genes which, in

combinatioÍr, are usually oncogenic (see Section 1.2.2). A deletion is the loss of

chromosomal material, and generally indicates the loss of a tumour suppressor gene'

although there is at least one example of a deletion producing a fusion gene (Kourlas

et al 2000).
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Figure 1.2. Schematic Representation of the Various Types of Chromosomal Rearrangements.

A) Reciprocal Translocation. The parental chromosomes are represented in yellow and purple

respectively. Each parental chromosome breaks and there is reciprocal exchange of material between

the two.

B) Inversion. Genetic markers A, B, C and D from the parental chromosome are shown to illustrate

their movement as a result of the rearrangement. Two breaks occur within the parental chromosome

and the centre piece of the chromosome is inverted before reinsertion. Some inversions involve the

centromere (pericentric inversions); this one does not (paracentric inversion).

C) Deletion. Genetic markers A, B, C, D and E from the parental chromosome are shown to illustrate

their loss as a result of the deletion. In this case, the deletion spans the markers C and D. Deletions can

have an oncogenic effect through the loss of expression of genes which are deleted. However, only one

allele of each gene is lost in the deletion.

D) Amplification. Genetic markers A, B, C, D and E from the parental chromosome are shown to

illustrate the effect of the amplifrcation on them. In this case, the portion of chromosome contining

marker C has been duplicated, resulting in the presence of two copies of the marker on the

chromosome. This can lead to overexpression of amplified genes.

Figure is adapted from Griffiths et al (2000).
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Translocations are more common in haematological malignancies than in other

cancers, and are often specific to a certain type of leukaemia' For example, the

philadelphia chromosome, which is created by the translocationt(9;22)(q34;q11),

which was the first reported recurrent translocation, is a hallmark of chronic myeloid

leukaemia (CML), as it is present in 90 - 95% of CML patients (reviewed in Dobrovic

et at I99I). Similarly, the t(15;17)(q22;q12) translocation is highly specific to acute

promyelocytic leukaemia, a subtype of AML (FAB subtype M3) (Pandolf,r 2001)'

This specificity is thought to reflect both the different cellular environments in which

the translocation initially takes place (that is, the different cell types from which the

leukaemia derives) as well as the different molecular outcomes of the different

translocations and the impact this has on the cell phenotype (reviewed in Barr 1998).

The high degree of association between specific translocations and types of leukaemia

makes translocation characterisation an important freld of leukaemia research, both in

order to understand mechanisms of leukemogenesis and to provide more specific, less

subjective bases for diagnosis.

By convention, chromosomes that are derived from a translocation or other

rearrangement are referred to as derivative chromosomes. To differentiate between

derivative chromosomes, chromosomes are denoted according to which parental

centromere they retain. For example, in the t(9;22Xq34;q11), the translocated

chromosome which retains the centromere of the parental chromosome 9 is referred to

as the der 9 chromosome. The other translocated chromosome is the der 22

9
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1.2.2 Effects of Translocations on Gene Expression

As gross as the changes at the chromosomal level may appear under the microscope,

it is the changes that translocations cause at the sequence level of the genome tha| are

significant in discerning their importance. The genes located at or near the

translocation breakpoint can be affected in two major ways, either of which may

promote oncogenesis.

1.2.2.I Dysregulation of Expression of oncogenes by Translocation

An oncogene which does not have its coding region interrupted by a translocation but

which is located in proximity to the breaþoint may be affected by juxtaposition to

new regulatory sequences such as a promoter or transcriptional enhancer. In this case,

the cell may undergo aberrant over-expfession of the oncogene. This inappropriate

expression can contribute to oncogenesis. Examples of this include the cyclin D1

(BCLI) gene, a cell cycle regulatory gene normally expressed only during the Gl

phase of the cell cycle, which is translocated adjacent to the immunoglobulin heavy

chain (ISIÐ locus enhancers by the translocation t(l1;14)(q13;q32) in mantle cell

lymphomas (reviewed in de Boer et al 1997). While the IgH enhancers have long

been believed to be the mechanism for upregulation of cyclin Dl in translocations,

this long-standing hypothesis has only recently been demonstrated experimentally

(Marculesc u et al 2002) . LMO2 , TAL I and TAL2 are all upregulated by translocation

to an 19 locus in T-cell acute lymphoblastic leukaemia, as are BCLI and BCL2 inB

cell non-Hodgkin's lymphoma (Marculescu et a|2002). Another example is the c-myc
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gene at 8q24, which is translocated to the 19 loci at either l4q32,22qIl or 2p11 in

Burkitt's lymphoma (reviewed in Boxer and Dang 2001). Overexpression of c-myc

promotes cell growth and oncogenesis through numerous target genes and pathways,

including cell cycle regulation (reviewed in Dang 1999)'

l.2.2.2Formation of Fusion Genes by Translocation

Ifthe coding region ofa gene is disrupted by the translocation breakpoints on each of

the two affected chromosomes, then the two fragments of one gene may be

recombined with two fragments of the other gene to form two new genes, termed

fusion genes. The best characterised example of a fusion gene is the BCR-ABLI

fusion created by the Philadelphia chromosome translocation in CML patients (see

Figure 1.3). Generally, only one of the two fusion genes formed by a translocation

will be consistently expressed and functional, as most of the functional domains of the

two original genes are recombined into the one fusion gene. An exception to this is

the fusion genes formed by the t(15;17)(q22;ql2) translocation in PML, where both

fusion genes, RARa-PML and PML-RARa, are expressed and have leukemogenic

effects in transgenic mice (reviewed in Rego and Pandolft2002).

As the number of identified fusion genes increases, it is becoming apparent that only a

limited number of genes are involved. Many genes form fusion genes with more than

one partner in a variety of different translocations. Examples of these include the MLL

gene at llq23,the AML| gene at 21q22 and the ETV6 (TEL) gene at 12p12 (reviewed

in Bohlander 2000) v/hether this is a result of these genes existing at preferred sites of
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chromosome recombination or simply a true reflection of the importance of these

genes in leukaemia remains to be determined (reviewed in Bohlander 2000). It is

likely that both factors contribute to the frequency with which these genes are

involved in translocation in leukaemia. For example, MLL is often involved in

translocations due to site specific cleavage following topoisomerase II treatment

(Aplan et al 1996), and MLL fusion genes have also been shown to directly cause

leukaemia in transgenic mice, demonstrating the importance of M L L in

leukemogenesis (Dobson e/ al 1999).

1.2.3 Mechanisms of Translocation

The mechanisms that give rise to translocations are most easily identifled in cases of

therapy-related leukaemia, which arise subsequent to treatment with chemotherapy or

radiotherapy for a pre-existing cancer. chemotherapeutic agents (for example, DNA

topoisomerase II inhibitors (such as etoposide) and alkylating agents (such as

cyclophosphamide)) are cytotoxic and target cells which are actively dividing. This is

intended to target cancerous cells, but as haematopoietic cells are among the more

actively dividing cells in the body, they are also affected. The mechanism of

cytotoxicity exploited by each of these treatments involves double strand DNA

cleavage, which is the first step required for recombination (or translocation). In

support of this mechanism, specific DNA sites which are uniquely sensitive to double

strand DNA cleavage have been identified within the MLL gene (Stanulla et a|2001)

and AMLI gene (Stanulla et al 1997). The most frequent translocations associated

with therapy-related leukaemia include lIq23 rearrangements (Bloomfield et al
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2002),which result in MLL fusion genes (reviewed in Ayton and Cleary 2001), the

inv(16)(pl3q22) (Andersen et al 2002), which results in the formation of the

cBFþlMYHll fusion gene (Marlton et at 1995), the t(15;17)(q22;qll) (Andersen e/

at 2002),which as already mentioned results in the expression of the RARU-PML and

pML-RARufusion genes (Goddard et al l99I) and2lq22 rearrangements (Slovak ef

al 2002),which result in AMLI fusion genes (reviewed in Richkind et al2000). These

rearrangements also occur ín de novo leukaemia, and so are not specific to therapy-

related leukaemias. These translocations must therefore also be caused by

mechanisms other than induction by therapy in de novo leukaemia.

It is more diffrcult to understand the mechanism of translocation in de novo myeloid

leukaemias as patients have not been exposed to mutation-inducing therapy. It is

generally thought that the initiating step is a double stranded DNA break (Richardson

and Jasin 2000). The likelihood is that pre-existing deficiencies in DNA repair

mechanisms, caused by other epigenetic or genetic changes in the cell, prevent the

accurate repair of double-stranded DNA breaks that may occur during normal DNA

replication, thus resulting in translocation. Many genes' including ATM, a gene

implicated in leukaemia and other cancers; and BRCA2, a gene frequently inactivated

in breast cancer, have been implicated in genomic instability leading to gross

chromosomal rearrangements (Yu et a|2000, Boultwood 2001)' ATM and BRCA2

have both been shown to be involved in the repair of double stranded DNA breaks

(Sharan et al 1997,Pandita 2002).
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In lymphoid malignancies, translocations most frequently involve the

immunoglobulin loci, which in normal B and T cells are involved in DNA

rearangement to produce a wide variety of antibodies and T cell receptors responsible

for the immune response (reviewed in Bassing et at 2002). Illegitimate recombination

(that is, recombination between two sequences which are not intended to be

recombined) involving these loci leads to chromosomal translocation. As already

described, translocations involving Ig loci lead to upregulation of the translocation

partner genes, which include cyclin Dl as described in Section l'2'2.1.

1.3 Approaches to Breakpoint Identification

The first reciprocal translocation to be identified as such was the t(8;21)(q22;q22) in

an AML M2 patient (Rowley I973a). Shortly after this came the discovery that the

philadelphia chromosome, previously thought to be the result of a deletion of part of

chromosom e 22, was in fact a derivative of the t(9;22)@3a;q11) (Rowley 1973b). It

was ten years later that the molecular consequences of the Philadelphia chromosome

were revealed (de Klein et øl 1982, Bartram et al 1983). This discovery was

facilitated by the identification of the human homologue of the c-abl gene on 9q34

(Heisterkamp et al Ig82). The approach used to identify c-abl disruption in

t(9;22)@3a;q11) was Southern blotting, wherein genomic DNA from a cell carrying

the translocation is restricted with a specific restriction enzyme and probed with a

sequence thought to be near the breakpoint. The resultant bands were compared to

those produced from material from a normal cell. If the probe is within the same

restriction fragment as the breakpoint, abertant bands are seen. This approach is still
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used in breakpoint identif,rcation but in recent yeals, many new techniques and

discoveries have advanced the process of mapping, cloning and identifying

translo c ation breakpoints and breakpoint gene s'

1.3.1 Candidate Gene APProach

The identification of ABL as one of the genes involved in the Philadelphia

chromosome breakpoint (de Klein 1982) is an example of the candidate gene

approach to identifying genes involved in translocations. Karyotypic analysis will

give an approximate chromosomal location of the breakpoint (usually which

chromosomal band is involved, and sometimes which sub-band). From this

information, genes that have been mapped to the same region can be analysed to

assess the most likely candidates from that gfoup (usually genes aheady implicated in

cancer, or implicated by their function). This approach is very dependent on the

pïesence of a standout candidate (such as in the case of ABL, which was already

known to be involved in leukaemia through studies of the Abelson murine leukaemia

virus), and usually requires a degree of positional cloning beforehand to narrow the

region of investigation (see Section | .3 .4) . This approach therefore is enhanced by the

development of other techniques allowing greater precision in defining the region of

interest, and also by more thorough gene mapping of the chromosome region in

question.
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1.3.2 Fluorescence in situ Hybridisation (FISH)

The development in the mid-1980s of specific probes labelled with fluorochromes

enabled direct probing of patient material, without the need to segregate the

chromosomes by somatic cell hybridisation. This technique is substantially faster than

Southern blotting, as all that is required is a metaphase spread of patient material and

appropriate probes. The problem of available markers remains, as the cost of probing

with a series of progressively closer markers in a step-wise fashion is quite expensive'

This technique is best applied to confirming in new patients the molecular nature of

translocations that have been determined in other patients by other means' rather than

mapping novel breakPoints.

More recently, the development of full-chromosome paints and multicolour FISH

allow the detection of all chromosomal abnormalities in a single experiment

(reviewed in Kearney lggg), which is especially useful for detection of cryptic

abnormalities which may be missed by standard karyotypic analysis. However, these

techniques are not useful for fine breakpoint mapping, as they utilise markers with

broad specificity (such as those specific for an entire chromosome).

1.3.3 Somatic Cell HYbridisation

Somatic cell hybridisation is a technique in which patient cells are fused with a rodent

cell line. It is a powerful technique with applications to many fields of genetics

(reviewed in Ringertz and Savage,I976). For the pufposes of translocation mapping
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studies, somatic cell hybridisation is a useful means of segregating the human

chromosomes so that they may be characterised separately. This is possible because

when a human cell is fused with a rodent cell, the resultant hybrid cell then randomly

discards the human chromosomes (while retaining the rodent chromosomes to ensure

cell viability) until a stable configuration, usually containing one or few human

chromosomes, is reached (Weiss and Green, 1967). Multiple hybrid cell lines can be

constructed and screened for the retention of one translocation-derived chromosome

without the retention of the other nor either of the two normal parental chromosomes.

The construction of such a hybrid is illustrated in Figure 1.4. When such a cell line is

found, it may be used in positional cloning analysis of the breaþoint.

1.3.4 Positional Cloning

positional cloning can be performed when no information about the genes in the

region of interest identified by karyotypic analysis is known. It is most frequently

achieved by first segregating the derivative chromosomes via somatic cell

hybridisation. Hybrid cell lines can then be used to map chromosomal markers from

either parentalchromosome to one or the other derivative chromosome, thus mapping

the breakpoint with respect to the marker. The difficuþ with this approach in the past

was the lack of availability of reliably positioned markers, and the length of time

required for a result to be achieved was almost prohibitive. However, once positional

cloning had narrowed the region of interest, a candidate gene approach could be taken

to expedite the process.
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1.3.5 Somatic Cell HYbrid PCR

Until recently, it had been almost impossible to take a completely systematic

positional cloning approach to breakpoint identification. This was a result of the

limited knowledge of the ordering of genes or markers along a chromosome. V/ithout

the benefit of this knowledge, information about one locus on a chromosome provides

no information about any other locus, for the position of one with respect to the other

was not known. This was a particular problem for mapping at the fine level, as

markers could be positioned approximately by techniques such as in situ hybridisation

(ISH) or, later, FISH, but such coarse mapping would still leave an area potentially

containing thousands of genes, into which no further systematic progfess could be

made. Further progress then relied on a candidate gene having already been

characterised and positioned within the region'

With the advent of the Human Genome Project and, since eatly 2001, the availability

of near-complete scaffolds (a name used for large overlapping tracts of sequence) of

sequence spanning the entire human genome, this situation has dramatically changed.

V/here before limits were imposed by the lack of ordered markers, now the entire

genome, or any piece of it, is available for use as a marker and is precisely positioned

with respect to every other piece. Therefore, a true "walking" approach can be

adopted, where the assessment of each marker does provide information about other

markers, and "steps" of any size can be taken in the process of narrowing the

breakpoint region. The versatility and simplicity of this approach is enhanced by the

use of pCR analysis rather than Southern analysis or FISH. This is principally because

'a
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of speed and ease of use, but is also significantly cheaper than performing the same

number of steps with either of the other techniques. Since this systematic approach is

purely positional, there is no need to determine whether a probe or marker contains

the breakpoint, simply which side of the breaþoint it is on. In this scenario, PCR is

favoured over Southern analysis and FISH for the smaller size of the respective

markers or probes.

1.4 The Human Genomic Sequence

The work reported in this thesis was conducted over the years 1999-2002, and during

that time the amount of sequence information available from the human genome

resources has changed dramatically. References are made throughout the text to the

different databases which were available at that particular time. These databases are

described in detail in this section.

1.4.1 The GeneMaPg9 Genome MaP

Prior to the existence of genomic sequence maps, the most informative source of data

regarding genomic positional marker information was physical maps' The

GeneMapgg radiation hybrid map (Deloukas et al 1998; see also

http://www.ncbi.nlm.nih.gov/genemap/) is the most comprehensive of these. It was

constructed by a large consortium of geneticists, using data obtained from typing two

radiation hybrid panels for many markers. Radiation hybrids are distinct from somatic

cell hybrids in that they are constructed from irradiated human DNA, such that only
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small fragments of chromosomes remain intact. This allows determination of the

presence or absence of a marker in a much smaller region than an entire chromosome

(as would be the case with somatic cell hybrids), allowing much greater precision in

mapping. Data derived from this map is useful for coarse mapping of breakpoints but

has limited usefulness when compared to a full-sequence map'

l,4.2Tlne Human Genome Project

The Human Genome Project was launched by late 1990. The desire to obtain a

complete human genomic sequence had arisen out of several observations, but most

particularly that the generation of such a sequence would enable biomedical

researchers to take a global view of the genome and allow more comprehensive

analysis of gene function in genomic contexts. This vision is now being realised

through the application of microarcay expression studies, a technology that has grown

out of the Human Genome Project.

The approach taken to sequencing the genome (reviewed in McPherson e/ al200l)

was termed hierarchical shotgun sequencing, and was based on the pre-existing

technique of shotgun sequencing of smaller DNA molecules (such as bacterial

genomes). The hierarchical component of the strategy is that the genome is first

fragmented and cloned into a library; in most cases bacterial artificial chromosome

(BAC; often referred to as clones in this thesis) libraries were used. These BACs were

organised into a physical map, based on the presence of markers that had previously

been mapped, often via physical maps such as GeneMapgg, and BACs to be fully

'a
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sequenced were chosen so as to cover the entire genome. These selected BACs were

then subjected to standard shotgun sequencing; that is, each BAC was restriction

digested into fragments, appropriately sized for subcloning and direct sequencing.

'When these were sequenced to sufficient quality and redundancy, the sequence

fragments were reassembled, to provide a fuIl-length sequence of the BAC'

The final stage of the genome assembly, which is still ongoing, is the assembly of the

BACs into full-length sequence of chromosomes. Each BAC was positioned in the

genome by the presence of markers before it was sequenced, but assembly at the fine

level has been difficult because of the imperfect accuracy of the initial marker

mapping. This merely provided a framework' and it is not until sequence data is

available that the BACs can be accurately and reliably positioned. To achieve this

next step in the assembly, the International Human Genome Sequencing Consortium

established a level of assembly termed contigs. In this context, contigs are composites

of several adjacent, overlapping BACs, which have been assembled by BAC-end-

matching. While BACs generally contain in the order of 0.1 - 0.5 Mb, contigs are

generally 1 - 5 Mb. This process has given rise to the Draft Human Genomic

Sequence which is available at the time of this writing (october 2002). occasionally

contigs are imprecisely assembled, and the distance between contigs and the sequence

of these regions are still unknown, but on the whole the contig assembly now provides

a high level of reliable coverage. This sequence data is available vìa the NCBI

website (http ://www.ncbi.nlm.nih. gov/)'
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1.4.3 Celerat* Poblic Access Genome Database

A few months prior to the release of the Draft Human Genomic Sequence in 2000, the

private biotechnology company Celera made their independent sequence database

available to subscribers. This database was reportedly more thorough and complete

than the NCBI assembly and was also better annotated with gene information. This

database was unavailable to our department due to the cost of subscription, but early

in 2001, a',fieeze" of the database at the date of the publication of the genome

assembly work performed at Celera (Venter et al 2001) was made freely available.

This data was never updated but contained the entirety of Celera's sequence data, not

including annotation, to that date. This thesis makes extensive use of that data' as well

as of the NCBI assembly data, which continued to improve throughout 2001 and

2002

1..5 Chromosome Band 1P36

Chromosome band 1p36 has long been known to be a frequent site of rearrangement

in cancer, especially in neuroblastoma (Brodeur et al 1981, Lampert et al 7988) and

leukaemia (Le Beau et ql 1985, Bessho et al 1989). Deletions of 1p36, sometimes

extending to 1p32, are frequent in many cancers (Mori et al 1998, reviewed in

Knuutila et at 1999), as are both balanced and unbalanced translocations (reviewed in

Olney et a|2002).

22



Several 1p36 translocations have been reported as recurrent in haematological

malignancy. A summary of these is presented in Table 1.2. None of these

translocations had been characterised at the molecular level prior to the beginning of

the work described in this thesis.

Translocation Disease References

t(1;1)þ36;q2s) Diffuse Large B-cell
Lymphoma

Dave et al 1999

inv(1)(p36;q21) AML M2 van Limbergen et a|2002,
Sait et q|2002

inv(1)(p36;q21) CML Alimena et al1990,
Secker-Vy'alker et al 1995

t(l;3Xp36;q21) MDS, AML Moir et al 1984,
Bloomfield et al1985

t(t;7)Gß6;q32) MDS (Refractory Anemia
with Excess Blasts)

Stefanescu et ql 1994

t(t;7)(p36;$a) AML M2 Specchia et al 1999

t(r;r7)Qß6;q2t) AML M3 Yamada et al1983,
Schwartz et al1986

t(l ;18)(p36;p1 1) Diffuse Large B-cell
Lymphoma

Speaks et al 1992
Dave et al1999

t(l ;9 ;22) Qß 6 ; q3 4 ;qr l) CML (involves BCRIABL) Dube et al1989,
Yehuda et al 7999

t(r;22)(p36;qrt) CML (involves BCRIABL) Dewald et al1993,
Nacheva et al2000

Table 1.2. Balanced Recurrent 1p36 Translocations in Haematological Matignancy. The list was

compiled by searching the Mitelman Database of chromosome Aberrations in cancer

(hltpJ I cgap.nci.nih. gov/chromosomes/Mitelman) and the literature.
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1.6 Translocations Investigated in this Thesis

1.6.1 t(l;3)(p36;q21)

chapter 3 details the investigation of the t(l;3)(p36;q21) translocation of Patient 1.

This is a recurrent translocation which was included in Table 1.2. The t(l;3Xp36;q21)

occurs in MDS and AML, and is generally accompanied by an elevated platelet count

and dysmegakaryopoiesis (BloomfieId et al 1985, Grigg et al 1993). At the

commencement of this study no work had been published toward the molecular

characterisation of this translocation, although previous work in our laboratory had

shown the breakpoint of a cytogenetically similar translocation in a different patient to

lie betweenIp36.2 and 1p36.33 by FISH (see Sectionl.3.2) analysis (Yaryaet al

2001). Also prior to this study, hybrid cell lines had been constructed by fusion of

patient I cells with the PG19 murine f,rbroblast cell line (Dobrovic, unpublished).

These hybrids had not been analysed and were stored in liquid nitrogen'

1.6.2 ins(12 ; 1)(p13 ;P36P2l)

Chapter 4 details an investigation of the rearrangement in Patient 2, which was an

inverred insertion of lp2l - Ip36 into 12p13 (ins(l2;1)þ13;p36p2I)). Previous work

in our laboratory conducted using FISH analysis had shown the breakpoint in this

realïangement to be between 1p36.2 and 1p36.33 (Varga et al2007).
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1.6.3 t(1;3)(p36;P21)

Chapter 5 describes the investigation of the t(l;3)(p36;p21) translocation of Patient 3.

The rearrangement in this patient was originally thought to be t(l;3)(p36;p23), but the

mapping analysis determined the presence of a breakpoint at 3p2l ' The

t(l;3Xp36; p2l) had not been reported in the literature at the commencement of the

study presented in this thesis, nor had any analysis been performed on this

translocation in our laboratorY

1.7 Aims

The study detailed in this thesis investigated the molecular consequences of the 1p36

translocations of three AML patients detailed in section 1.6. The aims of the

investigation, with respect to each of the three translocations, wele:

1) To map the lp36 breakpoints, and to thus determine whether the breakpoints in the

three patients are clustered in a common region, or whether there are multiple

translocation target genes at lp36;

2) To characterise the molecular effect of the translocations by investigation of

changes to expression or involvement in fusions of any genes in the breaþoint

regions which maY be affected'
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CHAPTER 2

Materials and Methods

2.1 Materials

General chemicals, media requirements and supplements were of analytical grade and

were purchased from various suppliers.

2.1.1 Enzymes

Enzymes for general DNA manipulations were purchased from Roche (Basel,

Switzerland), Progen Industries (Brisbane, Australia), Fermentas (Vilnius, Lithuania)

or New England Biolabs (Beverly, USA). HotStarTaq polymerase was purchased

from Qiagen (venlo, Netherlands). T4 DNA ligase was purchased from Promega

(Madison, USA). Proteinase K was purchased from Merck (Whitehouse Station'

usA).
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2.I.2 Buffers and Solutions

General solutions and buffers were made up to the specified concentration with

Millie water. pH was assessed where appropriate with either an electronic pH meter

or by use of pH strips. Solutions were sterilised either by autoclaving (103 kPa, 121

oC for 20 min), or by hltering through a0.22 pm membrane according to the method

given in Sambrook et al (1989).

Solutions used for PCR were made with Ultra Pure Water (UPV/; Fisher Biotec'

Perth, Australia) which is certified DNase and RNase free'

dNTP stock: Initially, 40 mM stock solutions of dATP, dCTP, dGTP and dTTP (10

mM each) were prepared in UPW and the pH adjusted to between pH 7.0 - 8.0 with I

M Tris. Later,pre-made dNTP solutions were purchased from Promega.

6 x Loading Buffer for DNA: 50 % glycerol, 0.2 M EDTA (pH 8.3) and 0.05 %

bromophenol blue.

2 xLoadíng Buffer for RNA: 500 ¡ll of de-ionised formamide, 100 ¡"tl of 10 x MOPS,

167 ¡tl37Yo formaldehyde, 133 ¡"tl UPW, 100 ¡.rl glycerol, 3 pl of l0 mg/ml ethidium

bromide, 0.025 % bromophenol blue and0.025o/oxyIene. Stored at-20oC.

20 % Sodium Dodecyl Sulphate (SDS): 20 g of sodium dodecyl sulfate (Sigma, St

Louis, USA) per 100 ml of dHzO.
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20 x SSC: 3 M NaCl and 0'3 M sodium citrate, p}J7 '2

1 x TAE: 40 mM Tris base, 20 mM NaAc, 2 mM EDTA, adjusted to pH 7'8 with

glacial acetic acid.

5 x TBE: 1 M Tris base, 0.9 M boric acid and 0.2 M EDTA, pH 8'3'

lx TE: 10 mM Tris.HCl, PH7 .5,1 mM EDTA.

I x TES: 10 mM Tris.HCl, pH 8.0, 1 mM EDTA, 0.1 M NaCl'

2.1.3 Media

Luria Broth (LB) medium: l0 g Bacto-tryptone (Becton Dickinson, Franklin Lakes,

USA), 5 g Bacto-yeast extract (Becton Dickinson) and 10 g NaCl was added per litre

of water and the pH adjusted to 7.0 using NaOH. LB was sterilised by autoclaving.

MacConkey Agar Plates with selective antibiotics and colour selection: Red-white

selection media was prepafed by dissolving 52 gMacConkey (Oxoid, Basingstoke,

Engtand) powder in 1 L MilliQ water. The solution was autoclaved and allowed to

cool to 50 oC before the addition of 1 ml of 100 mglml ampicillin. The solution was

then poured into 85 mm petri dishes and allowed to set. Plates were used immediately

or stored at 4oC for a maximum of 1 month.
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Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Invitrogen, carlsbad, usA)

cell culture media was made according to manufacturer's instructions. For standard

cell cultur e, l}Yo fetal calf serum (FCS) (CSL, Melbourne, Australia), 60 ¡rg/ml

penicillin (Sigma), 50 ¡rglml streptomycin (Sigma) and 200 ¡t"glml L-glutamine

(Sigma) were added. For somatic cell hybrid culture, HAT media (final concentration

100 pM hypoxanthine, 0.4 pM aminopterin, 16 ¡lM thymidine, 3 pM glycine) was

made by addition of 1 ml of 1 x HAT supplement (Gibco, Invitrogen) to 100 ml

growth media.

2.2 Methods

2.2.1 Basic Nucleic Acid Isolation

2.2.I.1 Mononuclear cell Isolation from Peripheral Blood

Blood samples were diluted to four times the original volume with phosphate buffered

saline (pBS) in a 50 ml centrifuge tube. Approximately 8 ml of Ficoll-Paque

(Pharmacia, Peapack, USA) was gently layered under the dilution using a pasteur

pipette. The sample was then centrifuged at 570 x g for 20 min' Peripheral blood

mononuclear cells (PBMNC) were removed from the interphase using a pasteur

pipette in a total volume o12 - 5 ml. These were placed in a 10 ml centrifuge tube and

diluted to 10 ml with pBS. A cell count was performed before the cells were collected

by centrifugation and then resuspended in 1 ml PBS. The suspension was transferred

to a 1.5 ml Eppendorf tube and centrifuged again. The supernatant was removed prior

to nucleic acid extraction using the method outlined in Section 2'2'1'3'
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2.2.1.2 Thawing of Frozen SamPles

Bone marrow or PBMNC samples frozen in liquid nitrogen storage were thawed by

warming the ampoule in a beaker of warm water (approximately 37 oC) with

agitation. Once thawed the sample was transferred to an Eppendorf tube and the cells

collected by centrifugation. The supernatant was removed prior to nucleic acid

extraction.

2.2.1.3 DNA Isolation from Cell Suspensions

DNA isolation from cell pellets was performed according to the method of}i4liller et al

(199S). Approximately 2x 107 cells were resuspended in 500 pl of TES buffer. To

this, 30 ¡rl of 10 mg/ml Proteinase K solution was added and the suspension was

mixed before the addition of 30 pl of 20 % SDS, further mixing, and incubationat3T

oC overnight. An equal volume (560 ¡"rl) of 3 M NaCl was added. The sample was

shaken vigorously and placed on ice for 10 min. The sample was centrifuged at 13000

x g for 10 min and 500 pl of supernatant removed to each of two fresh tubes. Two

volumes (l ml) of absolute ethanol was added to each tube. The samples were mixed

by inversion and centrifuged at 13000 x g for 10 min. The supernatant was poured off

and the remaining DNA pellet washed in 70 Yo ethanol. The tubes were centrifuged

briefly at 13000 x g and the supernatant was removed. The pellets were air dried for

one hour before being resuspended in an appropriate volume of 1 x TE buffer. DNA

solutions were stored at 4oC.
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2.2.1.4 RNA Isolation from Cell Suspensions

Approximately 107 cells were resuspended in 1 ml of Trizol (Gibco, Invitrogen) or

Tri-Reagent (Sigma). RNA was extracted according to the manufacturer's protocol.

RNA petlets were dissolved in UPV/.

2.2.1.5 Plasmid DNA Isolation

Bacterial colonies were inoculated into 3 ml LB and incubated with shaking at 37 oC

overnight. Plasmid minipreps of overnight cultures were performed using 1 ml of the

overnight culture and the QIAprep Spin Miniprep Kit (Qiagen), used according to the

manufacturer's instructions. Two pl of the hnal elution containing the plasmid DNA

was used as the template in sequencing reactions.

2.2.2 Basic Nucleic Acid Manipulation

2.2.2.1 DNAPrecipitation

To the solution of genomic or plasmid DNA, 1/10 of the initial volume of 3 M NaAc

was added and mixed. Twice the volume of absolute ethanol was then added and the

solution was mixed. The mixture was placed on ice or at - 20 oC for l0 min and then

centrifuged at 13000 g for 10 min. The supernatant was removed and the DNA pellet

washed with 70 o/o ethanol before being centrifuged at 13000 g for another l0 min.

The supematant was removed and the pellet air-dried briefly before resuspension in

an appropriate volume of 1 x TE or UPW' DNA solutions were stored at 4oC'
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2.2.2.2 DNA Sequencing

The ABI Prism Big Dye Terminator cycle sequencing kit (version 2 ot version 3)

(Amersham, Amersham, England) was used according to the manufacturer's

instructions, using a PTC-I00 thermal cycler. Cycling conditions were 96 oC for 30 s,

an appropriate annealing temperature dependent on sequencing primer for 30 s, 60 oC

for 4 min for 25 cycles. Reactions were stored at 4 oC until ready to purify.

purification was performed by precipitation with 75 Yo isopropanol. The supernatant

was removed and the samples were dried for analysis by the Department of Molecular

pathology, IMVS, Adelaide. DNA sequence analysis was carried out using the

Sequencher (Genecodes, Ann Arbor, USA) analysis package'

2.2.2.3 DNA/RNAQuantitation

DNA or RNA solutions were diluted l:50 in UPV/ for spectrometry at 260 nm on a

DU 65 0 Spectrophotometer (Beckman-Coulter, Fullerton, USA)'

2.2.2.4 DNA ElectroPhoresis

Agarose gels of 0.8% -2.0% were made by boiling the appropriate amount of

agarose in 0.5 x TBE buffer. Electrophoresis was performed in 0.5 x TBE buffer at

100 V. Ethidium bromide (EtBr) was added to the gel and the buffer to a final

concentration of 0.1 pglml. After electrophoresis, gels were photographed under UV

light and analysed using the Kodak lD Gel Documentation System (Kodak,

Rochester, USA).
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2.2.2.5 RNA ElectroPhoresis

Agarose gels of 0.8 % - 1.2% were made by boiling the appropriate amount of

agafose in a final concentration of 1 x MOPS buffer (Sigma). After the agarose had

cooled to 50oc, formaldehyde was added to a final concentration of l.2M before

pouring. Electrophoresis was performed in I x MOPS buffer at 35 - 50 V' After

electrophoresis, gels were photographed under UV light and analysed using the

Kodak lD Gel Documentation System.

2.2.2.6 Restriction Endonuclease Digestion of DNA

Genomic DNA was digested with 10 u of restriction ewme per pg of DNA in a total

volume of 40 pl of appropriate 1 x reaction buffer as supplied by the manufacturer.

PCR products were digested by removing a 10 pl aliquot from the PCR reaction tube

and digesting in a total volume of 20 pl. One times Bovine Serum Albumin (BSA)

(New England Biolabs) was also added unless aheady present in the restriction

er,zyme buffer.

2.2.2.7 DNA Ligation

Restricted DNA was ligated using T4 DNA ligase (Promega). The reaction mix was

prepared according to the manufacturer's instructions and incubated in a I L room

temperature water bath which was cooled gradually overnight to 4 oC.
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2.2.3 Polymerase Chain Reaction (PCR)

2.2.3.1 Standard PCR

Standard PCR reactions were carried out in 0.5 ml tubes. Each reaction contained a

final concentration of 0.2 pM of each oligonucleotide primer,200 ¡rM of each dNTP,

0.5 U of HotStarTaq polymerase, 1 x HotStar PCR buffer, 2.0 mM MgCl2 and 100 ng

of template DNA. The reaction was made up to a final volume of 50 pl for genomic

PCR or 25 ¡tI for RT-PCR using UPW and cycled in a PTC-100 or PTC-200

programmable Thermal cycler (MJ Research Inc, Boston, usA). The polymerase

was activated as per manufacturer's instructions by incubation at 95 oC for l5 min,

and reactions were then cycled for 30 - 45 cycles of denaturation at 94 oC for 45 s,

annealing at 60 oC - 68 oC (dependent on primers) for 1 min and extension at 72 oC

for 1 min. Touchdown PCR was frequently performed when optimising a new pair of

primers. Touchdown PCR consisted of the same initial activation step, 10 cycles of 95

oC for 45 s, 65 "C - 68 oC minus 0.5 oC per cycle for 1 min and 72 oC for I min,

followed by 20 - 35 cycles of 95 oC for 45 s, annealing at 60 oC - 63 oC for 1 min and

72oC for I min.

2.2.3.2 Long TemPlate PCR

pCR Amplification of large products or products of unknown size was performed

using the Expand Long Template PCR System (Roche) in thin wall 0.2 ml PCR tubes.

The manufacturer's protocol was followed, using the base concentration of 1.5 mM

MgCl2 (Buffer 3 as provided) in a final volume of 50 pl. Cycling conditions were
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chosen in accordance with manufacturer's instructions, primers used and expected size

of products. Generally, an initial step of 94 oC for 2 min was performed, followed by

10 cycles of denaturation at 94 oc for 10 s, annealing at 60 oc - 68 oc (dependent on

the primers) for 30 s, and extension at 68 oC for 4 - l0 min (dependent on the

expected product lengtþ. This was followed by 25 - 35 cycles of denaturation at 94

oC for 10 s, annealing at 60 oC - 68 oC for 30 s, and extension at 68 oC for 4 - 10 min

plus 20 s per cycle. A final extension step of 7 minat 68 oC was also performed.

2.2.3.3 Reverse Transcription (RT) using MMLV

For standard RT, a primer mix containing 1 pg of template RNA, 2 ¡t"I of random

hexamers (250 ng{ll) and UPV/ to a f,rnal volume of 12 ¡rl was made in a 0'5 ml tube'

The tube was incubated at70 oC for 10 min and then placed on ice. After 3 min, an

RT mix containing 4 ¡rl of 5 x hrst strand cDNA synthesis buffer (Gibco, Invitrogen),

2 ¡t"lof 0.1 M DTT, 1 pl of 40 mM dNTPs, 1 pl of UPW and 1 pl of 200U1¡t'l

MMLV-Reverse transcriptase (Gibco, Invitrogen) was added. An RT mix without the

MMLV enzymewas always included as a negative control. These mixtures were then

incubated at 37 oC for 60 min. UPW was added to a final volume of 80 pl. cDNA

samples were store d at 4 oC. From each newly synthesised cDNA mixture, 2 ¡rl was

seeded into each subsequent 25 pl PCR reaction'

2.2.3.4 Reverse Transcription (RT) using Superscript Il

RT using superscript II (Gibco, Invitrogen) used for generating cDNA for 3'RACE'

was performed according to the manufacturer's "First Strand oDNA Synthesis of
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Transcripts with High GC Content" protocol contained within the 3' RACE System

for Rapid Amplification of cDNA Ends manual (Gibco, Invitrogen). All reagents,

with the exception of UPV/, were supplied by the manufacturer' Briefly, 1 pg of total

RNA was resuspended in a final volume of 24 ¡tI in a 0.5 ml tube using uPw. After

the addition of 1 pl adapter primer (AP), the solution was mixed gently and collected

by brief centrifugation. Each sample was then heated to 70 oC for 10 min then

transferred immediately to 50 oC. For each sample, a reaction mix was then prepared

which contained: 7.5 ¡t"lof UPW, 5 pl of l0 x PCR buffer, 5 pl of 25 mM MgCl2,2'5

pt of l0 mM 6NTP mix and 5 pl of 0.1 M DTT. This was prepared as a master mix

and prewarmed to 42 oC. To each RNA sample,25 pl of the above mix was added and

this was immediately followed by the addition of I ¡rl (200 U) of Superscript II.

Incubation at 50 oC was continued for 50 min then terminated by incubating the tubes

atT0oCfor 15 min. Finally, 1 pl of RNase H was added and the tubes were incubated

for 20 min at 37 oC. Two pl of the reverss transcription reaction was used as template

for subsequent PCR.

2.2.3.5 DNase I treatment of RNA

'Where genomic DNA contamination could lead to misleading results from RT-PCR'

RNA was treated with RNase free DNase I (Gibco, Invitrogen) prior to reverse

transcription. For eveïy 1 ¡rg of RNA, 1 x DNase I reaction buffer (Gibco,

Invitrogen), 1 U DNase I Amplification Grade (Gibco, Invitrogen) enryme and UPW

to a lrnal volume of 10 pl was added. The mixture was incubated at37 oC for 15 min

before the addition of 1 ¡t"l of 25 mM EDTA and incubation at 65 "C for 10 min. The

10 pl mix was added directly to the primer mix for reverse transcription'
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2.2.3.6 Procedure for 3'RACE

One pg aliquots of poly(A)* selected RNA (see Section 2.2.4) were reverse

transcribed using Superscript II and the AP primer from the 3' RACE kit (Gibco,

Invitrogen). The Expand Long Template RT-PCR System (Roche) was used in all

subsequent PCR amplifications. The reverse transcription product was amplifred with

an appropriate specific forward primer and the Abridged Universal Amplification

primer (AUAP) (Gibco, Invitrogen) which was added after 10 cycles of PCR had

been performed to enrich the reaction for the specific product. PCR was performed

with an initial step at 94oC for 2 min, followed by 10 cycles of 95 oc for 30 s, 65 - 68

oC (dependent on primer) for 30 s and 68 oC for 5 min. The reactions were removed

from the thermal cycler to ice and allowed to cool before the addition of the AUAP

primer to the reactions. The reactions were mixed and briefly centrifuged before being

returned to the thermal cycler. One min was allowed for the reactions to return to

temperature before resuming cycling for 45 cycles of 95 oC for 30 s, 65 - 68 oC

(dependent on primer) for 30 s and 68 oC for 5 min. Second round RACE PCR was

performed using a nested specific forward primer, the AUAP primer, and identical

cycling conditions as for the first round PCR. Two ¡ll of a 1:50 dilution of the primary

reaction was used as template for this secondary RACE PCR'

2.2.3.7 Inverse PCR

Inverse pCR is a technique used to amptify regions of unknown sequence which are

adjacent to regions of known sequence. Primers are designed to the known sequence,

but are oriented so that they will extend away from each other, rather than towards
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each other as in standard PCR. These primers are used to amplify a circularised

template, prepared by restriction with aî eÍtzyme which is known to cut on one side of

one primer binding site but not in between the two primer binding sites, followed by

ligation. The amplification thus occurs over the unknown region of sequence

containing the restriction site (see Figure 2.1).

One pg of genomic DNA was digested with an appropriate restriction enzyme, under

conditions appropriate to that eîzyme. Restricted DNA was precipitated and

resuspended in 20 ¡^ll UPW. Ten pl of this was added to a 40 ¡r,l ligation reaction mix,

consisting of 34.7 pl UpW, 0.3 pl (120 CELU or 1.8 Weiss units) T4 DNA ligase and

5 ¡rl of l0 x ligation buffer. Ligation was performed in a 1 L room temperature water

bath which was allowed to gradually cool to 4 oC overnight. The following day the

reaction mix was ethanol precipitated and resuspended in 20 pl UPW. Two pl of this

resuspension were used in the subsequent PCR reaction. This was performed using

the Expand Long Template PCR System (Roche). Reaction mixes were made

according to the manufacturer's protocol. Primers were designed specifically for each

inverse pCR. Long Template PCR was performed with an initial step at 94 oC for 2

min, followed by 10 cycles of 95 oc for 30 s, 61 - 65 oC (dependent on primers) for 30

s and 68 oC for 10 min. This was followed by 25cycles of 95 oC for 30 s, 6l - 65 oC

(dependent on primers) for 30 s and 68 oC for 10 min plus 20 s per cycle. Second

round inverse PCR was performed using two nested primers and2 ¡rl of a 1:50

dilution of the first round PCR. Conditions were otherwise identical to first round

inverse PCR.
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Figure 2.1. Schematic of Inverse PCR Design.

The three panels illustrate the relative arrangement of the PCR primers, restriction enzyme sites and the

translocation breakpoint in each ofthree states.

In all cases, the thick black line represents known sequence and the thin black line represents unknown

sequence. Other features are indicated by symbols as shown in the key.

A) Patient Chromosome. Once the approximate position of the breakpoint is known, primers are

designed, oriented as shown, as close to the breakpoint region as is feasible. Restriction enzymes are

chosen such that there is a recognition sequence as near as possible on the far side of the primer

furthest from the breakpoint, but no restriction site between the same primer and the breakpoint. The

position of the restriction site closest to the breakpoint on the unknown sequence is of course not

known. On the normal untranslocated chromosome, the position of this site is usually known, and the

expected size of this normal inverse PCR product can be predicted.

B) Restricted and Circularised Template. After restriction and ligation, the template is circularised such

that the primers will ampliff across the unknown sequence.

C) Inverse PCR Product. The amplified product is linear and contains known sequencs at either end but

unknown sequence in the middle. To determine the identity of the unknown sequence, sequencing is

usually performed using a primer that will sequence across the restriction enzyme recognition site

rather than the breakpoint, as the position of the breakpoint is not precisely known.
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2.2.3.8 Direct Purification of PCR Products

pCR product was purified directly from the reaction mix using the Concert Rapid

pCR Purihcation System (Gibco, Invitrogen) or the QlAquick PCR Purihcation Kit

(eiagen). The manufacturers' instructions were followed for all purifications.

2.2.3.9 PCR Product Purification from Agarose Gels

For size purif,rcation of a specific PCR product from an amplification reaction

generating more than one product, the reaction mix was electrophoresed through a

low percentage (0.8 % - 1.2 %) standard agarose or low melting point agarose gel.

Following visualisation of the gel under UV light, the band of interest was excised

from the gel with a sterile scalpel blade. The agarose slice was transferred to a 1.5 ml

Eppendorf tube. Purification of the PCR product from the agarose was performed

using the Wizard PCR Preps DNA Purification System (Promega) or the QlAquick

Gel Extraction Kit (Qiagen) according to the manufacturer's directions'

2.2.3.10 PCR Product Cloning

On occasion, longer PCR products proved difficult to gel purify and sequence

directly. In these instances, PCR reactions were purified as in Section2'2.3'8 and

ligated into pGEM@-T vector using the pGEM@-T Vector System II kit (Promega).

Ligatedproducts were transformed into JM-109 competent cells (Promega) by heat

shock, and these cells were plated on red-white colour selection agar plates. White

colonies were screened by PCR to ensure that they contained the correct size insert,
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and then inoculated into 1 ml LB media. Cells were cultured overnight, following

which plasmid preps were prepared.

2.2.3.11 PCR Primer Sequences

primer sequences were designed using web-based and local programs, including

Primer3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3-www.cgi), the

Amplify package (Bill Engels, University of Wisconsin) and the Oligonucleotide

properties Calculator (http://www.basic.nwu.edu/biotools/oligocalc.html). Primers

were purchased from Geneworks (Adelaide, Australia). Primers were resuspended in

UpW to give a final stock concentration of 50 nM and stored at - 20 oC. Working

dilutions of 5 nM were made and stored at - 20 oC or 4 oC. Oligonucleotide sequences

of primers used in this thesis are presented in Table 2'1.

2.2.4 Northern AnalYsis

DlG-labelled RNA probes rwere prepared according to the manufacturer's instructions.

RT-pCR products for use in the transcription reaction to generate the probe were

themselves generated by standard RT-PCR using gene-speciflrc primers with a T7

promoter sequence (ggatcctaatacgactcactatagggagg) at the 5' end ofthe reverse (anti-

sense) primer. The product was purified as described in Section2.2.3'8. The purifred

product was then used as template in the transcription reaction to generate DIG-

labelled RNA probe, using reagents from the Strip-EZrM RNA T7 kit (Ambion,

Austin, USA), according to the manufacturer's instructions'
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3'GATA2fI cttggf gaagagaac c aaatgca g 42sF1Afl ct ggca ggal.ac c cfcf gcÏaaaa

3'GATA2rl aaagtctct gctgaccaatgttcc 425FIArl gatac actctïïggc c ac c gac aa

333E3fl cccatc 425F|Zfr gaagag gcc aaggac aTc agaact

333E3rl 425FIZII agggttaggc ac ct ac clctgaaa

38EG178fl 425FZAfl gtttgagtaattcccagagagacac

38EG178r1 425F2Arl ctgggtcttaatt|tccttgacagc

38EG183fl acaccgcacatttatcatctcacc 425F2zfl ct gagt agtlctg g gc t gttt ct c

3 SEGi 83f2 425F2211

38EG183ß 425F3Afr agc aaac c c ctgTt gtggaaata ga

388G183r1 acttctgc c aaaaac cÏc aagagc 425F3Arl ctagac ac gagaaacac atçc gac a

3 8EG183r2 attct gcac aggt g g a g gttc c 425F3zfr ttcctc cag cc c ataaac agctaa

38EG183r3 gatc gc attc cttttt at g gct g c 425F3Zrl c agac agc c aatttc aac actgct

38EG183r4 gctttgagagtctgtctgcaagtc 493AP15fl accitgtggtgacagcaatcttÏc

38EG188f1 4934P15r1 ac at gac ac gag atc atc ctt ac c

38EG188rl 4934P16f1 cttt cctat g g g aagc aÏ gaggac

38EG188r2 gcacttggc 493APr6Ð gcggaga|gattcttgctgcaaag

388G189f1 gLactlggggaaagtggaagatcc 493AP16f3 t g aatc a g c ct acagc catac cac

38EG189f2 493APlírl gaatc al.cicc gc agt gagc atag

38EG190f1 acctctccctcctctg 493APl6r2 tttggacaggatc'cacagcaagtc

388G190f2 atlctgltttgaag g g g g ag ctc c 4934P1613 ctc at g cttc c c at aggaaagc ag

388G203fl ctgg gaataggac c aaatagg gt g 493APl7fl gagagttatccagaltg|gÏgf ag

38EG203rl ctct gcatctg ggttctccttc 493AP18f1 Igaact c aggtatct g c c c ac ctc

38EG210f1 caac at gtglctac ac c ac c atc g 493AP19fl t g g ct g g gc ac agtgactc aI gc

38EG210r1 aa 493AP20fl g g aattt g g c c c agataaagt gÏ gg

38EG211fl 493AP20f2 ttcl gaaaa gT gaaaaagaggl"gc g

38EG2lrn agagactctggaagcacctctttg 493AP2}rl ttctt gacttctc c caaacagtggg

38EG211ß c gtt gc ctt g g cta gatt gttac c 493APz3fl tc cttct g c ac tt glggaaTatc g

38EG21111 oÞ 493AP23rl

38EG2l1r2 agtaac c ctc aaagat ggggac a g 4934P31fl gc

38EG2i 113 4934P31r1

38EG2lzfl 4934P61fl aç c aaaac c ctct g ct at c ca gt c

38EG2I2rI gacc 493AP61rl tatttgtgtgtctgtg gctgctcc

38EG213f1 5'LOC131656fl cagatccf gagaaaagTgactagc

3 8EG213rl tgc aTgc act| ggtaac c ac atag 5'LOC13165611 Tc aaaTc ctc aÍct gcï gagaac c

38EG217f1 5'LOC90670fl ag ggagàgc ac c agaacataaac c

38EG217rI 5'LOC90670r1 aaggaatctcttga g g ct gaat g c

388G239f1 7638 130r1 tcaccgcactcactccccagc

388G23911 ggtg gatttctt cc agaagat gc c 763813012 gglttctcatc gcaggtc c at c ag

388G357f1 acttct gc a gatgagaagctctg g 9sH11fl at gclgtagc ac gc tttc ac a gc

38EG357r1 t gtc ac aagc clic c aagtagagg 95H11f2 c c ca ct ct a gt a gttt gaacaac c c

38EG40fl ac gctgctacc gtaacttcatca g 95H11r1 cc aac atg|agctgc c aac aact g

38EG40r1 95Hllr2 gftgaaac aagagctagac ga gc ac

38EG76fl 95H12rl c ctt ga gccta ctaaggcttÏIc c

38EG76r1 c agggaaaa gatc aac tctc a gt g g 95Hl2r2 aagctc cagaccactttctcatg c

Table 2.1. Primer Sequences. Continued over the page'



AMPD2fl ITGA9fl ct gcct gt gttctcttctttc cac

AMPD2rl ITGA9rl

ARHGEFI6fI tacttc c ac c c c tac aüc gcctac KIAAO342f1

ARHGEFI6rl KIAAO342r1

CHL1fl agactg LOCl52440fl tgtctgaggaacta g c g attc a g c

CHL1r1 LOCl52440rl

D152661fl LRRFIP2fI

D15266111 attcïtc LRRFIP2Tl

Dl5468 fl aaacca ataattaacc PCAFfI

Dl5468 r1 c ac acttcc ctc T.c c aaaatt ggg PCAFTl tatgcaatgtgggtcalaatgtgc

D3S12f1 ag RARBfI

D3S12r1 tccctagaccactcattgcttcc RARBTl

DBVY25Of1 agagagaaatgc gac gc c aagta g RBMS3fl tatclgac gaac ct aa g g g gt c ac

DBVY250r1 ob RBMS3rl c aagttc c aaggt a ag cc ac a ct g

DBVY251fl rEVIlfl aagccctttatctgtgag gtctgc

DBVY251r1 rEM1r1

DBVY252f1 cacccc aggataaag rGATA2fl

DBVY25211 rGNlA2r2

DBVY253fI agcttg ggac ac gt cttt act g a g rGOLGA4f2 c a ggagcag gaaga|ctl" gaacÏ g

DBVY253r1 cttagctaaac aa g c ct g g c a gt g TGOLGA4ß ccatac ggatgtctcactctttg g

DBVY255fl rGOLGA4r2

DBVY25511 rGOLGA4r3

DBVY26Ofl ct gc agiattaccac c t gt g g ac TGOLGAf4 oo
bÞ

DBVY260r1 ac agagaag gaaagc c aaaac c ag rMELlfl agagac c at gac agagaa gct gga

DBVY27Ofl atgctctggctcttgtctctctg rMELlf2 act gT gc aggc aggcÏaagaac c

DBVY270r1 attaaggcc acagtcc rMELlf3 tagtgt gtg gctgcttctggactc

DBVY28Of1 rMELlrl ctc gtctaaaa gt g c gt g gtt gt c

DBVY280r1 rMELT12 tccattcc

DBVY29Ofl agggïggaa RPN1f1

DBVY290r1 RPN111 al. gagaagctc aÍctc aggaaagc

ENTPD3fI rTELf4 tc ct gatct ct ctc gctgtgagac

ENTPD3Tl rTELr3 tc gaggc actggaacatgaagÏ gg

FBXL2fl TGFBR2fI

FBXL2rl TGFBR2Tl

FHITfI TNFR2al

FHITTl gcagggatcltgcattcTagtgag TNFR2sl ggc aaggctacact g gtttc c cc

GOLGA4fI c a gctaalaaact g g c ac c cttc c TP73a1 ac agaggtgagg c a g gtctcc c g

GOLGA4Tl TP73s1 ctct ggtcctgcct gctcaccc

GR6f1

GR6rl

Table 2.1. Primer Sequences. Continued from previous page'



Two pg of total RNA from PBMNC was poly(A)* selected using the Oligotex mRNA

Kit (Qiagen) and electrophoresed on a denaturing 0.8 - 1.0 vo agarose / 1.2 M

formaldehyde gel, blotted onto Brightstar plus positively-charged nylon membrane

(Ambion) according to the manufacturer's protocol and fixed to the membrane using a

uv crosslinker (stratalinker 1800, stratagene,LaJolla,usA) with 120,000 pJl cm2

of UV inadiation according to the manufacturer's instructions.

Membranes were pre-hybridised in approximately 10 ml PerfectHyb solution (Sigma)

at 68 oC for 30 min, after which time 1 ¡rl of DlG-labelled RNA probe was added. The

probe was hybridised to the membrane aT 68 oC overnight. Membranes were then

washed to a final stringency of 0.5 x SSC, 0J % SDS at 68 oC. Detection of the

presence of the DlG-labelled probe was performed using the DIG Luminescent

Detection Kit for Nucleic Acids (Roche). Detection of DlG-labelled probe was

performed according to the manufacturer's instructions. Membranes were exposed to

hyperfilm ECL (Amersham) at room temperature for varied lengths of time and

developed using Kodak GBX developer and fixer.
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2.2.5 Cell Culture

2.2.5.1 Thawing of Cells for Cell Culture

Cells frozen in liquid nitrogen storage were thawed rapidly by gentle agitation in a

beaker of warm water (approximately 37 oC). Once thawed, the cells were transferred

to a l0 ml centrifuge tube. DMEM containing I0 Yo fetal calf serum (FCS, CSL) was

added at a gradually increasing rate, initially dropwise, up to a total volume of 5 ml.

An aliquot of the cell suspension was used to quantitate the cell number. The

remainder of the suspension was pelleted at 400 x g. The supernatant was discarded

and the cells resuspended in a small volume of DMEM containing 10 % FCS. An

appropriate amount of this suspension was seeded into cell culture flasks' DMEM

containing 10 % FCS was added.

2.2.5.2 Maintenance of Cells in Culture

Cells were cultured at37 oC in a 5 Yo COz environment. Media was aspirated and

replaced every few days as required. When cells had grown sufficiently to require

splitting, media was poured off and cells were washed in PBS. Suff,rcient volume of

0.25 % trypsin (Sigma) was added to just cover the bottom surface of the flask, and

then incubated for 2 - 5 min at 37 oC. The media was then returned to the flask and

agitated to remove all cells from the flask surface. An aliquot of the cell suspension

was used to quantitate the cell density. The remainder of the suspension was pelleted

at 400 x g. The supernatant was discarded and the cells resuspended in a small volume

of DMEM containing l0 % FCS. An appropriate amount of this suspension was
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seeded into cell culture flasks. DMEM containing 10 % FCS was added and the cells

returned to a37 oC,5 o COz environment.

2.2.5.3 Freezing of Cells

Cells were frozenfor storage by pelleting no more than 107 cells and resuspending the

pellet in approximately 1 ml of growth medium. To this, 10 % DMSO was added

dropwise and with the tube constantly agitating. Cells were stored frozen in liquid

nitrogen.

2.2.5.4 SomaticCellHybridisation

Murine cell lines were cultured as described in Section 2.2.5.2. Stored patient samples

were thawed as described in Section 2.2.5.L Cell counts were performed on each of

the two cell populations. Following counting, 2x106 cells from each population were

pooled in a 10 ml tube. A 100 ¡rl aliquot of this pooled population was removed for a

no hybridisation growth control and plated in normal growth media (I0 % FCS in

DMEM). The remaining cells were centrifuged at 1200 rpm for 5 min' The

supernatant was removed and the cell pellet was resuspended in 10 ml 37 oC serum

free DMEM. This resuspension was then centrifuged at 1200 rpm for 10 min and all

media was then carefully aspirated. The pellet was dislodged by flicking the tube and

then, very slowly, 0.3 ml 50 % Polyethylene Glycol (PEG) 1500 (Boehringer,

Ingelheim, Germany), which had been prewarmed to 37 oC, was added by pipetting

down the edge of the tube and swirling the tube to gently resuspend the cells. When

resuspension was complete, cells were incubated in PEG for 8 mins. After this time, 8

43



mls of serum free DMEM, prewarmed to 37oC, was added and mixed into the PEG

solution. The mixture was centrifuged at 1200 rpm for 5 mins, and all media was

aspirated. The pellet was very gently resuspended in 10 ml37 oC serum free growth

medium. This was centrifuged at 7200 rpm for 5 min. The media was removed and

the cell pellet resuspended in 10 ml room temperature l\Yo FCS DMEM. This was

divided evenly betweenthe wells of three 6 well cell culture plates containing l0%

FCS growth medium.

Cells were incubated at37 oC with 5% COz for 24h. After this recovery period, the

media was aspirated and replaced with 10% FCS DMEM containing HAT

supplement. The media was thereafter replaced with fresh l0% FCS DMEM

containing HAT supplement every three days. Colonies were seen after about three

weeks. These were trypsinised within sterile plastic cloning cylinders and removed to

separate plates, where they were expanded until they were ready for DNA preparation

and PCR screening.
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CHAPTER 3

t(1;3)(p 36;qzl)

3.1 t(1;3)(p36;q21) in AML and MDS

3.1.1 Background

The t(l;3)(p36;q2l) is a recurrent translocation which occurs in a subset of MDS and

myeloid leukaemia patients (Moir et al 1984, Bloomfield et al 1985, Cambrin et al1986,

Welborn et at 1987). In AML, the translocation occurs most frequently in FAB subtypes

Ml and M4 (Shimizu et at 2000). AML patients bearing this translocation have a

clinically distinct phenotype. Patients bearing the t(l;3)(p36;q2l) typically have a normal

or increased platelet count, in contrast to the majority of AML patients, who present with a

decreased platelet count (Grigg et at 1993). In addition, these patients show morphologic

abnormalities of the megakaryocytic, erythroid and granulocytic haematopoietic lineages

(known as trilineage dysplasia), with the dysmegakaryopoiesis being the most apparent

(Bloomfield et a..1985, Najfeld et al 1988). Patients with this translocation generally

respond poorly to treatment and have a poor prognosis (lttajfeld et al 1988).

The clinical characteristics of increased platelet count and dysmegakaryopoiesis

associated with t(1;3) (p36;q2I) are shared by AML or MDS patients with the 3q2lq26
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syndrome (Bitter et al7985,Pintado et al 1985,Fonatsch et a|7994, Secker-'Walker et al

lgg5, Testoni et at 1999). This syndrome consists of translocations t(3;3)(q2l;q26) ot

inv(3)(q21q26), which have similar breakpoints at both 3q21 and 3q26' These

chromosom aI reanangements have been shown to result in transcriptional upregulation of

the EVI1 gene locatedat3q26 (Morishita et al l992,reviewed inNucifora 1997)'

3.1.1.1 The MDSL-EI/I] Gene in Leukaemia

The MDSI-EVII gene is encoded by a complex locus. EVII was first identified as a target

of upregulation by proviral insertion in murine myeloid leukaemia (Morishita et al 1988,

Mucenski et al 1988). MDSI was fîrst identified as a fusion partner of AMLI in the

t(3;2l)(q¡6;q22) inAML (Nucifora et al 1994). The same study that identified the AMLI-

MDSI fusion also revealed an AML|-EVI| fusion and a complex AMLL-MDSL-EVIL

fusion transcript in the same patient (Nucifora et al 1994). The MDSL locus has been

mapped approximately 200 kb telomeric of the EVII locus at 3q26, and both genes are

expressed in normal tissues as independent genes (Fears et al 1996). Surprisingly, it was

found that MDSl-EVII "fusion" transcripts were expressed in normal individuals, in

addition fo EVII and MDSI transcripts (Fears et al 1996). The fusion is formed by a donor

splice site from within the MDsl coding region joining to the EVIL exon 2 acceptor splice

site. Until this discovery, researchers had beenptzzled that exon2 of EVIL is so highly

conserved across species, yet the EVII translation start site is in exon 3. MDSI-EVII

contains a PR domain, formed by the distal sequence of MDSI and the exon 2 and
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proximal exon 3 sequence of EVI| (Fears et al 1996). PR domains are discussed in Section

3.r.r.2.

The 3q21q26 syndrome occurs in approximately 2o/o (combined) of all AML FAB

subtypes except M3 (Testoni et al 1999). Generally, the 3q26 breakpoint is 5' of EVII,

between MDSI and EVIl, in the t(3;3)(q2l;q26), and 3' of EVIL in the inv(3)(q21q26)

(Fears et at 1996). The positions of the breaþoints at 3q2l vary quite substantially. There

appears to be two breakpoint cluster regions (BCRs), named BCR-T (for telomeric BCR)

and BCR-C (for centromeric BCR) separated by approximately 20 kb and spanning a total

distance of approximately 100 kb. Breakpoints for each of the t(3;3)(q21;q26), the

inv(3)(q21 q26) and the t(1 ;3)(p36;q21) occur in both BCR-T and BCR-C (reviewed in

V/ieser 2002) (see Figure 3.2I). The size of these breaþoint regions is consistent with the

upregulation of MELI or EVII by RPNI enhancer elements, as it is not unknown for

transcriptional enhancer elements to act over such large distances (Cory et al 1985,

Graham and Adams 1986).

The common understanding of the molecular consequences of these rearrangements is that

the EVI1 gene is transcriptionally upregulated, as a result of juxtaposition to a putative

enhancer which normally regulates the expression of the constitutively expressed gene

RqNI at 3q2l (Suzukawa et al 1994). However, this explanation is unsatisfactory for a

number of reasons. The most significant of these is that a substantial minority of patients

with 3q21q26 syndrome do not express EVII at elevated levels (Soderholm et al 1997,

Langabeer et at 2001). Similarly, significant numbers of patients without 3q26
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reanangements also express EVI| at elevated levels, and yet these patients do not display

the clinical characteristics of 3q2lq26 syndrome (Russell et al 1994, Langabeet et al

2001). Therefore, EVI| expression is neither necessary nor sufficient to establish these

clinical features.

3.1.1.2 PRDM Genes in Oncogenests

The pR domain (PRDM) genes are a family of Kruppel-like zinc finger genes defined by

the presence of a PR domain, named for PRDI-BFI (BLIMPI) and RIZ,the first two genes

in which the domain was identified. The PR domain is related to the SET (Sz(var)3-9,

Enhancer-of-zeste,Trithorax) domain, a highly conserved domain which is reportedly

involved in chromatin structural regulation via a protein methyltransferase function (Rea

et at 2000). The PR domain has been shown to have a similar function (Huang et al 1998,

Kouzarides 2002). Almost all members of the PRDM family contain the standard C2-H2

zinc finger DNA-binding motif, whereas most SET domain-containing genes do not have

apparent DNA binding motifs. One of the few SET domain-containing genes which does

bind DNA is MLL, which is located at llq23 and is involved in normal haematopoietic

development (Emst et a|2002). MLL is also involved in numerous fusion genes as a result

of chromosome translocations in leukaemia (reviewed in Dimartino and Cleary 1999,

Anderson et al200l).

A feature of the PRDM genes is their ability to code for two different protein products

with apparently opposing functions. This phenomenon is best studied in the 1p36 gene
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RIZ. This gene produces two transcripts from distinct promoters. These transcripts are

identical in all respects but one: the RIZI transcript contains the PR domain whereas the

RIZ2 transcript does not (Liu et at 1997). Both transcripts are expressed in normal cells of

all types examined, but in cancerous cells (including breast, liver, bone and colon cancer

as well as melanoma and neuroblastoma) the RIZI transcript is downregulated while the

RIZ2 transcript is maintained at a normal level of expression (He et al 1998, Jiang et al

lg9g, Steele-Perkins et al 2001). Forced expression of RIZL can cause G2l}ú cell cycle

arrest or apoptosis in a number of cancer cell lines, lending support to the idea that it

functions as a tumour suppressor (He et al 7998, Jiang et al 1999, Chadwick et al2000).

Mice specifically deficient for RIZI (that is, with normal RIZ2 expression) are prone to

tumour formation, demonstrating a causal link between RIZI inactivation and tumour

formation (Steele-Perkins e/ al 2001). MDSl-EVIl is another example of this

phenomenon. The full-length MDS|-EVII transcript does contain a PR domain, whereas

the EVll transcript does not. Although the different functions of the variants are debated

(Morishita et al 1995,'Wimmer et al I998,Izutsu et al200l), the general consensus is that

MDSl-EVI1 is an activator of transcription while EVI1 is a repressor Q',lucifora 1997).

3.1.2 Patient Information

patient 1 was a73 year old woman who presented in December 1985 with pancytopenia.

Her platelet count was77 x l}elL, and bone marrow examination led to a diagnosis of

refractory anemia with ringed sideroblasts. The patient remained asymptomatic until

November lgg1,when the platelet count had increased (116 x 10e/t). By March 1988, the
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platelet count was 206 x 10e/L and bone marrow aspiration diagnosed AML Ml with 60%

blasts, hypolobular megakaryocytes and no Auer rods or cytoplasmic granulation. The

patient remained voluntarily untreated until her death in August 1989'

patient 1 was the subject of a previously published study (Marsden et al 1992)' This study

was not concerned with breakpoint characterisation but rather with the loss of expression

of ABO antigens during the course of the leukaemia. No work on the molecular

characterisation of the translocation carried by Patient I was performed prior to the onset

ofthe present study.

Cytogenetic study of Patient 1 bone maffow material was first performed in March 1988.

Examination of 2l cells showed 2 of normal karyotype, 13 showing 46, XX,

t(l;3xp36;q2l) and 6 that showed 46, xx, t(l;3)(p36;q2l), t(14;17)(q32;q2l).

Cytogenetic analysis was repeated in April 1989, when all 15 cells examined showed 46,

xx, t(1 ;3)(p36;q2I),t(14;17)(q32;q2l). This more complex karyotype is shown in Figure

3.1

3.2 Somatic Cell HYbrid AnalYsis

Somatic cell hybrid lines were constructed by fusion of the PGl9 murine melanoma cell

line with bone marrow cells from Patient I (Dobrovic, unpublished). Many colonies were

obtained, and twenty-eight of these from different plates were isolated and cultured.
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Figure 3.1. Patient 1 KaryotYPe.

The aberrant karyotype of the leukemic blasts of Patient I, showing the t(l;3Xp36;q21) which is the subject of

investigation in this chapter, and also a t(14;17)(q32;q21). Aberrant chromosomes are arro\iled' Reproduced

from Marsden et al (1992).



Genomic DNA was prepared from each hybrid cell line in order to assess their human

chromosome content.

3.2.1 Chromosome 1 Breakpoint Analysis

To identifr a hybrid cell line which retained one of the der 1 and der 3 translocated

chromosomes and neither of the normal chromosome 1 or normal chromosome 3, initial

screening of the hybrid cell lines utilised 1p36 markers designed to regions flanking the

genes TP73 (telomeric marker) and TNFR2 (centromeric marker). Specific PCR for each

of these markers was performed on each of the 28 hybrid cell lines. This screen produced

marker patterns which apparently indicated only hybrids which retained a normal

chromosome 1 þositive for both markers) or no chromosome 1 material (negative for both

markers) (see Figure 3.2).

Soon after this result, the publication of a study by Shimizu et al (2000) reported the

localisation of the t(1;3)(p36;q21) breakpoints in their four patients to within a 90 kb

region atlp36.3. Although TP73, which was used as the telomeric marker inthe initial

screen performed on Patient I somatic cell hybrids, is also at 1p36.3, the screen could not

confidently have been said to include the region described in the report by Shimízu et al

(2000). This report included oligonucleotide primer sequences which were designed to

ampliff a portion of a 1p36 region which, when used as a probe in Southern hybridisation

experiments on material derived from patients who carried the t(l;3)Gt36;q2I), was shown
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Figure 3.2. Chromosome I Marker Screen of PW Hybrid Cell Lines.

Results of testing for presence or absence of chromosome I markers in the panel of somatic cell

hybrids generated from Patient I bone marrow material. TP73 is at the telomeric end of 1p36. TNFR2

is at the centromeric boundary of 1p36 and therefore centromeric of the presumed breakpoint. Lanes

are loaded as indicated; the gel in panel B is loaded in the same order as the gel in panel A. The DNA

size marker used was pUCTglHpalL A sample of DNA from a normal human individual was used as a

positive control. A sample of DNA from the murine LTA cell line was used as a negative control.

Hybrids are named PrWA - PWAB. The expected size of the product is indicated on the right. Only four

of the hybrids, PWF, PWG, PrWS and PWV, appeat to retain any chromosome I material, and all

appear to retain the entire normal chromosome 1. They are therefore presumed not informative for

chromosome I PCR walking.
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to be telomeric to the breakpoint in all cases (Shimizu et al 2000). This region was

therefore considered a useful telomeric locus to use to rescreen the 28 hybrid cell lines.

A search of the Genbank database using the BLASTN algorithm with the primer

sequences reported by Shimizu et al (2000) identified a 184 kb clone designated RPl1-

425ïlg (accession AC020709.3). At the time RPll-425F18 was not fully sequenced and

was described in three unordered fragments. Primer pairs were designed to either end of

each of these fragments, and one of these pairs, 425F3z,was used as the telomeric marker

for a repeat screening of the hybrids. The 425F32 results were correlated with the results

of the previous screen. The four hybrids which were found to contain chromosome 1

material in the previous screen, PWF, PWG, PV/S and PWV, were also positive for

425F32. This indicates that all four hybrids do indeed contain a normal chromosome 1.

This screen also identified a hybrid line, PWN, which retained 425F32 but was negative

for the markers TP73 andTNFR2 (see Figure 3.3). This pattern indicates that PWN

contained the translocated der 3 chromosome, containing a short telomeric fragment of

chromosome 1, and that the breakpoint lay between TP73 and 425F32. Analysis of the

pWN hybrid with the remaining markers designed to either end of each of the three

fragments of Rpl l-425F18 showed that each of these markers was positive, indicating

that the breakpoint lay outside of, and centromeric to, this clone.

Shortly after this time the public access Celera database became available, and searches of

this database using the BLASTN algorithm revealed a genomic scaffold named

GA x2HTBKR3SEG which contained the marker 425F32 but none of the other five
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markers designed to RPl l-425F18. As both RPl l-425F18 and GA x2HTBKR3SEG

contained 425F32, they were known to overlap, but their orientation with respect to the

telomere was not known at this time'

To address this, a marker named 38EG357 was designed to the scaffold at a position 348

kb from 425F3Z.When this marker was tested for retention in the PWN hybrid cell line, it

was found that the marker had been lost, demonstrating that the breakpoint lay between

4Z5F3Z and 38EG3 57, and therefore was positioned on GA x2HTBKR38EG. This also

demonstrated the orientation of the RP11-425F18 clone and the GA x2HTBKR3SEG

scaffold with respect to the telomere, as the positive marker must be on the telomeric side

of the breakpoint (see Figure 3.4). Further testing with other markers designed to

GA x2HTBKR3SEG (see Figure 3.5) on both sides of the breakpoint reaffirmed that the

pattern of markers was consistent with the hybrid containing the der 3 chromosome and

also narrowed the breakpoint region to between two markers located within 1 kb of each

other, 38EG2l 1#l (positive, telomeric marker) and 38EG21 l#2 (negative, centromeric

marker).

During the progress of the research described thus far in this chapter, the molecular

characterisation of four t(1;3)(p36;q2l) breakpoints was published (Mochizuki et al2000).

This report suggested that the t(l;3Xp36;q21) acted to upregulate a novel gene found on

1p36, MDSI-EI/11-Like-l (MELI), by juxtaposing it with the transcriptional enhancers of

RPNI in a similar way to that in which EVI| is upregulated by the t(3;3)(q21;q26) or

inv(3Xq21q26). There was, however, no accompanying deposition of the nucleotide
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Figure 3.4 Orientation of RP11-425F18 and GA x2HTBKR38EG

The figure illustrates the portion of lp36 covered by the NCBI BAC clone RPll-425F18 (shown in

blue) and the Celera genomic scaffold GA_x2HTBKR38EG (shown in green). The positions of PCR

markers used in somatic cell hybrid analysis are shown in red. Alongside the name of each marker is a

+ (indicating presence of the marker in the hybrid cell line PWN, and therefore presence of the marker

on the der 3 translocated chromosome) or a - (indicating absence of the marker from PWN and the der

3 chromosome). The orientation of the clone and the scaffold with respect to each other was

determined by the fact that 425F32 was the only marker that the two shared in common, but their

orientation with respect to the telomere was not known until the marker 38EG357 was determined to be

absent from PWN. Because PWN contains the der 3 translocated chromosome, the negative markers

from chromosome 1 are more centromeric than the positive markers. As 38EG357 is absent from PWN

and 425F32 is present, the translocation breakpoint (BP) must lie between these two markers on GA-

¡2HTBKR38EG. This region is shown as a pale blue box. Note that the region covered by the marker

425F32 is not included in this region as it is a positive marker and therefore the entire PCR product is

known to be intact within PWN. 388G357 is included in the breakpoint region, however, as it is absent

from PWN and the breakpoint could possibly occur within the PCR product. The figure is not to scale.
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sequence of the MELI transcript into Genbank (48078876 was not deposited until

January 2002). This made it difficult to position MELI with respect to the breakpoint

position already identified in Patient l.

Marker Position on Scaffold

(kb)

Presence in

PWN

425F32 9 +

33383 198 +

38EG203 203 +

38EG210 210 +

38EG211#1 2rl +

38EG2ll#2 21t.5

38EG2l2 212

38EG2l3 2r3

38EG2l7 2t7

388G239 239

38EG357 357

Figure 3.5. Markers used in Chromosome 1 Breakpoint ,A,nalysis of PW\. The table shows the location

of each marker on the genomic scaffold GA_x2HTBKR38EG and the result obtained on analysis of PWN

for each marker. + indicates that the PWN retained the marker. - indicates the marker was not present in

PWN. The region displayed covers the breakpoint region illustrated in Figure 3.4.
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The Mochizuki et at (2000) report did include a protein sequence alignment, including a

protein sequence for MEL1, in their Figure 2A. MEL| was reported to be a novel member

of the transcription factor family of PR-domain genes (PRDM), and a search in the

Genbank database for known PRDM genes produced a transcript for a gene known as

7RDMI1 (NIM_022114) which mapped to 1p36.3. A comparison of the protein sequences

of pRDMt6 (NIP_071397) andthat reported by Mochizuki et al (2000) for MEL1 showed

that they were almost identical, notably so in the less-conserved regions where the two

proteins differed from the MDSI-EVII protein (see Figure 3.6). The major variation

between the reported MEL1 protein sequence and NP 071397 was the presence of an

extra 19 amino acids in NP 071397, which was later determined by this study to be due to

an mRNA splice variant (see Section 3.4'1.1)

The use of BLASTN analysis of the nucleotide sequence of PRDML6 against the public

Celera database allowed the positioning of the start of the PRDML6 transcript within the

Celera genomic scaffold GA_x2HTBKR38EG. This was the same scaffold to which the

patient I Ip36 breakpoint had already been localised, and so a strong indication that

pRDMl6 was MELI, and also that the translocation carried by Patient 1 was the same as

those that had been mapped in the study by Mochizuki et al (2000). PRDMIí and MELI

were later confirmed by further database entries (XM-010556) to be the same gene. The

positional relationship between the chromosome, contigs, genes and markers is shown in

Figure 3.7.
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Figure 3.6. Alignment of MELI Protein Sequence with PRDM16 and MDS1-EVI1 Protein

Sequences

This alignment was created with the multiple sequence alignment algorithm CLUSTALW, available

through http:l/www2.ebi.ac.uk/clustalw/, and formatted using the Boxshade server at

http ://www.ch.embnet. org/software/BOX_form.html.

The input sequences were: MELI (as reported in Mochizuki et al (2000) Figure 2A); PRDMI6

(NP_071397) and MDSl-EVII (constructed from an MDSI mRNA sequence, accession NM_004991,

and an AMLI -EVII fusion mRNA sequence, accession 369002, which was then translated using the

ExPaSy Translate tool at http:/lkr.expasy.org/tools/dna.html).

It is clear from the alignment that the MELI and PRDMI6 sequences are much more closely related to

each other than either is to MDSI-EVII. The degree of similarity was high enough to proceed under

the assumption that PRDM16 was in fact MELI, an assumption that was later confirmed by new

database entries (XM_010556). The major difference between the two is a string of 19 amino acids

present in PRDMI6 (and MDSl-EVII) but absent from MELI (PRDM aa 1233-1251). This sequence

discrepancy was later resolved; see Section 3.4.1.1 for details.
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Figure 3.7. Orientation of RPl1-425F18 and GA x2HTBKR3SEG

The figure illustrates the position of lhe PRDM|6 or MELI gene within the portion of 1p36 covered by

the NCBI BAC clone RPll-425F18 (shown in blue) and the Celera genomic scaffold

GA x2HTBKR3SEG (shown in green). The positions of the PCR markers 425F32 and 38EG357 are

shown in gray, and the positions of the PCR markers 38EG211#l and 38EG2ll#2, which define the

breakpoint region, are shown in red. The breakpoint region itself is highlighted as a pale blue box.

Alongside the name of each marker is ¿ + (indicating presence of the marker in the hybrid cell line

PWN, and therefore presence of the marker on the der 3 translocated chromosome) or a - (indicating

absence of the marker from PWN and the der 3 chromosome). The position and orientation of the

PRDMIf mRNA sequence, illustrated as a purple arrorv, was determined with respect to

GA_x2HTBKR38EG by BLASTN analysis. The breakpoint region defined by somatic cell hybrid

analysis is approximately 43 kb 5' of the transcription start site of the gene. This is in accordance with

expectations, based on the results of Mochizuki et al (2000). The figure is not to scale.
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3.2.2 Chromosome 3 Breakpoint Analysis

Mochizuki et al (2000) also described the chromosome 3 breakpoint in the t(1;3Xp36;q21)

as being approximately 90 to 130 kb downstream (centromeric) of the RPNI locus in their

four patients. This information provided a good basis for localising the chromosome 3

breaþoint in Patient 1. Using the BLASTN algorithm and RPNI nucleotide sequence

NM 002950 to search the public Celera database produced a genomic scaffold

(GA_x2HTBL4DBVY) containing the 3' end of RPNI and 370 kb of downstream

sequence. Primers were designed to a series of markers along this 370 kb region, and these

were tested against the PWN hybrid to determine their position with respect to the

breakpoint (see Figure 3.8). The pattern of marker retention and loss was consistent with

the hybrid containing a der 3 translocated chromosome as expected. This process

located the chromosome 3 breakpoint in Patient 1 between the markers DBVY253

(positive, centromeric marker) and DBVY255 (negative, telomeric marker)' These

markers are separated by a distance of 2 kb, and DBVY255,Íhe closer of the two, is 123

kb downstream from the 3' end of ,RPN1.

3.3 Amplification and Sequencing of Breakpoints

To determine the sequence at the breakpoints, it was first necessary to ampliff across the

breakpoints. The identification of positive markers (that is, markers retained by the hybrid

and therefore on the der 3 chromosome) at the chromosome I and chromosome 3
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I

Marker Position on Scaffold

(kb)

Presence of

PWN

3'GATA2 238 +

DBVY25O 250 +

DBVY25 1 25r +

DBVY252 252 +

DBVY253 253 +

DBVY255 255

DBVY26O 260

DBVY2TO 270

DBVY2SO 219

DBVY29O 288

GR6 JJJ

RPNl 378

Figure 3,8. Markers used in Chromosome 3 Breakpoint Analysis of PWI\. The table shows the location

of each marker on the genomic scaffold GA_x2HTBL4DBVY and the result obtained on analysis of PWN

for each marker. * indicates that the pwN retained the marker. - indicates the marker was not present in

PWN

breakpoints made it possible to use the primers from those markers to amplifr across the

der 3 breaþoint. Also, the identifrcation of negative markers at both breakpoints enabled

the amplification of the der 1 breakpoint, assuming that there was no loss of material
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associated with the translocation and that, therefore, all markers which were absent from

the hybrid containing the der 3 chromosome were in fact present on the der 1

chromosome. Long distance PCR (Section2.2.3.2) was performed on genomic DNA from

Patient I and also from a normal human control, using the primers in combinations that

would produce either a normal chromosome 1 and chromosome 3 product, or a

translocated der 1 or der 3 product. The position and orientation of the markers and

primers with respect to the telomere, centromere and breakpoint are illustrated in Figure

3.9. The results of this PCR are shown in Figure 3.10.

As illustrated in Figure 3.10, both the der 1 and der 3 breakpoints were successfully

amplified, as were both normal chromosome products. The products amplified from the

translocated chromosomes were sequenced and the sequence of both breakpoints, along

with the Genbank sequences from 1p36 and3q2l with which the breakpoints align, can be

seen in Figure 3.1 I . As can be seen from this sequence alignment, chromosome 1 material

is lost during the translocation and chromosome 3 material is duplicated. Using the

numbering presented in Figure 3.11, chromosome 1 sequence corresponding to clone

Rpll-333E3 base pairs 30857 - 30891 (35 bp in total) is lost during translocation.

Chromosome 3 sequence corresponding to RPl l-475N22 base pairs 61280 - 61477 (198

bp in total) is duplicated during translocation. There is some uncertainty in these figures as

the Rpl 1-33383 and RPI l-475N22 sequences at the der I breakpoint overlap by 2 bp,

obscuring the precise position of the original breaks'
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Figure 3.9. Primer combinations for breakpoint amplification.

Diagrammatic representation of positions of primers used to amplifl across the breakpoint of Patient l.

Chromosome I derived material is shown in blue and Chromosome 3 derived material is shown in

green. The breakpoints shown in Panel (B) are illustrative only, as the exact position of the breakpoints

were unknown. Primers are denoted by red pentagons. "T" and "C" denote the telomeric and

centromeric side of the breaþoint respectively. The figure is not to scale.

(A) Primer position and orientation as found on a normal chromosome.

(B) Primer position and orientation on Patient I translocated chromosome.

The primers shown are the closest positive (3SEG21lfl&rl and DBVY253fl&rl) and negative

(38Bc2llf2&r2 and DBVY255f1&rl) markers found by somatic cell hybrid analysis. Amplification

using the external primers in the combinations shown in (b) (DBVY255fl with 38EG2llt2, and

38EG211fl with DBVY253fl) on Patient I DNA will allow amplification of the breakpoint of each

derivative chromosome.
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F'igure 3.114. Sequence Alignment of the Patient I der 3 Breakpoint Sequence with Normal

Chromosome I and 3 Sequences

The sequence presented in red was obtained by automated sequencing of the PCR product amplified

from Patient 1 genomic DNA using the primers 388G21lfl and DBVY253fl. The sequencing reaction

was performed using the 38EG211fl3 primer. This sequence is aligned with NCBI sequence data from

clone RP|1-333E3 (accession 4L356984.13, from chromosome 1p36, represented in green) and clone

RPl l-475N22 (accession 4C080005.24, from chromosome 3q21, represented in blue).
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Figure 3.118. Sequence Alignment of the Patient I der I Breakpoint Sequence with Normal

Chromosome l And 3 Sequences

The sequence presented in red was obtained by automated sequencing of the PCR product amplified

from Patient I genomic DNA using the primers 38EG21lfl and DBVY253fl. The sequencing reaction

was performed using the 38EG211r3 primer. This sequence is aligned with NCBI sequence data from

clone RPl1-33383 (accession 4L356984.13, from chromosome 1p36, represented in green) and clone

RP11-475N22 (accession 4C0800005.24, from chromosome 3q21, represented in blue).
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The breakpoint sequence data allowed precise positioning of the breakpoints. As already

stated, the location of the 3q21 breakp oint, I24 kb 3' of RPNI as shown in Figure 3.I2, is

consistent with the findings of chromosome 3 breakpoints presented in Mochizuki et al

(2000) (Figure 3.13), which range from approximately 80 kb to 130 kb 3' of RPN1. The

map in Figure 3.12 also shows that the 1p36 breakpoint in Patient 1 is 43 kb telomeric of

the start of MELI. This breakpoint is therefore substantially closer to MELI than any of

the four breaþoints described in Mochizuki et al (2000), which range from approximately

100 kb to 220 kb upstream of MEL| (Figure 3.13). This estimate is based on the

breakpoint map provided in Mochizuki et al (2000) as Figure 1. Given that the size of

MELI in this diagram is approximately 10 kb, whereas MELI is now known to be

approximat ely 250 kb, it is likely that the map is unreliable and therefore these estimates

of breakpoint positions with respect fo MELI may be incorrect. Attempts to correlate the

restriction sites present in the diagram with known sequence data proved unsuccessful.

This may be due to the involvement of polymorphic restriction sites, but is more likely due

to the incomplete characterisation of the MELI gene sequence at the time the Mochizuki

study was published, and therefore incorrect positioning of the start site of the MELI

transcript on the map presented in Mochizuki et al (2000).

3.4 Expression Analysis

To clarify the effect of the translocation on the transcription of genes located near the

breakpoint, expression analyses were performed using RT-PCR. A second AML Ml

patient bearing t(l;3Xp36;q2l),Patient 4, was identified and used in expression analysis
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X'igure 3.12. Map of Patient I Breakpoint with respect to MELL and RPNI

The horizontal lines represent normal chîomosome I (top) and normal chromosome 3 (bottom), and the

vertical line passing through both represents the'breakpoint. "T" and "C" indicate the telomeric and

centromeric side of the breakpoint respectively. The blue boxes indicate the genes MELI and RPNI.

The genes are labelled above the appropriate boxes, and the arrows indicate the direction of

transcription. The approximate scale is indicated by the 100 kb scale bar at lower left. All distances and

other information a¡e correct according to the NCBI genome assembly build 29, with the exception of

the length of MELI, which has been adjusted to accomodate the fullJength mRNA, which features

more 5' sequence.
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Figure 3.13. Map of t(l;3Xp36;q21) Breakpoints Reported in Mochizuki et al (2000).

This figure is reproduced from Mochizuki et al (2000) Figure 1. The caption is reproduced below

Physical maps of the chromosomal breakpoints at 3q2l and lp36 in t(l;3)-positive MDS/AML' (A)

Mapping of the breakpoints at 3q21. Arrows and numbers indicate the breakpoints in cases 1 to 3 with

t(l;3)(p36;q2l), and arrowheads indicate the breakpoints in 7 AML cases with t(3;3xq2I;q26) ot

inv(3)(q2lq26) (3q21q26 syndrome) previously reported. The position and orientation of the RPNI

gene are indicated by a horizontal arrow' (B) Mapping of the breakpoints at 1p36' Arrows and numbers

indicate the breakpoints in the 4 cases analyzed. The positions of the Pl phage clone (P1-106) and

BAC clones (404 and 209F) are indicated below. A Fll oDNA fragment was isolated by the exon

trapping method. The position and orientation of the MELI gene are indicated by a horizontal arrow'

Restriction sites are indicated by the following letters: B (,BssIIII), S ('tfÐ, Nt (1/o/I), and Nr (NruI)'
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as an additional source of confirmation that any effect on the expression of a gene was not

specific to Patient 1 but a general outcome of the t(l;3Xp36;q21). However, there was

insufficient mateliral to make somatic cell hybrids from this patient and therefore no

breakpoint mapping was performed on Patient 4.

3.4.1 MELL Expression AnalYsis

primers used for the initial MELI RT-PCR expression analysis were rMELlfl and

rMELlrl. These primers produce a 501 bp product as expected. This product was

sequenced in both directions and conf,rrmed as a MELL product (data not shown). In this

initial analysis, a large number of PCR cycles (45) was performed to ensure amplification

of any product present. Under these conditions, normal human bone marrow was found to

be positive for MELI expression, in contrast to the results of Mochizuki et al (2000).

However, this expression was at avery low level (see Figure 3.14). RT-PCR of Patient I

and Patient 4 materialconfirmed that MELI is indeed upregulated in these cells, as seen in

Figure 3.14. However, as also seen in Figure 3.14, analysis of several AML patients who

do not carry the t(l;3)(p36;q21) translocation showed that a subset of them also expressed

MEL j. This was an unexpected result, as Mochizuki et al (2000) reported that MELI

expression was specific to patients bearing the t(l;3)(p36;q2l). However, the Mochizuki

et at (2000) study only investigated t(l;3Xp36;q21)-positive patients and (1;3)þ36;q2l)-

negative leukemic cell lines for MELI expression, so could not rule out expression of

MELI in patients with t(l ;3)(çt36;q2I)-negative AML'
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Figure 3.14 MELL Expression by RT-PCR Analysis'

Results from RT-PCR using the primer pair rMELlfl and rMELlrl. The band (501 bp) is MELI -

specific. The loading order of the gel is provided below. Patients I and 4 are noted. No other patient

carried the t(l;3xp36;q2l). MEL| expression is clearly present in patients with AML without this

translocation. A low amount of expression is also visible in normal bone marrow'

1. AML Ml (Patient l)

2. AM.L M4 (Patient4)

3. AML MI

4. AML M4

5. AML M2

6. AML Ml

7. AML M6

8. AML M2

9. AML M2

10. AML M6

11. AMLMl

12. Normal Bone Manow

13. HrO



To determine whether the level of MELI expression is similar between patients with the

t(l;3Xp36;q21) translocation and those without, the MELl RT-PCR was repeated at a

lower cycle number, using different MEL\ primers (rMELlf2 and rMELh2) and the

euantumRNA 18S Internal Standards Kit (Ambion), to determine the relative level of

expression by the use of 18S rRNA as an internal loading control. This pair of MELL F.T-

PCR primers produce a 548 bp product as expected, but also a 491 bp product' The

analysis of this smaller product is described in Section3'4'7'1' Many AML patients were

analysed using this kit, and the results are shown in Figure 3.1 5. Each of the four patients

with 1p36 rearrangements expressed MELI. Of the remaining patients, 1 out of 5 AML

Ml patients and 4 out of 9 AML M2 patients expressed MELI. These results suggest that

MELI is more frequently expressed in relatively immature leukaemias (AML Ml and

M2). Examination of the clinical records of these patients revealed no correlation of non-

translocation-associat eð M E L1 expression with any particular chromosomal

reanangement, nor with CD34 positivity. The MEL| expression analysis was expanded to

include 7 patients with MDS and2 of these were also found to express MELL '

The patients not carrying the t(l;3)(p36;q21) but expressing MELl at a similar level as

those patients with the translocation do not bear the same clinical characteristics

(dysmegakaryopoiesis and elevated or normal platelet count) as has been reported for

patients with the t(l;3)þ36;q21). Therefote, it was concluded that MELI expression alone

cannot account for the unusual AML phenotype that results from the t(l;3Xp36;q2l), and

that there may be other molecular outcomes of the translocation thaf may account for the

phenotype.
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1. t(l;3Xp36;q2l) AML Ml (Patient 4)
2.t(t;3)(p36;q21) AML Ml (Patient 1)

3. t(l;3Xp36;p2l) AML (Patient 3)
4. ins(|2;1)(pl3;p36p2l) AML Ml (Patient 2)
s. t(3 ;3)(q2t ;q26) AML NoS
6. inv(3)(q2 I q26) AÌML M2
7. inv(3)(q2t q26) AjvdL M2
8. AML MO/\41
9. AML MI
10. AML Ml
11. AMLMl
12. AML Ml
13. AML M2
14. AML M2
15. AML M2

16. AML M2
17. AMLNN
18. AML M2
19. AML M3
20. AML M3
21. AML M3
22. AI['[LIûJ[3
23. AML M4
24. AI|!{LI{44
25. AML M4
26. AI0lL}/f4
27. AIlq{L M4 Eo
28. AML M4 Eo
29. AML M5
30. AML M6

31. AML M6
32. AML M6
33. AML M2
34. AML M4
35. MDS
36. MDS
37. MDS
38. MDS
39. MDS
40. MDS
41. MDS
42. Normal Bone Marrow
43. Normal Bone Marrow
44. Normal PBMNC
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Lane 3 0.893 0.162

Lane 4 0.530 0.128

Lane 6 0.483 0.099

Lane 72 0.410 0.07s

Lane 13 0.419 0.097

Lane 14 0.211 0.079
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Lane36 0.276 0.015
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Figure 3.15. Quantition of MEL1 Expression

A) Results from RT-PCRs using the and the

pá-", pair rMELlf2 and rMELlr2. T ific' The

i*o tun¿, correspond to the the full I s primer

combination (see Section 3.4.1.1for details)' Th . , S rRNA

product, ur"d to determine relative 
"*pr"rrion. 

The loading order of the gels is provided on the

opposite page.
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B) euantitation of expression as determined using the Kodak lD Gel Documentation System' Values

gí.'À u." the intensii of the gene-specific band expressed as a fraction of the intensity of the l8S

rRNA control band.



3.4.1.1 Identification of a MELI Splice Variant

The MELI RT-PCR primers also produce a slightly smaller band which, when sequenced,

was found to be an alternately spliced variant of the MELI transcript. The alternate form

has not been previously reported, but transcripts conforming to both isoforms were found

in the Genbank database (NM_022114 includes the extra sequence; A8078876 does not).

Figure 3.16 details the variation in splicing. The shorter variant is missing 57 bp from the

beginning of the final exon of MELI. These 57 bp are within the coding region of the

gene, and the removal of them removes the amino acid sequence

AYAMMLSLSEDTPLHTPSQ from the MELI protein. This sequence occurs 25

amino acid residues prior to the stop codon. This splice variation explains the difference

between the PRDMI6 protein sequence O{P_071397) and the MELl protein sequence

reported in Mochizuki et al (2000) and commented on earlier in Section 3.2.I and Figure

3.6.It is unknown whether this splice variant is translated but to determine whether the

biological activity of the splice variant may be different in any way, the amino acid

sequence which differentiated the two versions of the proteins was investigated for

functional protein domains by use of the ProDom database

(http:/þrodes.toulouse.inra.ftlprodom/doc/prodom.html), and also for protein localisation

signals using the PSORT II algorithm (http:/þsort.nibb.acip/). Neither investigation

suggested that the spliced out sequence was of functional significance. Whether the

activity of the splice variant protein, if translated, is in any way different from activity of

full-length MELI protein, is therefore also unknown.
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Figure 3.16. MELI Splice Variation.

Diagrammatical representation of the differences between the two variants of fhe MELI transcript

detected by RT-PCR using the primers rMELlÐ and rMELlr2.

(A) Genomic sequence is represented by the black bar, and the blue boxes represent exonic sequences

of MEL|. The dark blue boxes are exons shared by the full length transcript and the shorter splice

variant. The pale blue box is spliced in to the longer transcript and out of the shorter transcript. The

position of the primers within the common exons are indicated by red arrows.

(B) mRNA and amino acid differences between the two products. The top line represents mRNA
sequence and the bottom line represents amino acid sequence. Sequences common to both products are

shown in dark blue. Sequences unique to the longer transcript are shown in pale blue. Intronic sequence

is shown in black. Note that the consensus GT splice donor site and AG splice acceptor site are present

within the intron.
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3.4.1.2Identification of Other Genes in the Breakpoint Region

Given that expression of MELI was demonstrated to be insuff,rcient for induction of the

specific clinical characteristics exhibited by t(1;3)(p36;q21)-positive patients,

consideration was given to other genes that lay around the breakpoint, and whether

upregulation or other altered expression of these genes could be more specifically

associated with the t(l;3Xp36;q21) translocation. Genes on both lp36 and 3q21 were

considered. The NCBI Human Genome Map View web site

(http://www.ncbi.nlm.nih.govicgi-birVEntrezlmaps.cgi) was used to identify genes that

were located near either breakpoint and so may be involved in the molecular effects of the

translocation. Figure 3.17 shows the location of the three genes, ARPM2, ARHGEFIí and

GATA2, chosen for expression analysis because of their proximity to the breakpoint in

Patient 1.

3.4.2 ARPM2 Expression AnalYsis

The transcription start site of the ARPM2 gene is 8 bp from the 1p36 breaþoint on the der

1 chromosome. It was therefore possible that the breakpoint may disrupt the promoter and

other regulatory sequences of this gene, and so ARPM2 expression was analysed by RT-

pCR. ARPM2 is encoded by a single exon, as determined by BLASTN analysis of the

transcript sequence (NM_080431) and confirmed by the NCBI Mapview website. Any

analysis by RT-PCR therefore has the potential to be complicated by the amplification of a

genomic product. For this reason, only DNase-treated oDNA preparations were used in the
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Figure 3.17. Position o1 ARPM2, ARHGEFLó and GATA2 with respect to the Patient 1

Breakpoint

The horizontal lines represent normal chromosome I (top) and normal chromosome 3 (bottom), and the

vertical line passing through both represents the breakpoint. "T" and "C" indicate the telomeric and

centromeric side of the breaþoint respectively. The blue boxes indicate the genes MELI and RPNI,

which have been discussed and positioned previously. The green boxes represent the genes ARPM2,

ARHGEF¡1 and GATA2. All genes are labelled above the appropriate boxes, and the affo\¡/s indicate

the direction of transcription. The approximate scale is indicated by the 100 kb scale bar at lower right.

All distances and other information are correct according to the NCBI genome assembly build 29, with

the exception of the length of MFLI, which has been adjusted to accommodate the fullJength m ,

which features more 5' sequence.
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expression analysis of this gene. Harata et al (2001) reported the successful amplification

of an ARPM2-specific product from every tissue tested, including colon. Attempts by the

present study to ampliff a product from several DNase-treated normal colon cDNAs using

primers 38EG21lÐ. and 38EG211r2, which are specif,tc for ARPM2, were unsuccessful.

Products were amplified when non-DNase-treated cDNAs were used, indicating that the

PCR conditions were adequate and that DNase-treatment was important. The quality of

the DNase-treated cDNA samples was verified by amplification of several other gene

products (results not shown). Testing a small panel of DNase-treated AML patient RNA

samples by RT-PCR, including Patient 1 and Patient 4, also resulted in no amplification

(results not shown), indicating that, whether or not ARPM2 is expressed in other tissues, it

is not differentially expressed in t(1;3)(p36;q21)-positive AML and t(1;3)(p36;q2l)-

negative AML. The gene was therefore not investigated further.

3.4.3 ARIIGEFLó Expression Analysis

Primers ARHGEFI6fl and ARHGEFl611, which produce a 488 bp product, were used to

investigate ARHGEFIó expression by RT-PCR using the QuantumRNA 18S Internal

Standards Kit (Ambion), in a series of AML patients including Patient 1 and Patient 4.

The results of this RT-PCR are shown in Figure 3.18. Quantitation of expression showed

substantial variability between patients, but not a clear pattern in terms of translocation-

positive and -negative patients. Transcription of the gene is therefore not consistently

affected by the translocation and there was also no apparent correlation between
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Figure 3.18. Quantition oI ARIIGEFIó Expression.

A) Results from RT-PCRs using the QuantumRNA 18S Internal Standards Kit (Ambion) using the

pri1¡". pair ARHGEFI6fI and ARHGEFl6rl. The top band (aS8 bp) is Ak4GEFIó-specific. The

iower band is the Ambion 18S rRNA product, used to determine relative expression. The loading order

of the gels is provided below.

B) euantitation of expression as determined using the Kodak lD Gel Documentation System. Values

gíu"i ur" the intensity of the gene-specific band expressed as a fraction of the intensity of the l8S

rRNA control band.

1. t(l;3Xp36;q2l) AML Ml (Patient 4)
2. t(l;3Xp36;q2l) AML Ml (Patient l)
3. AML M2
4. AML M4 Eo
5. AML Ml
6. AML M2
7. AlvILMz
8. Normal Bone Marrow
9. Normal Bone Marrow

Lane ARIIGEFlól185
Lane 1 1.036

Lane 2 0.656
Lane 3 0.651

Lane 4 1.236

Lane 6 0.875

Lane 8 1.061

Lane9 0.816



ARHGEFIó expression and MEL| expression. ARHGEFLó expression was therefore not

investigated further.

3.4.4 GATA2 ExPression AnalYsis

GATA2 expression analysis was performed by RT-PCR using the QuantumRNA 18S

Internal Standards Kit (Ambion) and the gene-specific primers rGATA2fl and

rGATA2r2. which produce a 421bp product. The full panel of patients examined for

MELI expression were examined for GATA2 expression also. The results of these RT-

pCRs are presented in Figure 3.19. Low levels of GATA2 transcription were observed in

normal bone marrow as expected (Orkin 1992). Transcription was increased in both

patient 1 and Patient 4, suggesting that there may be an effect of the t(l;3)(p36;q21) on

GATA2 expression . As GATA2 is on 3q21, it was of interest to investigate whether there

was a similar effect in patients with the t(3;3)(q21;q26) ot inv(3)(q21q26), as these

rearrangements have similar 3q27 breakpoints and phenotypic correlations- GATA2

expression analysis of the t(3;3)(q2l;q26) patient and the two inv(3)(q21q26) patients

examined did indeed show strong upregulation of GATA2 transcription'

GATA2 transcription was also seen, however, in several t(l;3)(p36;q2l)-negative AML

patients. This phenomenon has been previously reported, and attributed to a leukemic

expansion of haematopoietic progenitor cells which normally express GATA2 (Tsuzuki ø/

at 2000). The results presented here would appear to support this hypothesis, as those

leukaemias that show GATA2 expression are those that arise from haematopoietic cells
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r. t(l;3Xp36;q2l) AML Ml (Patient 4)

2.t(l;3)(p36;q2l) AML Ml (Patient l)
3. t(l;3Xp36;p2l) AML (Patient 3)
4. ins(12;l)(pl3;p36p2l) AML Ml (Patient 2)

s. t(3;3Xq21 ;q26) AML NOS
6. inv(3)(q2lq26) AML M2
7. inv(3)(q2l q26) AtvILtvI2
8. AMLMO/MI
9. AML Ml
10. AML Ml
11. AML Ml
12. AMLMl
13. AML M2
14. AML M2
15. AML M2

16. AML M2
I7. Al/{LIl{42
18. AML M2
19. AML M3
20. AML M3
21. AML M3
22. AMLM3
23. A},4Ll¡'f4
24. AÌ|ldLI/44
25. AML M4
26. AML M4
27. AINíL M4 Eo
28. AML M4 Eo
29. AML M5
30. AML M6

3I. AML M6
32. AML M6
33. AML M2
34. AML M4
35. MDS
36. MDS
37. MDS
38. MDS
39. MDS
40. MDS
41. MDS
42. Normal Bone Marrow
43. Normal Bone Marrow
44. Normal PBMNC
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that are at earlier stages of differentiation, when GATA2 is normally expressed (Orkin

lgg2). There was no apparent correlation between non-translocation associated GATA2

expression and any particular chromosomal rearrangement or CD34 positivity' There

appeared to be a quantitative difference in the level of GATA2 expression between patients

with 3q2I breakpoints and those without, however, and quantitation was undertaken to

confirm this. The results are presented in Figure 3.198. There is not a clear distinction in

expression levels between GATA2-expressing AML patients with and without 3q21

reaffangements, but there does appear to be a trend showing greater expression levels in

patients with 3q2l breaþoint s. GATA2 dysregulation may, therefore, be a genuine effect

o f the t( 1 ; 3 ) (p 3 6 ; q2 l), Lhe t(3 ;3) (q2 | ;q2 6) and the inv ( 3 ) ( q2 I q26)'

3.4.5 EVIL Expression AnalYsis

EVI1 expression was examined to confirm that transcription was seen in patients with

t(3;3)(q2l;q26) andinv(3)(q21q26), and also to confirm previous reports that transcription

was not restricted to leukaemias with these rearrangements (Russell et al 1994, Langabeer

et at 2001). Analysis was performed by RT-PCR using the QuantumRNA l8S Internal

Standards Kit (Ambion) and the gene-specific primers rEVIlfl and rEVI1r1, which

amplify a 400 bp product. The results of this analysis are presented in Figure 3.20. EVIl

was expressed as expected in the three patients with 3q26 rearcangements. It was also seen

in a subset of the other AML and MDS patients. Unlike MELI and GATA2 expression in

t(l;3)(p36;q2l)-negative and 3q27 rearrangement-negative patients respectively, EVII

-a
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1. t(l;3Xp36;q21) AML Ml (Patient4)
2. t(l;3Xp36;q2l) AML Ml (Patient l)
3. t(l;3Xp36;p2l) AML (Patient 3)
4. ins(12;1)(p13;p36p2l) AML Ml (Patient 2)
5. t(3;3Xq21;q26) AML NoS
6. inv(3)(q2l q26) 1\MLM2
7. inv(3Xq2 1 q26) Atvtr- M2
8. AML MO/MI
9. AML Ml
10. AML Ml
11. AMLMl
12.AMLMI
13. AML M2
14. Al,llLlr'i2
15. AML M2

16. AML M2
17. AlvILM2
18. AML M2
19. AML M3
20. AML M3
21. AML M3
22, AI\ú-IN{3
23. AML M4
24. A]r|lLI|'I4
25. AML M4
26. AML M4
27. AML M4 Eo
28. AML M4 Eo
29. AML M5
30. AML M6

31. AML M6
32. AML M6
33. AML M2
34. AML M4
35. MDS
36. MDS
37. MDS
38. MDS
39. MDS
40. MDS
41. MDS
42. Normal Bone Marrow
43. Normal Bone Marrow
44. Normal PBMNC
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rRNA control band.



expression in3q26 rearïangement-negative patients did not appear to correlate with AML

subtype. Expression levels were quantitated and this data is shown in Figure 3.208.

3.4.6 Expression AnalYsis Summary

The results for the expression analysis of MELI, GATA2 and EVII are presented in Table

3.1, to allow easy cross-referencing between genes and to illustrate those patients who

express more than one of these genes.

For those patients who expressed either GATA2,EVII or MELI, patient records were

checked to determine whether they displayed normal or elevated platelets, or any evidence

of dysmegakaryopoiesis. Other than those patients with either t(l;3Xp36;q2l),

t(3;3)(q2l;q26) or inv(3)(q21q26), allpatients had platelet counts below the normal range,

and no mention of dysmegakaryopoiesis was found. This was true also for patients who

expressed GATA2 and either EVII or MELL. This confirms that neither GATA2, EVII nor

MELI expression can account for the clinical phenotype that is associated with these

translocations, and nor can any combination of the expression of these genes. The effect of

sufficiently high levels of GATA2 expression remains a possible cause of the phenotype,

however.

-a
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Patient AML
Subtype

Chromosome
Rearrangement

MELl EVIl GATA2

I (Patient4) MI tll:3)1p36:q2l) + +

2 ßatient 1) M1 t(113Xp36;q21) + +

3 Gatient 3) Indeterminate tll:3)1o36:p2l) r

4 (Patient2) M1 ins(12:lXp13,,p36p2I) +

5 NOS t(3:3\(q2l;q26) + +

6 M2 inv(3Xq21q26) + + +

7 M2 invß\h2lq26) + +

8 M0/\41 + +

9 M1 + +

10 MI
l1 M1 + +

t2 MI + +

l3 M2 + +

l4 M2 + +

15 M2
t6 M2 +

t7 M2
l8 M2 +

l9 M3
20 M3 +

2l M3
22 M3 +

23 M4
24 M4
25 M4 +

26 M4
27 M4 Eo

28 M4 Eo
29 M5
30 M6
31 M6 +

32 M6
33 M2 + + +

34 M4 +

35 MDS +

36 MDS + + +

5t MDS + +

38 MDS
39 MDS
40 MDS +

4t MDS + +

42 Normal BM +

43 Normal BM +

44 Normal PB

Table 3.1. Summary of Expression Änalysis. Results from Figures 3.15, 3.20 and 3.21 ate

summarised here. * indicates that expression was detected by RT-PCR. - indicates that expression was

not detected. BM : bone marrow. PB : peripheral blood. NOS : no origin specified. Only

chromosome rearrangements involving lp36,3q2l ot 3q26 are specified'



3.5 Discussion

3.5.1 Position of Translocation Breakpoints in Patient 1

The lp36 breakpoint in Patient 1 was determined to be 43 kb 5' of the MELI gene. It is

difficult to ascertain with any certainty the position of the 1p36 breaþoint in the patients

presented in Mochizuki et aI (2000) because of the probable misplacement of the MELI

gene on their map, which in turn is most likely due to the incomplete characterisation of

MELI at the time that the map was constructed. If this map is correct, then the breaþoint

reported in Patient I is the closest breakpoint to MELI reported thus far. It is more likely

that the distances reported in Mochizuki are overestimated, and that the four Mochizuki

patients have breakpoints in the same approximate region. Nevertheless, the map suggests

that the four breakpoints range over an approximately 80 kb region, and so it seems likely

that the 1p36 breakpoints in the t(l ;3)(çt36;q21) are clustered over quite a large region.

The 3q21 breakpoint in Patient 1 is in line with expectations according to previously

mapped t( I ; 3 )(p3 6 ;q2I), t(3 ;3)(q2I ;q26) and inv(3) (q2l q26) breakpoints, which, as

previously mentioned, cluster in two regions, BCR-C and BCR-T (reviewed in'Wieser

2002) (see Figure3.2I). The breakpoint found in Patient 1 is 6 kb from the 5'end of

GATA2, and therefore fits into the centromeric end of BCR-C.
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C

GATA2 RPN]

BCR.C BCR-T

10 kb

Figure 3.21. Breakpoint Cluster Regions ú3q2L

The figure shows the relative positions of RPN1 and GATA2 (represented by blue boxes with alrows

indicaãng the direction of transcription) with respect to the breakpoint cluster regions BCR-C and

BCR-T (Tepresented by pink boxes). All known t(l;3)(p36;q21), t(3;3)(q21;q26) and inv(3)(q21q26)

3q21 breaþoints clustefin one of these two regions. C and T indicate the centromeric and telomeric

eni of the iegion shown respectively. The figure is approximately to scale. The flrgure was adapted

from Wieser 2002.
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3.5.2 MELI Expression

3.5.2.1 Identification of aNovel MELI Splice Variant

Examination of MELI expression led to the identification of a MELI splice variant. The

two isoforms vary by the inclusion or exclusion of the amino acid sequence

AYAMMLSLSEDTPLHTPSQ, 25 residues from the C terminus of the MELl

protein (see Figure 3.16). It appears as though the variants are not differentially regulated

at the transcriptional level, since the expression of one as detected by the MELI RT-PCR

is always accompanied by the expression of the other. However, whether both transcripts

are translated and, if translated, whether both proteins have similar functions and function

to the same level, is unknown. The NCBI database contains protein sequences of both

variants CNP_071397 andxP_O10556), but it is unclear as to whether these are ðonceptual

translations (that is, based only on transcript sequences) or actual protein sequences' The

biological relevance of the splice variation is therefore unknown. It is clear, however, that

this splice variant does not encode a PR domain-negative version of the MELI protein, as

the PR domain is encoded by the 5' end of the MELI gene, and this splice variation occurs

much further towards the 3' end.

3.5.2.2 Expression of MEL| in MDS and AML Patients without t(l;3)@36;q2l)

The data obtained in this study supports the notion that MELI is activated by the

occurrence of the t(l;3)(p36; q2l), as it is expressed in both patients with this translocation
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who were examined. However, the data also demonstrates thaf MELI is expressed in cases

of AML without the t(l;3)(p36;q2l).

Of the six t(l ;3)(p36;q21) patients examined for MELI expression (two in the present

study and four in Mochizuki et al (2000)), all six were found to express the gene at high

levels. Conversely, of the thirty AML patients without the t(l;3)(p36;q21), not including

Patients 2 and 3 who have other reaffangements of Ip36, only five were positive for MELI

expression. This correlation of MELI expression with the occuÍence of the t(l;3)(p36;q21)

supports the hypothesis that the t(l;3)(p36;q21) is responsible for the upregulation of

MELI in patients with this translocation. This upregulation is likely lobe viø the position

effect of the juxtaposed RPN I enhancer sequences from 3q2l , as proposed by Mochizuki

et at (2000), and similar to the proposed mechanism of EVll upregulation caused by the

t(3;3)(q2l;q26) and inv(3)(q21q26) (reviewed in Nucifota 1997).

There are two possible mechanisms to explain MELI expression in patients without

t(l;3)(p36;q21), One possibitity is that MELI is normally expressed by a subpopulation of

haematopoietic progenitor cells and that, when these cells are the target cells of

transformation for leukemogenesis, this expression is maintained and amplified merely as

a by-product of this expansion. This possibility is suggested by the correlation between

expression of MELI in t(l;3)(p36;q21)-negative AML and early AML subtype, as this

result hts with normal MELI expression in a particular type of early haematopoietic cell.

Four of the MEL|-expressing t(l;3)(p36;q2l)-negative AML cases were diagnosed as

AML M2, while the frfth case was AML M1. This suggests that MELI may be normally
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expressed by a moderately mature progenitor cell, and that these MELI-expressing

t(l;3Xp36;q2l)-negative leukemias result from the expansion of a member of this

population. This possibility is also supported by the finding thaf. MELL is expressed at low

levels in normal bone marrow. MELI expression was not seen in the analysis of normal

bone marrow in the Mochizuki et al (2000) study, but experiments detecting weak MELI

expression by using higher RT-PCR cycle numbers in the present study showed that a

signal was detectable (see Figure 3.14), suggesting that a small subset of haematopoietic

progenitor cells may normally express MELl. The hypothesis is also supported by the

correlation of the MELl expression findings with the results obtained for GATA2

expression. Every non-t(l;3)(p36;q2l) patient who expressed MELI also expressed

GATA2,which is known to be expressed normally in a subset of early haematopoietic cells

(Persons et at 1999). It is also known that leukemic expansion of this population does

occur, and results in leukemias which show apparent upregulation of GATA2 expression

(Tsuzuki et al (2000)).

There is a lack of correlation between non-translocation-associated MELl expression and

CD34 positivity (see Table 3.1), and the expansion model is therefore dependant on the

existence of two populations of haematopoietic progenitors which normally express

MELI: one which is CD34* and one which is CD34-. Whether this is the case is unknown,

and MELI expression analysis on flow-sorted bone marrow subpopulations would be of

interest in assessing the credibility of this hypothesis. Sorted subpopulation expression

analyses have been performed for GATA2 expression, and these indicate that GATA2 is

expressed in both CD34+ and CD34- fractions (Nakauchi et aI, 1999). This is consistent

with the progenitor expansion hypothesis as an explanation for GATA2 expression in non-
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translocation patients which, as observed in this study, also does not correlate with CD34

positivity. Therefore, as GATA2-expressing progenitor expansion can occur for CD34* and

CD34- leukaemias, it may also be a possible explanation for non-translocation associated

MELI expression, especially given the correlation between non-translocation associated

GATA2 and MELI expression.If MELI expression in t(l;3)(p36;q21)-negative AML is

due to this expansion of a normally MELI expressing cell, then it is unlikely to contribute

to leukemogenesis within this cell type because the expression is not abnormal within the

context of the cell.

The second possible mechanism by which MELL expression in patients without

t(l;3Xp36;q21) occurs is that MELI expression is aberrantly activated by some means

other than juxtaposition to enhancer elements by translocation. While the present study

offers no evidence as to the nature of this second mechanism, one possible mechanism is

that MELI is expressed as a result of activation by another regulatory protein, which is

aberrantly expressed in those leukemic patients in which MELI expression is seen' To

date, no potential regulators of MELI expression have been identified in the literature.

Given the evidence discussed above, this mechanism is considered less likely than the

model of leukemic expansion of a normally MELI expressing progenitor. However, it is

known that genes which are upregulated by leukemic chromosome translocation can also

be upregulated by other mechanisms. Examples of this include BCLI and MYC (Falini and

Mason 2002,Hecht and Aster 2000). MELI expression via this mechanism would be more

likely to contribute to leukemogenesis, as the expression is occurring in a cell type in

which it is not normally expressed, thus having abnormal transforming effects.
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3.5.2.3 Oncogenic Significance of MELI

Although expression of MELI is not exclusively linked to patients carrying the

t(l;3Xp36;q21) translocation, it is aberrantly expressed in leukemic cells and therefore it is

possibly involved in the development or progression of leukaemia. Indeed, the fact that it

may be upregulated by two independent mechanisms may be seen as stronger evidence

that MELI is an important gene in leukemogenesis.

Other evidence for the importance of MELI expression in leukemogenesis may be

extrapolated from studies of the other members of the PRDM gene family, such as MDSI-

EVII and RIZ.MDS|-EVII has long been known to be involved in leukaemia,via

translocation-mediated upregulation and also aberrant expression caused by other

mechanisms (reviewed in Nucifora 1997). The RIZ gene, located on 1p36, has also been

implicated in oncogenic processes, especially by differential expression of its two

isoforms (He et at 1998), a mechanism that probably also applies to MDSL-EVIL

involvement in leukaemia (reviewed in Nucifora 1997) and which may also apply to

MEL1. Mochizuki et at (2000) saw some evidence of expression of a shorter transcript of

MELI by Northern analysis, and it seems possible that this shorter transcript is generated

by an internal transcription start site which occurs 3' of the MELI PR domain. If such a

transcript is expressed, then differential regulation of these two isoforms of MELI may be

an oncogenic mechanism in this gene as is the case for MDSl-EVIl and RIZ. More study

is required to determine whether this mechanism also applies to MELL.
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3.5.2.4 MELI Expression is Insufficient to Explain Clinical Observations

The fact that MELI is expressed in patients who have neither the t(l;3Xp36;q21) nor the

clinical phenotype associated with it (dysmegakaryopoiesis and elevated platelets)

suggests that MELI expression alone may be insufficient to create this phenotype.

However, this depends on the mechanism by which MELI expression arises, as expression

of MEL| within a normally MELL-expressing cell is unlikely to contribute to an aberrant

phenotype (as may be the case in t(l;3)(p36;q2l)-negative AML), whereas translocation-

mediated expression in a cell which does not normally express MELI may. Therefore,

aberrant MELl expression may be perfectly correlated with clinical phenotype, if MELI

expression in t(l;3)þ3 6;q2l)-negative AML is not considered aberrant.

A review of the literature revealed that a similar phenomenon occurs involving EVIL. As

previously mentioned, the EVII gene at 3q26 ís expressed in patients with either the

t(3;3)(q2l;q26) or the inv(3)(q2lq26), and these patients share the clinical phenotype

described for patients carrying the t(l;3)(p36;q21). Patients with one of the three

rearrangements present with dysmegakaryopoiesis and elevated platelets. As EVII and

MELI are related genes, it is tempting to suggest that the expression of either one of these

genes can create the clinical phenotype witnessed in patients with either of the
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translocations. However, EVI| is also expressed in AML patients with no rearrangement

of chromosome 3q, and these patients lack the distinct clinical phenotype associated with

the 3q rearrangements (Langabeer et al 2001} The expansion of a normally-expressing

cell probably does not explair^ EVIl expression in 3q2lq26-negative AML, as EVII

expression ín 3q2lq26-negative AML does not correlate with AML subtype. Also, there

are reports of 3q2lq26 AML which do not display EVIL expression, although it is not

stated whether these patients display elevated platelet counts and dysmegakaryopoiesis

(Soderholm et al 1997, Langabeer et aI 1997). As the present study has shown that

patients without the t(l ;3)(p36;q21) who express MELI also lack the clinical phenotype, it

must be concluded that expression of either of these genes is insuflicient to cause the

clinical phenotype. As discussed above, however, it may be that inappropriate expression

of MELI , caused by the t(l;3Xp36;q21), causes the phenotype, while expression in other

patients may not have a clinical effect because the expression is due to the expansion of a

normally-expressing progenitor cell.

The focus of the present study shifted to examine other possible outcomes of the

t(l;3Xp36;q2l) translocation, such as aberrant expression of other genes near the

breakpoint, which may account for this phenotype either alone or in combination with

expression of MELL.
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3.5.3 ARPM2 Expression AnalYsis

The ARPM2 gene is located 8 bp from the 1p36 breakpoint in Patient 1, and was therefore

a candidate for translocation-mediated transcriptional dysregulation. In investigating the

expression pattern of ARPM2 in normal tissues, Harata et al (2001) amplified a product

corresponding to ARPM2 from colon cDNA. Because ARPM2 is a single-exon gene, it is

impossible to design an RT-PCR for this gene that will allow the distinction of a genomic

product from an mRNA product on the basis of size. For this reason, DNase-treated cDNA

must be used in any RT-PCR investigating a single-exon gene. Harata et al (2001) do not

state whether the 9DNA used in their study was DNase-treated, although their RT negative

controls are negative, indicatingthat they may have DNase-treated their samples. Using

primers that matched a sequence deposited in Genbank by these authors (NM-080431)

and DNase-treated colon cDNA, the present study was unable to replicate this result.

Harata et al (200I) demonstrated that colon was one of the lower-expressing tissues

examined. Possibly the RT-PCR employed in the present study was not as sensitive as that

used in Haraia et at (2001). This possibility seems unlikely, however, given that the

primers and conditions employed by the present study amplify a product from genomic

DNA controls and non-DNase-treated cDNA samples. Because the conditions of the PCR

used in the present study are known to successfully ampliff, however, it can be concluded

that ARPM2 is not differentially expressed in t(l;3)(p36;q21)-positive AML and

t(l;3Xp36; q2l)-negalive AML. ARPM2 is therefore of no further relevance to the present

study.
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3.5.4 ARIIGEFLó Expression Analysis

Although ARHGEF|ó has not been characterised in detail, by sequence homology it is

thought to be a guanine exchange factor (GEF) for Rho proteins. Rho proteins are a branch

of the Ras superfamily involved in numerous signal transduction pathways which regulate

a variety of cellular responses (Ridley 2001, V/herlock and Mellor 2002). GEFs regulate

the activation state of the Rho proteins by the addition of a guanine group (Overbeck et al

lg95,Pan and V/essling-Resnick 1993). Members of the Rho family, and several of their

guanine exchange factors (GEFs), have been implicated in oncogenic processes (reviewed

in Jaffe and Hall 2002, Boettner and Van Aelst 2002). Examples of RhoGEFs thought to

be involved in leukemogenesis include VAV, LARG and CLG (del Peso et al 1997, Esteve

et al 1998, Booden et a|2002, Himmel et a|2002). ARHGEFI6 is 3' of MELI on 1p36

and is oriented in the same direction, so it is reasonable to hypothesise that a general

upregulation of transcription mediated by a long-range enhancer element as a result of the

t(l;3Xp36;q21) translocation may affect ARHGEFLó as well as MELI.

The results of the expression analysis of ARHGEFl6 in t(l;3Xp36;q21) and non-

t(l;3)(p36;q2I) patients showed that transcription of the gene in leukaemia is not

dependent on the presence of the translocation. The two patients with t(l;3)(p36;q2l)-

positive AML examined showed moderate and low levels of ARHGEFIó expression

respectively. Expression levels among t(l;3)(p36; q2l)-negative AML patients varied quite

markedly, and some patients did not express ARHGEFl6 at all, despite the fact that it was

expressed at moderate levels in normal bone marrow. Therefore, any differences in
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ARHGEFIó expression among AML patients are not linked to the t(l;3)(p36;q21). Of the

patients with t(l;3)(p36;q2l)-negative AML examined for ARHGEFIó expression, only

one was positive for MELI expression. This patient was negative for ARHGEFLí

expression. Therefore, the mechanism responsible for upregulation of MELI expression in

patients with t(l ;3)Qt36;q2l)-negative AML does not have a similar upregulation effect on

ARHGEF|ó expression. It is possible that variation of expression of the gene does play a

role in leukaemia given the variety of expression levels seen, but this role is not connected

to the presence of the t(l;3)(p36;q21).

3.5.5 GATA2 Expression AnalYsis

The transcription start site of GATA2 is 6 kb from the 3q2l breakpoint identified in Patient

1, and was therefore a candidate for altered expression as a result of the t(l;3)(p36;q21).

The GATA transcription factors are a highly related family of proteins which bind the

DNA sequence motif GATA and have transactivation capacity (reviewed in Orkin 1998).

GATAI, GATA2 and GATA3 are known to play important roles in haematopoiesis (V/eiss

and Orkin 1995), while GATA4, GATA5 and GATA6 are involved in non-haematopoietic

developmental pathways (reviewed in Molkentin 2000).

3.5.5.1 Normal Function of GATA2 in Haematopoiesis

GATA2 plays a critical role in the development of numerous non-haematopoietic organs

(Dorfman et al 1992, Brewer et al l995,Ma et ul 1997, Zhou et al 1998), but this
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discussion will be restricted to the role GATA2 plays in haematopoiesis. GATA2 is

generally accepted as important in the proliferation and maintenance of immature

multipotential haematopoietic progenitors and probably haematopoietic stem cells

themselves. Its expression is seen in these progenitors and also in mast cells,

megakaryocytes, erythrocytes, monocytes, neutrophils, eosinophils, basophils and early

myeloid- and erythroid-specific progenitors (Nagai et al 1994,Tsai et al1998, Yamaguchi

et at 1998). Lack of GATA2 expression in progenitor cells leads to failure to respond to

haematopoietic cytokines, leading to the failure of these progenitor cells to proliferate or

survive (Tsai et al 1994,Tsai et al 1997). GATA2 expression decreases in the late stages of

lmematopoiesis, during differentiation (Cheng et al 1996).

The other GATA family members involved in haematopoietic regulation, GATAI and

GATA3, have distinct patterns of expression. GATAI expression partially overlaps with

GATA2 expression, and is seen in erythrocytes, megakaryocytes, mast cells, eosinophils

and basophils (Yamaguchi et al 1998). Its expression is considered essential for

maturation of erythroid and megakaryocytic lineages and platelet formation (Tsai et al

1998, Fujiwara et al 1996, Pevny et al 199I, Pevny et al 1995, Shivdasani 1997). GATA3

expression is mostly restricted to the T-lymphocyte lineage, where it is required for early

differentiation (Ting et at 1996), but it is also seen in mast cells and eosinophils

(Yamaguchí et al1998).
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3.5.5.2 GATA2 Expression in Patients with 3q2l Rearrangements

Examination of the expression of GATA2 in the panel of leukaemia patients demonstrated

that it was expressed at high levels in both t(l;3)(p36;q21) patients examined, while it was

expressed in normal bone marrow or blood at low levels, as expected due to the expression

of GATA2 in normal haematopoietic progenitor cells. As GATA2 is located on 3q21, it is

also a candidate for dysregulation in t(3;3)(q2l;q26) and inv(3)(q2Iq26). Expression of

GATA2 was therefore examined in one t(3;3Xq21;q26) patient and two inv(3)(q21q26)

patients. A high level of expression was found in all three cases. However, GATA2 was

also shown to be expressed in several AML and MDS patients without 3q26

rearrangements. These patients do not display the distinct clinical phenotype associated

with the t(l;3)(p36; q2l), t(3;3)(q2l;q26) and inv(3) (q2lq26). This shows that, as is the

case for MELL and EVIl,GATA2 expression alone is not responsible for imparting this

phenotype.

GATA2 expression in AML has been frequently reported Q.tragai et al 1994, Minegishi e/

al 1997, Tsuzuki et a|2000). This may simply reflect the progenitor nature of the target

cell of leukemic transformation (Tsuzuki et a|2000). The results presented here show that

the level at which GATA2 is expressed appears to be greater in patients bearing the

t(1;3)(p36;q2l), the t(3;3Xq2l;q26) or the inv(3)(q21q26), however, suggesting that

upregulation of GATA2 expression is a genuine effect of translocations involving 3q21.
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3.5.5.3 Co-expression of GATA2 with MELI or EVII

As GATA2 expression, like MELI or EVII expression, occurs in patients without

chromosome rearrangement or the clinical phenotype of dysmegakaryopoiesis and

elevated platelets, its expression alone is insufficient to establish this phenotype. However,

the possibility that GATA2 expression in combination with either MELI or EVII

expression, which would be the expression pattern in most patients with either

t(|;3Xp36; q2l), t(3;3)(q2l;q26) or inv(3)(q2lq26), may account for this phenotype was

further explored.

Correlation of the expression patterns reported in Sections 3.4.1,3.4.4 and 3.4.5 (see Table

3.1) revealed some patients who expressed GATA2 and either MELI or EVII (see Table

3.1). Examination of these patients' clinical records showed that all had decreased platelet

counts, and there was no report of dysmegakaryopoiesis. It must be concluded, therefore,

that GATA2 expression in combination with either MELI or EVII expression is unable to

account for the leukemic phenotype of patients with 3q21 rearrangements.

3.5.5.4 Mechanism of Dysregulation of GATA2 Expression

GATA2 knockout mice fail to develop beyond mid-gestation due to haematopoietic failure

(Tsai et al 1994).In the process of rescuing this phenotype in order to study other effects

of the knockout, Zhou et al (1998) demonstrated that for normal haematopoietic

expression of GATA2 to be restored, sequences between 100 and 150 kb 5'of the GATA2
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transcription start site were required. Although the existence and position of similar

sequences has not been demonstrated in humans, it is reasonable to suppose that such a

regulatory element exists. The 3q21 breakpoint in Patient I was mapped 6 kb 5' of

GATA2,between the proposed regulatory sequences and the start of the gene. Therefore,

the translocation may have the effect of physically separating the GATA2 gene from a

haematopoietic regulatory element. Indeed, this is the case for all known 3q2l breaþoints

in either t(l;3)(p36;q21) (Mochizuki et al 2000) or t(3;3)(q2I;q26) or inv(3)(q2Iq26)

translocations (reviewed in Wies er 2002). Disruption of haematopoietic regulation of the

GATA2 gene may be a common feature of all patients with t(1;3)(p36;q2l),

t(3;3)(q2l;q26) and inv(3)(q2lq26). As these patients share a common leukemic

phenotype and a coÍtmon translocation breakpoint, it seems likely that the effect of the

chromosome rearrangements at this breakpoint, namely transcriptional upregulation of

GATA2, contributes to this phenotype.

3.5.5.5 GATA Family Member Overexpression Studies

Given that overexpression of GATA2 is associated with the t(l;3Xp36tq2I),

t(3;3)(q2l;q26) and inv(3)(q2Iq26), it is instructive to investigate the effects of

overexpression of GATA2 in haematopoietic cells. Persons et al (1999) conducted a study

overexpres sing GATA2 inhaematopoietic stem cells (HSCs) and found that this resulted in

blockage of both proliferation and differentiation of these cells, although the cells did not

apoptose. A block in differentiation fits well with the hypothesis that overexpression of

GATA2 has an oncogenic effect, although the block in proliferation does not.
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Overexpression of GATA2 in the erythroleukaemia cell line K562, which is more

differentiated than HSCs, caused the cells to shift in phenotype toward the megakaryocyte

lineage (Ikonomi et at 2000). Similar overexpression studies performed in primary

erythroid progenitor cells caused a decrease in the rate of cellular proliferation and

maturation but no lineage alteration (Ikonomi et a|2000).

Overexpression studies performed using other GATA family members have shown that

GATAI overexpression in the murine myeloid leukaemia cell line M1 induced

megakaryocytic and erythroid differentiation (Yamaguchi et al 1998), and GATA3

expression in HSCs also induced megakaryocytic and erythroid differentiation (Chen and

Zhang200l), despite normal GATA3 function being restricted to the lymphoid lineage.

Visvader et at (1993) demonstrated that forced expression of any of GATAI,GATA2 or

GATA3 in a murine myeloid cell line induced megakaryocytic differentiation. These

studies suggest at least a degree of functional redundancy between the three proteins.

3.5.5.6 Functional Redundancy of GATA Family Genes

The fact that GATA proteins all recognise and bind the same DNA motif in gene

promoters in vivo (Weiss et al 1997) suggests that they may be functionally redundant,

and that the specific roles that each gene plays in haematopoietic regulation may be due to

temporally and spatially specific expression patterns rather than functional specificity'

This hypothesis is supported by several observations arising out of GATA gene family
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overexpression studies (Visvader et al 1992, Chen andZhang200l, discussed above)

Other studies have addressed this question directly, as outlined below.

Tsai et at (1998) constructed GATA3 knock-in mice, such that the mice lacked GATAI but

expressed GATA3 under the control of the GATAI regulatory sequences. This resulted in

partial rescue of the GATAI knock-out phenotype, but could not restore terminal

differentiation of the megakaryocytic and erythroid lineages. The incompleteness of the

phenotype could be due to differential regulation of GATA I and GATA3 at the

translational or post-translational level, or qualitative differences in the two proteins'

transactivation capacity. While these mice were only partially rescued and still died

prenatally due to haematopoietic failure, Takahashi e/ al (2000) performed similar

experiments in which GATAI def,rcient mice were rescued by the expression of either

GATA2 or GATA3 under GATAI transcriptional regulatory controls. In these experiments,

the mice survived to adulthood. The only abnormality displayed in the adult mice was

abnormal erythropoiesis. These results demonstrate partial functional redundancy of the

GATA family proteins.

There is also evidence that the GATA family proteins do have distinct functions. There

appear to be some differences in the DNA-binding sequence preferences of the GATA

family members, with GAT A2 and GATA3 also able to bind the DNA sequence

AGATCTTA, while GATAI cannot bind this motif (Ko and Engel 1993). Yamaguchi er

at (1998) demonstrated that, although GATA1 and GATA2 could both bind the GATA

motif in the Grarutle Major Basic Protein (MBP) gene promoter, only GATA1 caused
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transactivation of the gene. The proposed mechanism for this difference is in the different

abilities of the proteins to attract transcriptional cofactors. The GATA family proteins

conduct a wide variety of protein-protein interactions, with each other (Ctossley et al

1995) and other transcription factors and cofactors (reviewed in Cantor and Orkin 2001).

The extent to which these interactions are specific to the GATA family member in

question is unknown. Nevertheless, it seems clear that there is a degree of functional

redundancy between these three GATA binding proteins, and that the timing and lineage-

specificity of their expression is as important as the functional specificity of each protein.

The partial functional redundancy shared by the GATA family proteins is of interest when

considering the upregulation of GATA2 as a result of any of the t(l;3)(p36;q2l),

t(3;3)(q2l;q26) or inv(3)(q21q26). The expression of GATA2 which results from the

rearrangement is ectopic, at least in leukaemias deriving from haematopoietic cells which

have begun to differentiate and so have inactivated transcription of GATA2. However, the

cellular context in which GATA2 is ectopically expressed in these leukaemias is similar to

that in which GATAI is normally expressed due to its involvement in the differentiation

process. Perhaps GATA2 expression, in performing part of the function normally

performed by GATAI, affects the differentiated phenotype of the cells and so contributes

to the abnormal morphology, especially dysmegakaryopoiesis, associated with

translocation-bearing cells, as GATAI is involved in megakaryocytic determination

(Matsumura and Kanakura, 2002).
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For this reason, it is possible that the aberrant transcription of GATA2 seen in patients

carrying either t(l;3)(p36;q2I) or t(3;3)(q2l;q26) may see the GATA2 protein adopt part

of the normal function of GATAI protein; that is, that it may promote differentiation of the

cell along the megakaryocytic pathway. This may account for the phenotype observed in

these patients of abnormal megakaryopoiesis (as megakaryopoiesis would be occurring in

cell types in which it does not normally occur) and increased platelet counts (as more cells

would be forced down the megakaryocytic lineage, which would ultimately produce more

platelets). However, GATAI involvement in megakaryocytic development is complex. It

appears to be a negative regulator of early megakaryocytic proliferation, while al later

stages of development it is thought to promote differentiation (Shivdasani 2001). The

degree to which GATA2 can substitute for it is equally unclear, and it is also the case that

GATA2 expression overlaps with GATAI expression in normal megakaryocytic

progenitors to an extent (Shivdasani 2001). Despite this complexity, it remains possible,

even likely, that aberrant expression of GATA2 in haematopoietic cells may promote

dysmegakaryopoiesis.

It remains true that the most likely molecular explanation for the clinical phenotype

associated with the 3q2I reanangements in AML is due to the molecular effect which the

translocation has on3q2l genes. In the results presented in Section 3.4.4, there appeared

to be a trend in which 3q2l patients expressed GATA2 at a level higher than other GATA2-

positive AML patients. This correlation was not perfect, but a larger sample may

demonstrate this observation more conclusively. GATA2 protein may have a different

effect at higher concentrations, as suggested by the overexpression studies previously

discussed (Persons et al 1999, Ikonomi et al 2000). If this is the case, higher levels of
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GATA2 expression caused by any of the t(1;3)(p36)q2l), t(3;3)(q2l;q26) or

inv(3)(q21q26) could be responsible for dysmegakaryopoiesis and elevated platelet counts

in patients with the translocation, but the lower levels expressed in non-translocation

patients may be insufficient for this phenotype to develop.

3.5.6 Interactions between GATA family members and PRDM family members

As MELI and GATA2 are tpregulated as a result of the t(l;3)(p36;q2l), and EVII and

GATA2 are upregulated as a result of the t(3;3)(q2l;q26) or inv(3)(q21 q26), it is of major

interest that members of the two families to which the three genes belong, the GATA

family and the PRDM family, appear to interact.

As transcription factors, both GATA proteins and PRDM proteins bind specific promoter

sequences and influence transcription of the downstream genes. The GATA family bind

the consensus DNA sequence WGATAR (where'W is an A or T and R is an A or G) (Wall

et al1988, Evans et al1988). EVII, the best-characterised PRDM protein, has two DNA-

binding domains distinguished by the number of Zn finger structures present. The seven-

Znfrnger domain binds the recognition sequence GAYAAGATAAGATAA (where Y is a

C or a T) (D1-CONS) (Delwel et al 1993) while the tbree-Zn finger domain recognises

GAAGATGAG (D2-CONS) (Morishita et al 1995). The WGATAR motif, therefore, is

contained within the recognition sequence for the seven-Zn finger domain of EVI1, and so

it is a possibilþ that there is competition for binding at EVI1 recognition sites between

EVI1 and GATA family proteins. Indeed it has been demonstrated that GATA1 can
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transactivate a promoter containing the D1-CONS element, and that EVIl can repress this

transactivation (Soderholm et aI 1997, Perkins et al 1996). As EVI1 is generally believed

to act as a repressor but MDSl-EVII is a transactivator, this is especially pertinent to the

case of translocation-mediated upregulation of EVII, because translocation patients

generally do not express MDSl-EVII, as the breakpoint lies between MDSI and EVII

(Soderholm et al 1997,Nucifora 1997).

However, it is diffrcult to interpret this interaction in terms of leukemogenesis. How can

GATA2 upregulation as a result of translocation contribute to leukemogenesis when the

same translocation event causes upregulation of EVII, which represses transactivation by

the GATA2 protein? One answer to this is that EVII is more selective in its DNA-binding

recognition sequence (that is, the required recognition sequence is longer), and so will

only be able to bind a subset of GATA-element containing promoters. Indeed, there is no

known GATA-responsive site which also conforms to the EVI1 recognition sequence

(Perkins et al 1996). If this is the case, the competition for binding sites may be

meaningless in the context of regulation of in vivo target gene expression.

A similar competitive binding situation may exist for GATA2 and MELI in the case of the

t(l;3)(p36;q21). No DNA binding study of the MEL1 protein has been reported, however

it seems likely that a similar recognition sequence to that of EVII will eventually be

identified. If this is the case it will be significant to ascertain whether the MELI protein is

capable of acting as a repressor of transcription as well as the transactivator that it is

pres¡mecl to he. Ilnlike some translocations involvíng EVII, the breakpoint in the
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t(l;3)þ36;q21) does not interrupt the PR domain of MELI, such that expression of full-

length transcript, encoding PR domain-containing protein, is a possible outcome of the

translocation. In order to answer these questions, DNA-binding and transactivation studies

of MELI must be performed, as must an analysis of the nature of MELI transcripts

resulting from the translocation (as well as in the normal cell).

There is some evidence to suggest another level of interaction between GATA family

members and PRDM family members. Shapiro et al (1995) conducted a screen to identifr

binding partners of the GATA3 protein. They identified a novel protein for which they

obtained only partial sequence (accession U23736). BLAST analysis of this sequence

reveals that it is identical to the 3' sequence of RIZ. This therefore is evidence for direct

protein-protein interaction between GATA3 and RIZ, and it is tempting to suggest that

there may be interactions between other members of both families, including GATA2,

EVII and MEL1. Whether this is indeed the case, and what the nature of these interactions

might be, awaits further investigation.

89



3.6 Conclusions

The 1p36 translocation breaþoint in Patient 1 was mapped and shown to be 43 kb 5' and

telomeric of the transcription start site of MELI. This was similar to the findings of

Mochizuki et at (2000) in four patients with cytogenetically identical translocations. The

3q2l breakpoint in Patient 1 was shown to be 724 kb 3' of RPNI and 6 kb 5' of GATA2.

This is in accordance with other 3q21 breakpoints involved in t(l;3)(p36;q2l),

t(3 ;3) (q2r ;q26) or inv (3) (q2I q26) .

MELI expression was found to be expressed at very low levels in normal bone marrow,

possibly representing expression of MELI by a small subset of haematopoietic progenitor

cells. This result was in contrast to the findings of Mochizuki et al (2000), who found that

MELI was not expressed in normal bone marrow'

MELL expression was upregulated in both patients with t(l;3)(p36;q21) examined, but it

was also observed in several other AML and MDS patients without 1p36 chromosomal

abnormalities. A correlation was observed between t(l;3)(p36;q2l) and MELI expression,

suggesting that there are two distinct mechanisms of MELI expression in AML.

One of these mechanisms is chromosome aberration, but there are two possible

explanations for MELI expression in patients without chromosome aberration. Firstly,

there may be a second mechanism of MELL upregulation, such as the overexpression of a
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MELI-activating transcription factor. Secondly, the perceived upregulation of MELI may

actually be the result of the expansion of a haematopoietic cell population which normally

expresses MELL. This hypothesis is supported by the fact that the AML patients who were

found to express MELI all had AML Ml or M2, derived from an early haematopoietic

progenitor cell. Also, all non-t(l;3)Gß6;q2l) patients who expressed MELI also expressed

GATA2, which is known to be expressed in a subpopulation of early haematopoietic cells.

MELI expression was also seen in two patients with distinct 1p36 abnormalities. These

patients were not included in the statistical analysis and are investigated in the following

two chapters.

Expression analysis of other genes around the Patient I breakpoint demonstrated that

ARPM2 andARHGEFL6 were not involved in a translocation-mediated leukemogenic

mechanism . GATA2 was found to be upregulated in both patients with t(l;3Xp36;q2l), as

well as patients with t(3;3)(q2l;q26) and inv(3)(q2lq26). Some patients without 3q21

abnormalities, however, were also found to express GATA2 at elevated levels. Similarly to

MELI expression ,thís GATA2 expression could be due to expansion of a subpopulation of

cells which normally express GATA2, or the expression could be due to an oncogenic

mechanism. As GATA2 is known to be expressed in normal haematopoietic progenitor

cells, the expansion of a normally expressing subpopulation due to leukemic

transformation is a likely explanation. This is supported by the fact that every patient who

expressed MELl also expressed GATA2, although not all GATA2 expressing patients

expressed MELI. This suggests that a subset of normal GATA2 expressing haematopoietic

cells also express MELI. Expression of EVII was also seen in all patients with

t(3;3)(q2l;q26) and inv(3)(q2lq26), but also in some patients without a 3q26
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rearïangement. This expression did not correlate with AML subtype, GATA2 expression or

MELL expression.

None of the patients without a Ip36,3q2l or 3q26 reanangement showed the clinical

phenotype of normal or elevated platelet counts and dysmegakaryopoiesis with which

t(l;3)(p36; q2l), t(3;3)(q2l;q26) and inv(3) (q2lq26) patients present. Therefore, neither

MELI expression, GATA2 expression or EVII expression could account for this

phenotype. However, if the expansion hypothesis does explain GATA2 expression and

MELI expression in non-translocation patients, it may be that the expression of either or

both of these genes, mediated by translocation in a cell type in which they are not

normally expressed, can cause or contribute to this phenotype.

Quantitative analysis showed that there may be a trend in which patients with 3q21

translocations express GATA2 more strongly than patients who have GATA2 upregulation

without 3q21 translocation. If this trend was irrefutable, there would be an argument for a

threshold-level effect of GATA2 transcription being causative of the clinical phenotype

associated with the 3q21 translocations. As this trend was not completely consistent,

however, this argument awaits the GATA2 expression analysis of more patients with and

without 3q2 1 breakpoints.
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CHAPTER 4

ins( 1,2 ;IXp 1 3 ; p3 6p 2L)

4.1 Rearrangements of 1p36, l2pl3 and 1p21 in AML & MDS

4.1.1 Background

This chapter details an investigation of a complex rearrangement, an inverted

insertion of the lp2l - 1p36 region into 12p13. Translocations involving 72p13 ate

among the most frequent translocations in AML and MDS (Rowley 1999, Mitelman

2000), and often result in fusion transcripts involving the Translocation-ETS

Leukaemia (TEL) gene (reviewed in Bohlander 2000). TEL, also known as EZS

Variant 6 (EfVq gene, is a transcription factor involved in the regulation of

haematopoietic development (Wang et al 1998), but was first identified as the fusion

partner of the Pløtelet Derived Growth Factor Receptor l3 (PDGFRß) gene as a result

of the t(5;12)(q33;p13) in chronic myelomonocytic leukaemia (Golub et al 1994).

Many of the translocations involving TEL have been characterised, and a list of the

TEL fusionpartner genes that have been identified is presented in Table 4.1

The TEL protein contains two important domains: a C-terminalE26 transformation-

specific (ETS) domain (a DNA-binding domain; Sharrocks 2001), and an N-terminal

helix-loop-helix (HLH) domain (or the pointed (PNT) domain), a domain which
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Partner Gene Translocation Reference Disease(s)

ARNT t(r;12)(q2t;pt3) Salomon-Nguyen et al
2000

AML

ARG t(r;12)(q2s;pt3) Cazzaniga et al 1999 AML

MDSlIEVIl t(3;t2)(q26;pl3) Peeters et al 1997a AML, MDS

FGFR3 t(a;l2)(çtt6;pt3) Yagasaki et al2007 peripheral T cell
lymphoma

CHIC2IBTL t(;t2)(qt2;pt3) Cools et al1999 AML

ACS2 t(5;12)(q31;pl3) Yagasaki et al1999 CML

PDGFRTS t(s;12)(q33;p13) Golub et al1994 AML, MDS

STL t(6;12)(q23;pt3) Suto e/ al 1997 ALL

HLXB9 t(7;t2)(q36;pI3) Beverloo et al200l AML

JAK2 t(e;12)Q2a;pr3) Peeters et al 1997b ALL, CML

PAX5 t(9;12)(qr 1;p13) Cazzanigga et al 2001 ALL

ABL t(9;r2)@3a;pl3) Papadopoulos e/ al 1995 ALL, CML

CDX2 t(12;13)(p13;qI2) Chase et al 1999 AML, ALL

TRKC t(12;15Xp13;q25) Eguchi et al 1999 AML

AMLl t(r2;21)@13;q22) Golub et al1995,
Romana et al1995

ALL, AML

MN] t(12;22)(pr3;ql 1) Buijs e/ al1995,2000 myeloid leukaemia

Table 4.1. The fusion partners of theTEL oncogene. TheTEL oncogene forms fusion genes with

many partner genes. This list was compiled by literature search.



facilitates protein homodimerisation and confers transcriptional repression activity

(Fenrick et aI 1999). The fusion proteins of TEL are especially interesting as they

have been shown to contribute to the progression of leukaemia in at least three distinct

ways (Buij s et a12000, reviewed in Cools et a|2002). These are suÍìmarised below.

The first leukemogenic mechanism of TEL fusion proteins is represented by the most

frequently occurring TEL translocation, The t(12;21)(pl3;q22), which occurs in

approximately 20 Yo of ALL patients (Look 1997) and is also known to occur in AML

(Rubnitz et øt 1999). This translocation forms the TEL-AML1 fusion gene (Golub e/

al 1995, Romana et at 1995). AML| is a transcription factor which is responsible for

the activation of numerous genes involved in haematopoiesis (reviewed in Speck

2001). TEL is known to repress the activity of at least some of the promoters that are

activated.by AMLI (Fears et al 1997). The TEL-AMLI fusion protein is therefore

thought to act principally by blocking transcription of myeloid genes which are

normally activated by AMLI (Hiebert et al1996, Song e/ al1999).

Secondly, the MNI-TEL (Buijs et al 1995) and BTL-TEL (Cools et al 1999) fusion

genes are unique among ZEZ fusions in that they contain only the 3' end of TEL,

whereas all other known ZEZ fusions contain only the 5' end of TEL. The MNI-TEL

and BTL-TEL fusion proteins therefore incorporate the DNA-binding portion of TEL

but not the PNT protein interaction domain, inhibiting the recruitment of co-

repressing molecules that is performed by the normal TEL protein (Chakrabati and

Nucifora lggg,Lopez et at 1999). The addition of the transactivation domain from

MNI effectively converts TEL from a repressor into an activator of transcription with
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transforming ability (Buijs et al 2000). The transforming potential of the BTL-TEL

fusion gene is yet to be investigated and there is some doubt that the fusion gene is

always expressed in patients presenting with the t@;12)(ql2;p13) (Cools et al2002).

The third mechanism of action by a TEL fusion gene is exemplif,redby the TEL-

MDS|-EVI| fusion gene, in which TEL contributes only its first one or two exons to

the fusion protein (Hoglund et al 1996, Peeters et al 1997a). Therefore, no functional

domain ftom TEL is present in the fusion gene. The function of this fusion protein is

expected to be the same as that of the normal MDSI-EVII protein, and the

leukemogenic effect of the translocation to be a result of the constitutive transcription

of the MDSl-EVII gene from the TEL promoter in haematopoietic cells (Peetets et al

1997a). This mechanism is shared by the TEL-CDX2 fusion gene formed by the

t(12;13)þ13;ql2) (Chase et al 1999). CDX2 is not expressed in normal bone marrow

(Chase et al 1999). MDS|-EVI| is expressed at very low levels in normal bone

maffow (Soderholm et al 1997).

Although TEL is commonly affected by l2pl3 rearrangements, one study has

suggested that approximately half of the translocations involving I2pl3 in

haematological malignancy do not involve a TEL fusion gene, and that there arc at

least two other breakpoint cluster regions in l2pl3 (Sato e/ al 1997).

Rearrangements of both 1p36 andl2pl3 individually are frequentinhaematological

malignancies, but there is only one report, published during the work presented in this

thesis, of a rearrangement between 1p36 and l2pl3, a single case of t(l;12)(p36;pl3)

in a 66 year old woman with MDS (RAEBT) (Odero et aI 2001). Molecular
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characteris atíon via FISH analysis of this rearrangement showed that the l2pl3

breakpoint was within intron 2 of the TEL gene, but the precise position of the 1p36

breakpoint was not investigated (Odero et al200l).

The Mitelman Database of Chromosome Aberrations in Cancer

(http:llcgap.nci.nih.gov/Chromosomes/Mitelman) lists no recurrent translocations

involving lp2l in leukaemia. Similarly, no lp2l rearrangements in leukaemia are

reported in the literature.

4.1.2 Patient Information

Patient 2 was a 24 year old male who presented in September 1993 with diahorrea,

vomiting and lethargy. Analysis of a bone marrow aspirate led to the diagnosis of

AML Ml, with 72 % blasts. The blasts had a pleomorphic appearance, and normal

haematopoiesis was markedly decreased. The patient was treated with

chemotherapeutic agents beginning upon diagnosis. This treatment was successful for

a time, but the patient died in }./:ay 1996.

Cytogenetic analysis of Patient 2 bone marrow material was performed on

presentation samples in September 1993. Twenty-eight metaphases were examined,

and of these, 24 were abnormal. The abnormal karyotype was interpreted as 46,XY,

ins(12;l)(pl3;p36p2l). At the outset of the present study, samples were sent to be

karyotyped again. This analysis agreed with the earlier assessment, and this abnormal

karyotype is shown in Figure 4.1.
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f igure 4.1. Patient 2 Knryotype.

A) The aberrant karyotype of the leukemic blasts of Patient 2, showing 46,Y{, inv ins (l;12)(p2l-
p36;pl3). Karyotype analysis was performed by Sarah Moore (nstitute of Medical and Veterinary
Science, Adelaide, Austalia).

B) Ideogram representing the ins inv (I;12)(p21-p36;p13) karyotype. The normal chromosomes are on
the left of the horizontal black arrow. Derivative chromosomes are on the right of the horizontal black
arrow. Chromosome 1 material is highlighted with blue sub-bands. Chromosome 12 material is
highlighted with green sub-bands. The vertical black arrows indicate the orientation of the 1p2l-1p36
section before and after rearrangement. The blue arrows indicate the 1p3ó, lp2l and t2pl3 breakpoints
on the normal chromosomes. The pink anow indicates the telomeric 1p36 - centromeric 1p21junction.
The green arrow indicates the centromeric 1p36 - centromeric l2pl3 junction. The orange arrow
indicates the telomeric 1p21 - telomenc l2pl3junction.
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Prior to the commencement of the present study, preliminary FISH analysis was

performed on Patient 2 material. These experiments positioned the lp36 breaþoint

telomeric of a PAC clone sequence located at Ip36.2 (Varga et al 2001).

4.2 Somatic Cell Hybrid Analysis

Somatic cell hybrid lines were constructed (see Section2.2.5.4) by fusion of the LTA

murine fibroblast cell line with bone marrow cells collected from Patient 2 at

presentation and frozen until the present study. Three colonies were obtained

following the hybridisation, and these were expanded and screened by PCR for the

presence of translocation-derived chromosomes.

4.2.1 Chromosome l Analysis

The three hybrid cell lines were initially screened with PCR markers DlS468 (1p36.3,

telomeric marker) and Dl3266l (Ip32, centromeric marker). All three hybrid cell

lines were negative for both markers and it was concluded that they contained no

chromosome I material (see Figure 4.2). However, with the publication of the

Mochizuki et øl (2000) study detailing the involvement of MELI in the recurrent

translocation t(l;3)(p36;q21) in AML and MDS, it became apparent that the initial

screening did not include the MELI locus, as the telomeric marker, Dl5468, is

centromericto MELI (D1S46S is within an intron of the TP73 gene; see Section

3.2.I). The three hybrid cell lines were therefore rescreened with a more telomeric

marker, 425F32, which is known to be telomeric to MELI (see Section3.2.l). One of

the hybrid cell lines, LH61, was positive for this marker (see Figure 4.2). This

97



A) DlS266L Screen.

< 399bp

B) DlS468 Screen.

<- 199 bp

C) 425ß32 Screen.

<- 268bp

Figure 4.2. Chromosome I Marker Screen of LH Hybrid Cell Lines.

Results of testing for presence or absence of chromosome 1 markers in the panel of somatic cell

hybrids generateã from Patient 2 bone marrow material. D1S2661 is located at lp32 and so is

cåntromeiic of the proposed breakpoint. 42532 is at the telomeric end of 1p36. Dl3468 is between the

other two markers but is at 1p36.3 and was initially used as the telomeric marker. Only one of the

hybrids, LH61, retains any chromosome I material. LH61 is positive for 425F32 but negative for both

O1S+OS and DlS266l, indicating that it contains the telomeric end of chromosome 1, and that the

breakpoint at 1p36 lies between 425F32 and Dl3468.
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indicated that LH61 retained the telomere of chromosome l, which is present on the

der 1 chromosome if the cytogenetic interpretation of the karyotype is correct (see

Figure 4.1).

This result determined that the breakpoint lay between 425F32 and D15468, two

markers that are separated by less than 1 Mb. It was therefore possible that the 1p36

breaþoint on chromosome I in Patient 2 was in a similar position to those in Patient

1 and the t(l;3)(p36;q21) patients reported in Mochizuki et al (2000) (see Section

3.2.I). A series of markers based on the Celera genomic scaffold

GA_x2HTBKR38EG, which contains the t(l;3)(p36;q21) breakpoint, were used to

analyse the cell line LH6l in order to precisely locate the 1p36 breakpoint of Patient 2

(see Figure 4.3).

Marker Position on Scaffold (kb) Presence in LH61

425F32 9 +

38EG40 40 +

38EG76 76 +

38EG178 t78 +

38EG183 183 +

38EGl88 188

33383 198

38EG357 357

Figure 4.3. Markers used in Chromosome I Breakpoint Analysis of LH61. The table shows the

distance of each marker from the 5'end of the genomic scaffold GA x2HTBKR3SEG and the result

obtained on analysis of LH6lfor each marker. t indicates that the LH6l retained the marker. - indicates

the marker was not present in LH6l .
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Successive marker analyses narrowed the breakpoint to between the markers

388G183 þositive, telomeric marker) and 38EG188 (negative, centromeric marker),

which are approximately 5 kb apart. This region is approximately 22 kb further

telomeric (and further 5' of MELI) than the t(l;3)(p36;q21) breakpoint in Patient 1

(see Section3.2.l).

The cytogenetic interpretation of the karyotype involves bhe 7p2l - Ip36 region of

chromosome 1 inserting into l2pl3 (see Figure 4.1). If this is correct, the der 1

chromosome will in effect be a deletion chromosome, with the Ip2l - 1p36 region

deleted. As this is the chromosome which is apparently retained by LH61 (as only

telomeric 1p36 markers are present in the hybrid), primers for AMPD2, a 7pI2 marker

were designed to test this hypothesis. PCR marker analysis of the LH61 hybrid,

shown in Figure 4.4, rcvealed that it did retain the marker AMPD2 as expected,

supporting this interpretation of the karyotype. Further PCR walking analysis to

narrow the lp2l breakpoint was not attempted, as the 1p36 breakpoint was expected

to be the more biologically significant breakpoint because 1p21 is rarely involved in

rearrangements in leukaemia (see Section 4.1.1). Also, the lp2l breakpoint was

expected to be identified by an inverse PCR strategy (described in Sections 4.4 and

4.s).

4.3 Identification of 1p36-12p13 Breakpoint Sequence

The karyotype given in Section 4.1.2 shows the centromeric side of the lp36

breakpoint recombining with the centromeric side of the I2pl3 breakpoint (see Figure

4.lB). The 1p36 marker closest to the derl (Ip2I-1p36) breakpoint on the
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Figure 4.4. AMPD2 Marker Analysis of LH61 Hybrids.

Results of testing the LH6l hybrid cell line for retention of lhe AMPD2 marker. LH6l clearly does

retain the marker, which is located at lpl2.In combination with the results presented in Figure 4.3, it
shows LH6l to contain centromeric and telomeric sequences, but to have lost sequences in between.

This result supports the interpretation of the Patient 2 karyotype as inv ins (12;l)(pl3;p2l'p36), as

LH6l contains a deletion chromosome.
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centromeric side (that is, negative in the hybrid containing the derl chromosome),

388G188, was used as a starting point to design an inverse PCR for use on Patient2

DNA, to identiff the lp36-l2pl3 breakpoint (see Section 2.2.3.7). Restriction

enzymes for use in the inverse PCR were chosen on the basis of availability and

proximity of recognition sequences to 38EG188 on the centromeric side of this

marker. The absence of recognition sequences on the telomeric side of 388G188 was

also taken into account. The three enzymes used in this instance were .EcoNI, SacII

and XbaI. The design of this inverse PCR can be seen in Figure 4,5.

A
NIo
zo
r3

Figure 4.5. Design of Inverse PCR to Identify Partner Sequence of Centromeric 1p36 Breakpoint.

The black line represents the genomic sequence ofthe 1p36 region. The letters T and C represent the

telomeric and centromeric end of the region respectively. The blue box represents the breakpoint region

as identified through somatic cell hybrid PCR walking. + and - indicate the presence or absence of

markers tested against LH61. Primers used in either PCR walking, inverse PCR or inverse PCR

sequencing are represented by pentagons above the line. Primers are colour-coded as follows: black for

PCR walking primers, dark green for primary inverse PCR primers, light green for secondary inverse

PCR primers and red for sequencing primers. Restriction sites utilised in the inverse PCR a¡e

represented by tiangles below the line. Numbers in parentheses following a restriction enzyme site or

primer name indicate the position of the object. Numbering is in accordance with RP11-333E3

(accession 4L356984.13). The figure is not to scale.
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Inverse PCR was performed as described in Section 2.2.3.7. Primers used were

38EG189f2 and 38EG18812 for the primary reaction, and 38EG189f1 and 38EG18811

for the nested secondary reaction. The result of this inverse PCR are shown in Figure

4.6.

Bands were generated from templates corresponding to each of the three enzymes.

Predicted sizes for bands amplified from the normal chromosome were 6525 bp for

EcoNI digested template and2024 bp for XbaI digested template (see Figure 4.6). No

normal product was expected from the SøcII digested template as the closest SacII

restriction site was outside of the amplifiable range. There were more than the

expected two products (one from the normal chromosome and one from the

translocated chromosome) generated from XbaI-digested template. These products

were considered likely to be non-specific PCR artifacts and were not analysed further.

Two products were amplified from the ^SøcII digested template. As no normal product

was considered amplifiable, only one product, corresponding to the translocated

chromosome, was expected. As either band could be derived from the translocated

chromosome, both bands were therefore isolated by gel purification for sequencing.

The single EcoNI product is smaller than the expected normal product, but this may

be because the normal product was too large to ampliff under the PCR conditions

used. The band produced is therefore potentially amplified from the translocated

chromosome and was isolated by gel purification for sequencing. Sequencing of all

three bands was performed using the primer 3 8EG190f1 . This primer is 9 bp from the

SacII cut site, and 344bp from the EcoNI cut site (see Figure 4.5).
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MlM.2l 2 3 4

<- -2700bp
<- - 2500 bp

+ -850bp

Figure 4.6. Inverse PCR to Identify Partner Sequence of Centromeric 1p36 Breakpoint.

Patient genomic DNA was prepared by digestion with the indicated restriction enzyme then

circularised. The secondary PCR from templates prepared using each of the three restriction enzymes is

shown. Primary PCR was performed using primers 38EG189fl and 38EG18812. Secondary PCR was

performed using 38EG189f2 and 38EG18811, and2 ¡tl of a l:50 dilution of the primary PCR as

template. The loading order is specified below.

Ml. SppVEcoRI DNA size marker.

1|d2. pUClglHpaII DNA size marker
1. H2O control.
2. EcoNI secondary inverse PCR.

3. SacII secondary inverse PCR.

4. Xbalsecondary inverse PCR.



Gel purification of the larger band in the SøcII lane did not give sufficient yield to

allow sequencing of sufficient quality. However, the sequence data obtained from the

smaller SacIl band indicated that the SøcII site which was expected to be cut was

actually intact (data not shown). Subsequent investigation of the literature revealed

that certain SøcII sites, apparently identical to other SøcII sites, are refractory to

cutting (Oller et al l99l). This phenomenon is thought to be related to the fact that

Sacll eîzyme requires simultaneous interaction with two copies of the recognition

sequence before DNA cleavage takes place, meaning that, in addition to the presence

of the recognition sequence, cutting may also require the proximity of a second

binding site (Kruger et al 1988, Conrad and Topal 1989). Analysis of the SacII

inverse PCR products was therefore taken no further.

Sequence analysis of the EcoNI inverse PCR product using the primer 38EG190f1

produced sequence data which corresponded to normal chromosome I sequence for

approximately 125 bp, at which point the sequence contains a run of seventeen

consecutive adenosines, following which the quality of the sequencing data rapidly

diminished. This was possibly due to depletion of adenosine nucleotides in the Big

Dye Terminator sequencing reaction mix. To overcome this problem, a new primer,

388G190f2, was designed closer to the EcoNI cut site (47 bp; see Figure 4.5) to avoid

the requirement of sequencing over the A-rich sequence. Sequencing performed with

this primer produced good quality sequence data for approximately 500 bp. BLASTN

analysis of this sequence showed that the first 32 bp corresponded to normal

chromosome I sequence (from RPll-333E3, accession 4L356984.13), including the

recognition sequence for EcoNI, and the sequence after the cut site corresponded to a

clone designated LL12NC01-95H4 (accession U81834.1), which is derived from
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chromosome l2pI3. An alignment of the sequence of the EcoNI inverse PCR product

with the sequence of the two clones as determined by BLASTN analysis is presented

in Figure 4.7.

Because this sequence does not correspond to the actual breaþoint of the patient, but

rather to the ligation at a common restriction site, created during the construction of

the inverse PCR template, it was important to amplifu across the breakpoint directly

from the patient material to confirm the inverse PCR result. Primers were therefore

designed that would ampliff from RPl1-33383 across the breaþoint to LL12NC01-

g5H4 from patient template DNA. The design of these primers is illustrated in Figure

4.8. Long template PCR was performed using these primers and the result of the PCR

is shown in Figure 4.9. The PCR amplified a product from Patient 2 DNA and no

product from normal human DNA. This result confirmed that there was a

recombination of chromosome region lp36 and l2pl3 in Patient 2. The PCR product

generated from Patienl 2 material using primers specific for RP11-333E3 and

LL12NC01 -95H4 was sequenced to determine the precise sequence at the breakpoint.

This data is presented in Figure 4.10. Comparison of the sequence of this product to

the NCBI Human Genomic Sequence Assembly by BLASTN analysis confirmed that

the chromosome 12 derived sequence runs centromere to telomere and the

chromosome 1 derived sequence runs telomere to centromere (that is, l2C - l2T - lT

- lC) along the derivative chromosome. The orientation of the rearranged

chromosome is therefore consistent with expectations in the event of an inverted

insertion.
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Figure 4.7. Sequence alignment of .Ec¿I\[I inverse PCR product.

The sequence of theEcoNI inverse PCR product, as sequenced with the 38EGl90f2 prinrer, is represented in red. It is aligned with sequences from 1p36 (RP11-

333E3 356984.13), represented in green) and l2pl3 (LL12NCOI-95H4 (U81834.1) represented in blue). The presence of the EcuNI restriction site

(CCTNNNNNAGG, where N represents any nucleotide) is highlighted in pink.
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Figure 4.8. Design of Primers for AmplifÏcation of 1p36 - 12p13 Breakpoint

A) Schematic representation of the -EcoNI inverse PCR product. Known 1p36 sequence is represented

in green. Known 12p13 sequence is shown as an unbroken black line. Unknown sequence is shown as a

broken black line. The position of the sequencing primer 38Ecl90fl is shown by a red pentagon. The

,EcoNI site which enabled circularisation of the inverse PCR product is shown by a black triangle. The

approximate position of the breaþoint is represented by a pink triangle.

B) Illustration of the position of the same features as they exist on Patient 2 DNA. All features are

represented as in panel A. The primers used for amplification of the breakpoint sequence are

represented as blue pentagons.



M1234

<- - 1400 bp

<- - 1100 bp

Figure 4.9. Amplifrcation of Patient 2 1p36-12p13 Breakpoint Sequence'

Result of long template PCR using a Lp36 primer (38EG188r1) and a l2pl3 primer (95H12t2 or

95Hl2r1) to amplif' across the lp36-l2pl3 translocation breakpoint in Patient 2. Normal bone marrow

DNA was used as a negative control. The loading order is specified below.

SppVEcoRI DNA size marker.

95Hl2r2-388G18811 PCR from Patient 2bone marrow DNA
95Hl2r1-38EG18811 PCR from Patient 2 bone marow DNA
95Hl2r2-388G188r1 PCR from normal bone manow DNA
95Hl2rl-38EG18811 PCR from normal bone marrow DNA

M.
1.
)
3.
4.



Figure 4.10. Sequence alignment of Patient 2 lp36-l2pl3 Breakpoint Sequence. The sequence of
the PCR product from the primers 38EGl8 8rl and 95HI2r2 from Patient 2 material, as sequenced with

the 95Hl2r1 primer, is represented in red. It is aligned with sequences from l2pl3 (LL|2NCO1-95H4
(U81834.1), represented in green) and lp36 (RPl1-333E3 (4L356984.13), represented in blue).
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BLASTN analysis of the l2pl3 breakpoint showed that the breakpoint lies within

intron 1 of the TEL gene. This gene is involved in numerous translocations in

leukaemia, and in many cases forms fusion genes as a result of translocation. In this

instance, the 5' end of the locus is presumably fused to lp2l sequence, as it is the 3'

end of the TEL locus which is joined to 1p36 sequence (see Figure 4.I and Figure

4.11). As stated in Section 4.2.l,the 1p36 breakpoint is in a similar position to that of

the breakpoint in the t(l ;3)(p36;q2l) translocation in that it is 5' of the MELI gene.

However, following the rearrangement, TEL and MELL are oriented in opposite

directions, as illustrated by the gene map presented in Figure 4.11. Both genes

normally run from telomere to centromere, and as the lp2l - 1p36 section of

chromosome I is inverted prior to insertion into chromosome 12, the two genes are

not correctly oriented to allow the formation of TEL-MEL1 a fusion gene.

Furthermore, according to the NCBI Human Genomic Sequence Assembly and

further analysis of EST sequences using BLASTN analysis, no known gene in the

lp36 breakpoint region is oriented correctly to form a fusion transcript with the 3' end

of the TEL gene. Therefore, any TEL fusion arising from this rearrangement is more

likely to involve a lp2l gene. This outcome would also be consistent with the

observation that most TEZ fusion genes involve the 5' end of the gene. For this reason,

the identity of the lp2l partner sequence was investigated.

4.4 Investigation of 12p13-1p21 Breakpoint Sequence

Knowledge of the sequence of the lp36-l2pl3 breakpoint was utilised in the design

of an inverse PCR to amplifu from the telomeric side of the l2pl3 breakpoint to the

presumed Ip2l partner sequence. The design of this inverse PCR assumes that there is
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Figure 4.11. Gene Map of 1p36 - 12p13 Breakpoint in Patient 2.

The horizontal lines represent normal chiomosome I (top) and normal chromosome 12 (bottom), and

the vertical lines passing through each represents the breakpoints. Note that, because of the complexity

of the inv ins (1;12)(p21-p36;p13), only the centromeric portions of these chromosomes recombine

with each other. The portion of chromosome 1 telomeric of this breakpoint recombines with the

centromeric portion of the 1p2l breakpoinq and the portion of chromosome 12 telomeric of this

breakpoint recombines with the telomeric portion of the 1p21 breakpoint (see Figure 4.1). uT' and uCu

indicate the telomeric and cenfomeric side of the breakpoint respectively. The green boxes indicate the

position ofthe genes near the breakpoints. All genes are labelled above the appropriate boxes, and the

arrows below the boxes indicate the direction of transcription. The approximate scale is indicated by

the 100 kb scale bar at lower right.
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no loss of material from l2pl3 as a result of the fianslocation. Primers were

positioned telomeric to the l2pl3 breakpoint identified in Section 4.3. Restriction

enzymes for use in this inverse PCR were chosen on the basis of availability and

proximity of recognition sequences to the known breakpoint on the telomeric side,

and the absence of recognition sequences in the region between the primers. The three

enzymes chosen were AvaII, Bs/NI and,E'coRI. The design of the inverse PCR can be

seen in Figtre 4.12.

T c

Figure 4.12. Design of Inverse PCR to ldentify Partner Sequence of Telomeric 12p13 Breakpoint

The black line represents the genomic sequence ofthe 12p13 region. The letters T and C represent the

telomeric and centromeric end of the region respectively. The red box represents the breakpoint as

identified via the inverse PCR performed in Section 4.3. Primers used in the inverse PCR are

represented by pentagons above the line. Primers are colour-coded as follows: dark green for primary

inverse PCR primers and light green for secondary inverse PCR primers. Restriction sites utilised in the

inverse PCR are represented by triangles below the line. Numbers in parentheses following a restriction

enzyme site or primer name indicate the position of the object. Numbering is in accordance with

LL12NC01-95H4 (accession U81834.1). The figure is notto scale.
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Inverse PCR was performed as described in Section 2.2.3.7. Primers used were

95H11fl and 95H11r1 in the primary reaction, and 95H1lf2 and 95H11r2 in the

nested secondary reaction. The result of this inverse PCR is presented in Figure 4.13.

The product amplified from the AvaII template appeared to be of the predicted size for

the product amplified from the normal chromosome 12 (3026 bp; see Figure 4.12).

Sequencing confirmed that this was the case (data not shown). The product amplified

from the EcoRI template was also of the size expected for a product amplified from

the normal chromosome 12 (2827 bp; see Figure 4.12). Sequencing confirmed this

conclusion also (data not shown). No product was amplified from the,Bs/NI template.

Given that anormal product of 880 bp was expected to be amplified from the normal

chromosome 12 (see Figure 4.12), it is possible that the BslNI template was

incorrectly prepared.

As no products could be amplif,red by this inverse PCR that did not correspond to

normal chromosome 12 products, the inverse PCR was not pursued further. It is

possible that the reason no abnormal products were amplified is that the region

adjacent to the breakpoint in Patient 2 on l2pl3 was deleted during translocation, and

the binding sites for the inverse PCR primers therefore exist only on the normal

chromosome 12.

4.5 Investigation of 1p36-1p21 Breakpoint Sequence

Another means of identifying the 1p21 breakpoint is by the design of an inverse PCR

to amplify across the recombination point of the telomeric portion of lp36 to lp2l
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Figure 4.13. Inverse PCR to Identify Partner Sequence of Telomeric 12p13 Breakpoint.

Templates were prepared from Patient 2 DNA by restriction with the indicated restriction enzyme

followed by circulaiisation. The secondary PCR from templates prepared using each of the three

restriction ãnry*"r is shown. Primary PCR was performed using primers 95Hllfl and 95H11r1.

Secondary PCR was performed using 95H1 I Ð and 95lHllr2, and 2 pl of a I :50 dilution of the primary

PCR as template. The loading order is specified below'

SppVEcoRI DNA size marker'
lvøII secondary inverse PCR.

-Bs/NI secondary inverse PCR.

EcoRl secondary inverse PCR.

M1
1.
)
3.



(see Figure 4.1). The marker closest to the 1p36 breakpoint on the telomeric side,

38EG183, was used as a starting point for the inverse PCR design. Restriction

enzymes were chosen on the basis of availability and proximity of recognition

sequences to 38EG183 on the telomeric side. The absence of recognition sequences

on the centromeric side was also taken into account. The three etzymes chosen were

AlwNI, EarI and NclI. The design of this inverse PCR can be seen in Figure 4.14.

AA

Figure 4.14. Design of fnverse PCR to ldentify Partner Sequence of Telomeric 1p3ó Breakpoint

The black line represents the genomic sequence ofthe 1p36 region. The letters T and C represent the

telomeric and centromeric end of the region respectively. The blue box represents the breaþoint region

as identified through somatic cell hybrid PCR walking. + and - indicate the presence or absence of

markers tested against LH6l. Primers used in either PCR walking, inverse PCR or inverse PCR

sequencing are represented by pentagons above the line. Primers are colour-coded as follows: black for

PCR watking primers, dark green for primary inverse PCR primers, light green for secondary inverse

PCR primers and red for sequencing primers. Restriction siæs utilised in the inverse PCR are

represented by tiangles below the line. Numbers in parentheses following a restiction enzyme site or

primer name indicate the position of the object. Numbering is in accordance with RPll-333E3

(accession 4L356984. l3). The figure is not to scale.
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Inverse PCR was performed as described in Section 2.2.3.7. Primers used were

38EGl83f2 and 38EG18312 inthe primary reaction, and 38EG183f1 and 38EGl8313

in the nested secondary reaction. The result of this inverse PCR is presented in Figure

4.t5.

For products generated from normal, non-rearranged chromosomes, the expected

sizes are as follows. A 1513 bp product should be amplified from AIwNI digested

template, a 530 bp product should be amplified from Earl dígested template, and a

2164 bp product should be amplified from NclI digested template (see Figure 4.14).

The band present in the AIwNI lane is of the expected size, and therefore likely to

have been amplified from the normal chromosome 1. The lower band in the.l/cil lane

is also of the expected size. However, there is a second, larger band in the l/cll lane

which may be amplified from a rearranged chromosome. Unfortunately, despite

several attempts, this product remained unsequenced. As these PCR reactions

produced more than one product, gel purification of the products was required prior to

sequencing. This necessitated exposure to UV light, and it is thought that this

exposure damaged the products and may have made them unsuitable for sequencing.

This was only a problem for larger sized bands, however, and the band generated

from the EarI template, which was also not of the expected size and therefore also

possibly amplifred from a rearranged chromosome, was sequenced'

BLASTN analysis of the sequence obtained from the Earl inverse PCR product

showed that the restriction enzyme had cut at the recognition site correctly, although

another EarI recognition site elsewhere in the product remained uncut. The BLASTN

analysis showed that the cut EarI site had recombined with a sequence as illustrated
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2164bp

+ 1513 bp

<- -750bp

Figure 4.15. Inverse PCR to Identify Partner Sequence of Telomeric 1p36 Breakpoint.

Templates were prepared by restriction with the indicated restriction enzyme followed by

circularisation. The secondary PCR from templates prepared using each of the three restriction

enzymes is shown. Primary PCR was performed using primers 38EGl83f2 and 38EG18312. Secondary
pCR was performed using 38EGl83fl and 38EG18313, and2 ¡tl of a 1:50 dilution of the primary PCR

as template. The loading order is specified below.

Ml. SppVðcoRI DNA size marker.

1. l/rvNl secondary inverse PCR.

2. EarI secondary inverse PCR.

3. NclI secondary inverse PCR.



by the sequence alignment presented in Figure 4.16. The sequence identified adjacent

to this restriction site, when analysed by the BLASTN algorithm against Build 29 of

the NCBI Human Genome Assembly (May 2002), was found to be a repetitive

sequence.

The chromosomes to which the sequence was originally ascribed were chromosomes

I,2, 6,7 and 13. However, a later BLASTN search, against Build 30 of the NCBI

Human Genome Assembly (August 2002), resulted in matches to only two locations

within the genome. These were 1q21 (clone RP11-763822 (accession AL592492.10)

on contig NT_034402; this is the sequence illustrated in Figure 4.16) and 2p11 (clone

RPll-165D20 (accession AC027612.6) oncontig NT_032994). BLAST analysis of 2

sequences (Tatusova and Madden, 1999) showed that these two clones have a large

region of highly significant homology. Using numbering corresponding to RPl1-

763822 (AL592492.10), the overlap stretches from bp 125193 - 154263, a region of

almost 30 kb, and is of approximately 99 o/o identity.'Whether both of these BLASTN

matches to the Earl inverse PCR product sequence are legitimate, indicating that the

two regions are truly repetitive, or whether the overlap is an error associated with the

assembly of the genome (as three of the five original matches are now presumed to

be), remains to be seen. However, neither of these clones provides the expected match

to lp2l, as predicted by the karyotype of the leukemic cells. There are three possible

explanations for this. Firstly, it is possible that the EarI PCR product is an artifact of

the inverse PCR and not a true indication of a recombination that has occurred in the

patient. Secondly, the chromosomal reaffangement in Patient 2 may be more complex

than suggested by the karyotype analysis, and eithet 2p1l of, more likely, lq2l are

involved in the rearrangement. Finally, the lp2l sequence involved in the
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rearrangement may not be present in the database as it may not yet have been fully

sequenced. The latter possibility is considered the more likely, for two reasons.

Firstly, the EarI inverse PCR product sequence, while a good match for both the2pll

and lp2l sequences, was not a perfect match for either, with three mismatches and a

single bp deletion for the lq2l match, and four mismatches for the 2pII match, over

the approximately 200 bp of partner chromosome sequence in each case (see Figure

4.16). This is an indication that neither of these two database sequences are the correct

match for the inverse PCR sequence. Secondly, examination of the composition of the

sequence data available in Build 30 of the NCBI Human Genome Assembly at Ip2l,

where the partner sequence was expected to be found, shows several regions in which

contigs are represented in yellow, indicating that these contigs are constructed from

unfinished sequences, as opposed to contigs constructed from hnished sequence,

which are shown in blue. V/hile contigs constructed from unfinished sequences are

present to an extent in most regions of the genome map, the fact that the sequence

data at 1p21 is not yet finished to a high degree of conf,rdence means that the true

partner sequence of the telomeric 1p36 breaþoint may not yet be available.

Irrespective of the fact that the telomeric 1p36 breakpoint partner sequence had not

been positively identified, an attempt was made to design primers that would amplifu

from RP1 l-33383 across the breakpoint to the partner sequence from patient template

DNA. This was done by designing the primers for the unknown partner sequence

using the portion of the sequenced Earl inverse PCR product beyond the EarI site,

that corresponded to the unknown partner chromosome. The Repeatmasker II

algorithm (http:llrepeatmasker.genome.washington.edu/) was used to identify

repetitive regions. One primer was designed within the repetitive region and one was
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Figure 4.16. Sequence alignment of Earl inverse PCR product. The sequence of the EarI inverse

PCR product, as sequenced with the 38EGl83r3 primer, is represented in red. It is aligned with
sequences from lp36 (RPll-333E3 (AL356984.13), represented in green) and 1q2l (RPl1-763B22
(AL592492.10), represented in blue). The presence of the EarI recognition sequence is highlighted in
pink. The EarI restriction site is one base 3' of the recognition sequence on the 5' - 3' strand, and

introduces a 3 base overhang on the 3' - 5' strand.
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designed in an apparently non-repetitive region, although BLASTN analysis of both

primer sequences still identified several different regions of the genome, suggesting

that both primers were still non-specific. The design of these primers (38EG183f1 and

763B130rl and 38EG183f3 and 763813012) is illustrated in Figure 4.17. Both

763B13011 and 763813012 are exact matches to the sequence from RPl I-763822,

while the 763813011 primer has a single base pair mismatch at the 3' end compared to

the 2pl1 sequence RPl1-165D20. The 76382212 primer matches both the RPl1-

763822 and RPl l-165D20 sequences exactly. Long Template PCR was performed

using these primers, in various combinations and under many varied PCR conditions,

on each of patient 2 DNA, normal human DNA, LH6l hybrid DNA and LTA DNA.

No specific product could be amplified from any template using any combination of

these primers, although many non-specific products were amplified (data not shown).

The specificity of the PCR could not be improved by altering the conditions under

which the reaction was conducted, despite many attempts. This is likely to be a

reflection of the non-specific nature of the primers, due to the repetitive nature of the

partner chromosome sequence. It is difficult to draw anything conclusive from this

result.

4.6 TEI Northern Analysis

To further investigate the possibility that the Patient 2 rcarrangement resulted in the

formation of a TEL fusion gene, an RNA probe was made to assess this possibility by

Northern analysis. As only a very small region of the TEL transcript was 5' of the

breakpoint, the probe was designed to span the exon 1 - exon 2 junction, therefore

spanning the breakpoint, with approximately the same amount of sequence on either
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Figure 4.17. Design of Primers for Amplification of 1p36 - lp2l Breakpoint

A) Schematic representation of the EarI inverse PCR product. Known 1p36 sequence is represented in
gteen. Known 1p2l sequence is shown as an unbroken black line. Unknown sequence is shown as a

broken black line. The position of the sequencing primer 38EG183r3 is shown by a red pentagon, The
Earl sîte which enabled circularisation of the inverse PCR product is shown by a black tiangle. The

approximate position ofthe breakpoint is represented by a pink triangle.

B) Illustration of the position of the same features as they exist on Patient 2 DNA. All features are

represented as in panel A. The primers used for amplification of the breakpoint sequence are

represented as blue pentagons.
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side. This probe should therefore detect any TEL fusion, whether it involves the 5'

portion or the 3' portion of TEL. The probe was generated using primers rTELÊI and

rTELr3 (see Figure 4.18). Patient 2 RNA, as well as RNA from two normal bone

manow samples, was poly(A)+ selected, electrophoresed and transferred to a nylon

membrane as described in Section 2.2.4. The TEL RNA probe was hybridised to the

membrane and signal detection was conducted as described in Section 2.2.4. The

result of this hybridisation is presented in Figure 4.19.

ta¡

aI

--+

Figure 4.18. Position o1 TEL Primers within TEL coding region. The intron/exon strucû¡re of the

TEL gene. A blue box represents an exon. A gap between boxes indicates an intron. To show the

direction oftranscription ofthe gene, the 5' and 3' orientation is indicated. Exon size is represented in

approximate proportion, but the figure is not to scale. The black pentagons represent the position and

orientation of RT-PCR primers with the name of the primer immediately above the pentagon. The

arrow below the gene indicates the position of the breakpoint relative to the exons of TEL.

The major band has run slightly differently in each lane. This may be attributable to

either unequal loading or buffering problems in the electrophoresis of the samples.

This could not be confrmed by comparison with the EtBr stained gel as the RNA was

poly(Af selected and therefore there were no 28S or 18S RNA bands visible on the

gel. Nonetheless, it is clear that there is one major band at approximately 2 kb in each

lane, corresponding to the expected size of the full length TEL Eanscript. No other

transcripts were detected using this probe. As no aberrantþ sized üanscripts were able

to be detected in Patient 2 RNA by this experiment, it is considered unlikely thal a

TEL fusiontranscript results from this rearrangement.
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Figure 4.19. TEL Northern Analysis.

Result of Northern Analysis of Patient 2 RNA and two normal bone marrow samples, using a probe

designed to flank the known TEL breakpoint in Patient 2. The lanes have run slightly unevenly. This is

"*p.-"t"d 
to be due to either unequal loading or buffering problems. However, it is apparent that each

lane contains only one band, which is of the expected size for the normal TEL transcript. This result

demonstrates that Patient 2 is unlikely to express a TEL fusion transcript, although it does not exclude

the possibility that a fusion transcript of very similar size to the normal TEL transcript is expressed.

The loading order is specified below.

Patient 2 bone marrow RNA
Normal bone marrow RNA donor I
Normal bone marow RNA donor 2

l.
2.
3.



As a TEL fusion does not seem to be formed by this reaffangement, other mechanisms

of leukemogenesis must be considered. As shown in Chapter 3, Patient 2 expresses

MELI at elevated levels compared to normal bone marrow (see Figure 3.15). While

MELI expression does occur in patients without 1p36 rearrangements, expression is

significantly linked to the presence of the t(l;3)(p36;q21) (see Section 3.4.1)- Given

that the 1p36 breakpoint to the MELI gene in Patient 2 is in a similar position to those

in t(l;3Xp3 6;q2l) patients, the possibility that MELl is upregulated as a result of the

rearrangement in Patient 2 must be considered. A recent study shows that l2pl3

translocations with similar breakpoints to that of Patient 2 may result in upregulation

of genes on the partner chromosome as a result of position effects of sequences from

l2pl3 (Cools et at 2002). The orientation of the TEL and MELI genes in the Patient2

rearïangement is in agreement with this position effect mechanism, and it is therefore

likely that the upregulation of MELI in Patient 2 is caused by position effects of

sequences from 12p13. This mechanism is analogous to the position effect of the

RPNI enhancer seen in t(l;3)(p36;q2l), as well as in t(3;3)(q2l;q26) and

inv(3)(q21q26) (see Sections 3.1.1 and 3.5.2'2)'

4.7 Discussion

4.7,1 Identifrcation of the 1p36 'l2pl3 Breakpoint Sequence

Somatic cetl hybrid chromosome walking identified the 1p36 breakpoint in the Patient

2 chromosome rearrangement, ins(I2;1)(pl3;p36p2l), as being similar to those in

patients bearing the t(l;3)(p36;q21), in that it was 5' of the MELI locus' Expression
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analysis described in Section 3.4.1 revealed that Patient 2 did express MELI, and this

was considered likely to be an outcome of the rearrangement.

However, inverse PCR analysis of the centromeric side of this breakpoint led to the

discovery that the partner chromosome was l2pl3, as expected from karyotype

analysis, and that the breakpoint on l2pl3lay within intron I of the TEL gene, which

is involved in numerous fusion genes in leukaemia. This result contrasts with the

intron 2 breakpoint reported in the t(l;12)(p36;p13) (Oderc et al200l), but suggests

that a similar mechanism of leukemogenesis may result from both rearrangements.

The definition of the TEL intron 1 breaþoint in Patient 2 raised the question of how

TEL contributed to the leukemogenic nature of the reaffangement. This was likely to

be through the formation of a fusion gene, given the position of the breakpoint within

the TEL gene. However, no gene near the 1p36 breakpoint was correctly oriented to

be involved in a fusion transcript with TEL. Also, the majority of TEL fusion genes

involve the 5' end of TEL, which, given the orientation of TEL in this rearrangement,

would have to involve the 3' end of a lp2l gene. For this reason, characterisation of

the lp2l breakpoint was pursued.

4.7.2 The 1p36-1p21 and l2pl3'lp2L Breakpoints

The other breakpoints generated by the complex rearrangement in Patient 2,

ins(12;1)(p l3;p36p2l), are presumed to be a Ip36-Ip21 breakpoint and a l2pl3-lp2l

breakpoint. These breakpoints proved difficult to characterise and as such their

relevance to the leukemic phenotype is difficult to ascertain.
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The inverse PCR designed to identify the partner chromosome for the telomeric

portion of l2pl3 was unsuccessful, as only bands corresponding to normal

chromosome 12 were amplified. This could be due to deletion of a small part of

l2p¡3 in association with the rearrangement. As the hybrid cell line used to

investigate this rearrangement, LH61, contained the der 1 chromosome and therefore

no chromosome 12 material, it was impossible to investigate this possibility by

somatic cell hybrid marker analysis. As the extent of any deletion, if present, could

not be known, redesign of the inverse PCR to allow for the missing sequence was not

possible.

Sequence obtained from the inverse PCR designed to identify the partner

chromosome band of the telomeric side of the 1p36 breakpoint was not an identical

match for any sequence in the Genbank database. The best matches were to either

Iq2l, the long arm of chromosome I rather than the short arm as expected, or 2pll

based on the sequence obtained from the inverse PCR. Both lq27 and 2pII ate

known to be involved in chromosomal rearrangements in leukaemia, as briefly

discussed below. It is possible that the rearrangement is more complex than suggested

following the karyotype analysis. The possibility of a pericentric inversion of

chromosome 1 prior to the translocation taking place would explain a lq2I

breakpoint. This is purely speculative, however. Importantly, the LH6l hybrid

retained the marker AMPD2 at lpl2 (see Section 4.2.1). This suggests that lp12 is

retained on the der I chromosome, such that loss (or insertion into chromosome 12) of

all of lp36-lq2l is not a possibility. This is also confirmed by the retention of a

centromere on the der I chromosome (see Figure 4.1).
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The principal chromosomal rearrangement in leukaemia involving 1q21 is the

t(l;1 1)(q21 ;q23) inAML, which results in the fusion of MLL with AFl Q, a lq2l gene

(Tse e/ aI 1995). The AFIQ locus is approximately 2 Mb from where the Patient 2

breakpoint appeared to be according to the inverse PCR result (Entrez MapView

(http://www.ncbi.nlm.nih.gov/cgi-binlB*rezlmaps.cgi)), and so would be unlikely to

be affected by any such rearrangement that may have taken place in Patient 2.

Interestingly, there have also been two reports of an inv(1)(p36;q2l) ín AML M2

(Mitelman Database of Chromosome Aberrations in Cancer

(http:llcgap.nci.nih.gov/Chromosomes/Mitelman)). The precise breakpoints and

molecular outcome inthese cases were not investigated. Chromosome band 2p11 is

involved in a recurrenf.t(2;12)fftll;pl2), which is interesting given that chromosome

12 breaþoints for translocations involving TEL rearrangement are often reported as

being atl2pl2rather thanI2pI3 duetothepositionof TEL attheboundary of l2pl2

and l2pl3 (Baens et at 1999). The precise breaþoints and molecular outcome in this

reaffangement are also unknown.

Given that neither of these matches was identical, and also that both are inconsistent

with the karyotype analysis, neither 1q21 nor 2plI are likely to be the true partner

chromosome band. The failure to obtain an identical match by BLASTN searching of

any Genbank database with the EarI inverse PCR product suggests that the true

partner sequence involved in the realrangement is yet to be entered into the databases.

The match illustrated in Figure 4.16 is the best match found in the database, and it

contains 3 mismatches and a single bp insertion in the portion of the inverse PCR

product corresponding to the partner sequence (which derives from 1q21 in this case).

The quality of the sequence data obtained was of a high standard, and this is bome out
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by the fact that there are no mismatches in the portion of the sequence that

corresponds to the 1p36 sequence. It seems most likely, therefore, that there is 1p21

region, similar to the repeated region present at lq2l and 2pll, that is yet to be

sequenced and entered into the database, and that this region corresponds to the 1p21

breakpoint in Patient 2.

4.7.3 Expression of MELL in Patient 2

MEL¡,the gene shown to be upregulated by the t(l;3)(p36;q21), was also shown to be

expressed in Patient 2 (see Figure 3.15). MELL is also expressed in some patients who

do not have 1p36 rearrangements. However, statistical analysis showed that

translocation-mediated expression was a genuine outcome of the t(l;3)(p36;q21) (see

Chapter 3). As the 1p36 breakpoint in Patient 2 is in the same region as those in the

t(1;3Xp36;q2l), it seems likely that the rearrangement is responsible for the

upregulation of MELI. However, this could not be achieved via fusion of TELto

MELI, in a mechanism similar to that of the TEL-MDSI-EVII fusion transcript, as the

MELI and TEL genes were incorrectly oriented for such a fusion to occur.

A precedent for a model ofupregulation of genes juxtaposed to l2pl3 sequences, but

without the formation of a TEL fusion gene, is provided by the recent findings of

Cools et at (2002). In a case of t(;12)(qll-ql2;pl3), which had in other cases been

shown to result in an in-frame CHIC2-TEL fusion gene (Cools et al 1999), these

investigators found no TEL fusion gene was formed. Similarly, the t(5;12)(q31;pl3),

which had in other patients been shown to result in an out-of-frame TEL-ACS2 fusion

gene (Yagasaki et at 1999), Cools et al (2002) again found no TEL fusion gene was
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formed. After investigation of the expression of other genes at 4qll-4q12 and 5q3 I in

these cases, Cools et al (2002) found that patients with the t(4;12)(q11-q12;pl3)

translocation ectopically expressed the GSH2 gene located at 4qll-4qI2. Similarly,

patients with the t(5;12Xq31;p13) translocation ectopically expressed IL-3,located at

5q31. These results argue for a mechanism of dysregulation of oncogenes by

juxtaposition of regulatory sequence in 12p13 translocations with breakpoints within

the TEL locus, irrespective of the formation of a fusion gene. This mechanism is

likely to apply to both MELI and EVII upregulation in 12p13 rearrangements with

lp36 and 3q26 respectively. The TEL-EZI1 fusion is formed in some cases, and it

may be that some patients with t(l;12)(p36;p13) will express a TEL-MEL1 fusion

transcript. But whether or not a fusion is formed, the outcome of the translocation is

likely to be transcriptional upregulation of EVII or MELI , respectively.

4.7.4 The TEL-MDS2 Fusion Gene in t(l;12)(p36;p13)

During the writing of this thesis, the detailed molecular characterisation of the case

reported in Section 4.1.1 was published (Odero et al 2002). The findings of this

investigation contrast with the findings presented in this thesis, in that the

t(l;12)(p36;pl3) reported by Odero et al (2002) had a 1p36.1 breakpoint and the

breakpoint in Patient 2 was mapped to 1p36.3. This demonstrates that at least two

distinct rearrangements involving 1p36 and l2pl3 occur in haematological

malignancy. Odero et al (2002) found that the lp36 breakpoint in the t(l;12)(p36;pl3)

in their patient was at 1p36.1, and disrupted a novel gene which they named MDS2.

MDS2 is not related to MDSI, discussed in Chapter 3, as determined by BLASTN

analysis. MDS2 formed a fusion transcript with the first two exons of TEL as an
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outcome of the t(l;12)(p36;p13), but the resultant open reading frame encoded 58

amino acids, only four of which were derived from MDS2, and the predicted fusion

protein does not contain any functional domains. This fusion is therefore unlikely to

produce a protein that could contribute to the progression of the malignancy.

Importantly, Odero et al (2002) also investigated the expression of other genes near

the breakpoint and found that the RPLll gene on lp36 showed significant

transcriptional upregulation in the patient carrying the t(l;12)(p36;pI3). This finding

is further evidence of the position effect that l2pl3 translocations can have on

juxtaposed genes. As this breakpoint was at 1p36.1, and MELI is at 1p36.3, the

upregulation of MELI expression is not a plausible outcome of this t(l;12)(p36;p13).

In combination with the present study, the findings of Odero et al (2002) indicate a

heterogeneity in 1p36 translocation breakpoints generally, as well as in

rearrangements with l2pl3 specifically. Investigation of more t(l;12)(p36;p13)

patients will reveal whether all such translocations involve MDS2. Alternately, most

t(l;12)Qt36;p13) lp36 breakpoints may cluster to the same region as those of Patient

2 andthe t(l;3)(p36;q2l) patients and hence result in upregulation of MELI, and the

translocation investigated by Odero et al (2002) may be a rare anomaly.

4.8 Conclusions

The 1p36 breakpoint in the rearfangement in Patient 2, ins(12;l)(p13;p36p21), was

mapped and shown to be located in the same breakpoint region as the 1p36

breakpoints, from patients with the t(l;3Xp36;q21) examined in this study (see

Section 3.2.1) and in Mochizuki et al (2000).
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The 12p13 sequence which recombined with the telomeric end of 1p36 was identified

by inverse PCR. The I2pI3 breakpoint was shown to be within intron I of the TEL

gene. The arrangement of the genes on the der 12 chromosome did not allow for the

possibility that a ZEZ fusion could be formed with any known genes on 1p36. The

possibility of a fusion between the 5' end of TEL and the 3' part of a gene from 1p21

(or the chromosome band found to have recombined with the telomeric l2pl3

breakpoint) still exists. Sequence data for fhe lp2l breakpoint region was obtained

but did not match any 7p2I sequence data present within the Genbank databases. This

is likely to be due to the incomplete nature of the publicly available human genomic

sequence.

The presence of a TEL fusion transcript was investigated by Northern analysis. No

aberrant band was detected, and so the existence of a fusion transcript as a result of

this rearrangement was unlikely in this case. It is possible thal a fusion transcript may

be of similar length to the normal transcript, and so be masked on the Northern by the

normal TELband.

MELI was found to be expressed in Patient 2 (see Section 3.4.I and Figure 3.15).

Given the position of the 1p36 breakpoint, and the findings of Cools et al2002,who

found that translocations involving l2pl3 both within and without the TEL gene,

could cause upregulation of juxtaposed genes without the formation of a TEL fusion

gene, the conclusion reached by this study is that MELI expression is likely to be the

primary molecular outcome of this chromosomal rearrangement.

-a
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CHAPTER 5

t( 1 ;3) (p 36;pzl)

5.1 t(l;3)(p36;p2l) as a Recurrent Translocation

5.1.1 Background

The t(l;3)(p36;p2l) has only recently been recognised as a recurrent translocation

(Sato e/ a|2002). There have been eight cases reported: three in ALL patients, one in

a CML patient, two in MDS patients and two in AML M3 patients (Sato et al2002).

One of the AML M3 patients had a variant form of the translocation, a

t(l;2;3)(p36;q2l;p2l).Five of the eight patients had received chemotherapy prior to

detection of the translocation, prompting suggestions from the authors that the

translocation is therapy-related. All eight patients had chromosome abnormalities

other than the t(l;3)(p36;p2l), and in two cases the t(l;3)þ36;p21) occurred only in

post-chemotherapy relapse analyses. Other than the potential correlation with

chemotherapy, there was no apparent clinical feature that marked patients with the

t(l;3)(p36;p21). Survival times of the patients ranged from 25 days to greater than 16

years. This may support the hypothesis that the t(l;3)(p36;p21) is a secondary

aberration. Alternately, it may be that, while the rearrangements appear identical

cytogenetically, they are different at the molecular level, and therefore contribute

differently to leukemogenesis.
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5.1.2 Patientlnformation

Patient 3 was a 65 year old male who presented in November 1988 with megaloblastic

anaemia, and was diagnosed with a lymphoproliferative disorder of the bone marrow.

Later studies showed that, although the leukemic blasts appeared morphologically

lymphoid in origin, they stained with Sudan Black, which indicated that they were of

myeloid origin. The bone maffow aspirate showed a reduction in normal marrow

elements, including reduced megakaryocyte numbers, abnormal erythropoiesis and

abnormal lymphocyte population. The hnal diagnosis was of acute leukaemia of

indeterminate type, but which was more consistent with the myeloid lineage. The

patient died in April 1990, 17 months after presentation.

Karyotype analysis was performed three times during the patient's treatment, but the

reports are inconsistent and inconclusive in their assessment. Fifteen cells were typed

in each case, and between ten and thirteen were found to be abnormal. In all abnormal

cells, rearrangements of the short arm of chromosome 1 and chromosome 3 were

seen, but the translocation was variously reported as balanced and unbalanced, and

two reports were unable to determine the origin of the recombinant material on the der

1 and der 3 chromosomes.

Frozen samples were sent for karyotyping at the outset of this study. The karyotype

obtained is shown in Figure 5.1. Metaphase spread preparation was difficult as the

sample had been stored for many years and as a result the banding pattern is difficult

to interpret. However, there are clearly abnormalities of chromosome arms 1p and 3p,

and the karyotype was reported as 46, XY, t(1;3)(p3 6;p23),
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X'igure 5.1. Patient 3 KaryotYPe.

The aberrant karyotype of the leukemic blasts of Patient 3, showing 46, XY, t(l;3)(p36;p23),

de(l)ins(1)(p36p12p32)t(1;3). Aberrant chromosomes are denoted with arrows. Karyotype analysis was

periormed by Sarah Moore (Institute of Medical and Veterinary Science, Adelaide, Australia).



der(l)ins(l)(p36p12p32)t(I;3) (Sarah Moore, Institute of Medical and Veterinary

Science, Adelaide, Australia). The possibility that the rearrangement involved 3p21

rather than3p23, and was thus a variant of the recurrent t(1;3)(p36;p21) reported in

Sato et al (2002), could not be ruled out due to the diffrculty of interpretation.

5.2 Somatic Cell Hybrid AnalYsis

Hybrid cell lines were constructed, using the murine fibroblast line LTA and patient

bone marrow material collected at presentation (see Section 2.2.5.4). Twelve colonies

were obtained, and these were subcloned and cultured for analysis'

5.2.1 Chromosome l Analysis

The twelve hybrid cell lines were screened with 1p36 markers 425F32 (telomeric

marker) and Dl52661 (centromeric marker) to identi$ hybrid cell lines which retain

derivative chromosomes. Ten of the hybrid lines were negative for both matkers,

indicating that they had discarded both derivative chromosomes and the normal

chromosome 1, and so were not informative for breakpoint analysis. Two hybrid

lines, LM9 and LM16, were positive for both markers (see Figure 5.2). This pattern

suggested that both hybrid lines had retained the normal chromosome l, but it was

also possible that they retained both derivative chromosomes, or the normal

chromosome 1 and either (or both) derivative chromosomes. Irrespective of the exact

combination of chromosomes, neither hybrid cell line was informative for

investigating the chromosome 1 breakpoint. To test whether any of the hybrid cell
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A) 425F32 Screen

ç268bp

B) DlS266l, Screen

a 399 bp

Figure 5.2. Chromosome 1 Marker Screen of LM Hybrid Cell Lines'

Results of testing for presence or absence of chromosome I markers in the panel of somatic cell

hybrids generated from Patient 3 bone marro\ry material. Panel A shows the 425F32 screen, and Panel

g shows the D1S2661 screen. The loading order is shown above Panel A and is the same in both

panels. 425F32 is at the telomeric end of 1p36. DlS266l is on chromosome band lp32 and so

centromeric of the presumed breakpoint. The DNA size marker used was pUC79/HpaII' A sample of
DNA from a normal human individual was used as a positive control. A sample of DNA from the

murine LTA cell line was used as a negative control. Hybrids are named LM, followed by numbers

corresponding to the plates on which they were grown. The expected size of the PCR product is

indicaied on the right. Only two of the hybrids, LM9 and LM16 retain any chromosome I material, and

both appear to retain thè entire normal chromosome 1. They are therefore not informative for

chromosome I PCR walking.
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lines were informative for the chromosome 3 breakpoint, a screen using chromosome

3 markers was subsequently conducted.

5.2.2 Chromosome 3 Analysis

To further investigate the combination of chromosomes retained by the hybrid cell

lines LM9 and LMl6, a screen was also performed with chromosome 3p markers

FHIT (3p14, centromeric marker) and CHLI (3p26, telomeric marker). The two

hybrid cell lines, LM9 and LM16, which were found to contain chromosome 1

material, were also found to contain chromosome 3 material, as shown in Figure 5.3.

No hybrid cell line other than LM9 or LMl6 showed retention of either chromosome

3 marker, indicating that they had discarded all chromosome 3 material. LM16

retained both of these chromosome 3 markers, indicating that LMl6 retains a normal

chromosome 3 (or both derivative chromosomes, or a combination of the three

chromosomes that includes a normal chromosome 3), and was therefore not analysed

further. LM9 retained FHIT but had lost CHLI, indicating that it retained the der 3

chromosome (and no normal chromosome 3), in addition to a normal chromosome L

LM9 was therefore an informative hybrid cell line for further analysis, although this

analysis would of necessity focus on the chromosome 3 breakpoint rather than the

chromosome 1 breakpoint. The positive marker FHIT is located at 3p14, and the

negative marker CHLl is located at3p26, so a series of markers was designed along

the length of the chromosome arm to narrow the region known to contain the

breakpoint (see Figure 5.4).

124



A) CHL Screen

+ 256bp

B) FHIT Screen

+ 564 bp

F'igure 5.3. Chromosome 3 Marker Screen of LM Hybrid Cell Lines.

Results of testing for presence or absence of chromosome 1 markers in the panel of somatic cell
hybrids generated from Patient 3 bone marro\ry material. Panel A shows the CHL screen, and Panel B

shows the FHIT screen The loading order is shown above Panel A and is the same in both panels. Note

that LMl5-1, which had not grown sufficiently at the time of the chromosome I screening process, has

been included in the panel. LMl5-l was screened independently for chromosome 1 markers and found

tocontainnochromosome I material.CHLisaf 3p26 andsotelomericof thepresumedbreakpoint.
FHIT is at 3pl4 and so centromeric of the presumed breakpoint. Only two of the hybrids, LM9 and

LMl6 retain any chromosome 3 material. LMl6-1 appears to retain the entire normal chromosome 3,

and is therefore not informative for chromosome 3 PCR walking. LM9-l contains FHITbutnotCHL,
and therefore is expected to contain the der 3 translocated chromosome.
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Marker Position on

Chromosome (Mb)

Presence in

LM9

CHL] 2.6

PCAF 23.4

RARB 29

RBMS3 32.5

D3S12 33.4

TGFBR2 33.7

FBXL2 34.6

5',LOC90670 36.2

5'LOCI3I656 39.1

LRRFIP2 39.7

KLAAq342 40

GOLGA4 40.2

LOC152440 40.3

ITGA9 40.4 +

ENTPD3 43.2 +

FHIT 62.8 +

Figure 5.4. Markers used in Chromosome 3 Breakpoint Analysis of LM9. The table shows the

distance, in Mb, of each marker from the p arm telomere on chromosome l, and the result obtained on

analysis of LM9 for each marker. + indicates that the LM9 retained the marker. - indicates the marker

was not present in LM9.
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This series of PCR markers narrowed the breakpoint to between the markers

LOC I 52440 and ITGA?. BLASTN analysis with these two pairs of primers revealed

that they were both present on a single genomic database entry (Genbank accession

AP000493), and that they were located approximately 125 kb apart on chromosome

band3p2I. As the breakpoint is in 3p21, the translocation which occured in Patient 3

is hereafter referred to as t(l;3Xp36;p2I).Markers were then designed to this

sequence, between LOCI52440 and ITGA7, to precisely define the breakpoint (see

Figure 5.5).

Figure 5.5. Markers used in Fine Chromosome 3 Breakpoint Änalysis of LM9. The table shows

the location, in kb, of each marker on the NCBI clone 4P000493, and the result obtained on analysis of

LM9 for each marker. + indicates that the LM9 retained the marker. - indicates the marker was not

present in LM9.

Marker Position on

AP0oo493 (kb)

Presence in LM9

LOC|s2440 0.5

493AP15 15

493APt6 t6 +

4931^P20 20 +

4934P23 23 +

493AP3l 31 +

493AP6T 6t +

ITGA9 125 +
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This process narrowed the breakpoint region to a distance of approximately 1 kb,

between the markers 4934P15 (negative, telomeric marker) and 4934P16 (positive,

centromeric marker). These markers both map to the same intron within the gene

GOLGA4 on3p2l (see Figure 5.6). This means that the breakpoint is within the gene

and therefore that a fusion gene is a possible outcome of this translocation.

The Genbank entry provided for GOLGA4 via the RefSeq database (accession

NM_002078) was presumed to be the full-length GOLGA4 transcript. This transcript

is 7694 bp in length, in agreement with the approximately 7 .7 kb transcript seen by

Northern analysis (Erlich et al 1996), and was determined to have 24 exons by

BLASTN analysis against genomic sequence databases. However, the Entrez

MapViewer shows only the 11 exons at the 3' end of the transcript. This inconsistency

correlates with the difference between finished sequence and draft sequence on the

EnfrezMap. These 11 exons match the finished genomic sequence which contains the

breakpoint detailed above (accession 4P000493). The remainder of the transcript

does not match hnished sequence and the region in which these exons should be

shown is covered by unfinished sequence. The numbering of exons that will be used

for purposes of discussing the GOLGA4 gene structure will be that of the 24 exons

determined by BLASTN analysis. By this numbering, the breakpoint occurs within

intron 20, between exons 20 and 21 (see Figure 5.6). This corresponds to between bp

6757 and 6758 of the NM 002078 transcript sequence.
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Figure 5.6. Exonic Structure of GOLGA4 a'ndMELl.

A) The intron/exon structure of each of the gene GOLGA4 is shown in blue. A blue box represents an

exon. A gap between boxes indicates an intron. The top line is the full length gene. The second line is a

close up view of exons 15 to 24 of the gene, as indicated. Exon size is represented roughly

proportironally, but the figure is not to scale. The red box indicates the portion of the gene whjch codes

lor ttre coiled-coil domain of the GOLGA4 protein. The orange box indicates the portion of the gene

which encodes the GRIP domain. The black pentagons represent the position and orient¿tion of RT-
PCR primers with the name of the primer immediately above the pentagon. The arrows indicate the

position of the breakpoint in Patient 3 relative to the exons of GOLGA4-

B) The positions of the MELI primers used for the PCR to detect a potential fusion transcript between

GOLGA4 and MELI are indicated with respect to the structure of the MELI gene. A green box
represents an exon of MELL Exon size is represented r ly proportionally, but the figure is not to

scale. Note that the primers are at either end of the gene, to provide the maximum possibility of
detecting any fusion products.
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5.3 Northern Analysis

Given that the breakpoint on chromosome 3 in Patient 3 is within the GOLGA4 gene,

a fusion gene involving GOLGA4 is apossible outcome of the translocation. Northern

analysis using RNA probes for the GOLGA4 mRNA sequence was conducted with

the aim of detecting an aberrant transcript which was specific to Patient 3 and which

would therefore represent a fusion transcript. As the location of the breakpoint is

known precisely with respect to the coding region of the gene (that is, the breakpoint

region is contained entirely within one intron), it was possible to design probes on

either side of the breakpoint. In the event of a fusion gene resulting from a

chromosome translocation, often only one of the two potential fusion transcripts is

expressed. Designing one Northern probe for either side of the breakpoint ensures that

a fusion gene will be detected if it is transcribed, and also allows determination of the

portion of the gene which is present in the fusion transcript.

The position of the primers used to generate the probes GOLGA4#2 (5' probe,

amplified using primers IGOLGA4fi2 and TGOLGA4Ð) and GOLGA4#3 (3'probe,

amplified using primers rGOLGA4f3 and rGOLGA4r3) within the coding region of

the GOLGA4 gene is illustrated in Figure 5.6. Patient 3 bone marrow RNA, as well as

RNA from two bone marow samples from normal donors (in which GOLGA4 had

previously been shown to be expressed by RT-PCR analysis (data not shown)), was

electrophoresed and transferred to a nylon membrane as described in Section 2.2.4.

RNA probes were hybridised to the membrane and signal detection was conducted as

described in Section 2.2.4.
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Hybridisation with the GOLGA4#2 probe, 5'of the breakpoint in Patient 3, was

unsuccessful in all samples after several attempts. The result of the hybridisation with

GOLGA4#3 probe, 3' of the breakpoint in Patient 3, is presented in Figure 5.7.

The major band has run slightly differently in each lane. This may be attributable to

buffering problems in the electrophoresis of the samples or unequal loading of the

samples. However, it is clear that there is one major band at approximately 7.7 kb in

each lane, which corresponds to the expected size of the full-length GOLGA4

transcript (7694 bp, based on NM_002078). There is also a band at approximately 8.5

kb present only in the lane containing Patient 3 RNA, which possibly represents a

fusion transcript.

5.4 Investigation of a Fusion Between GOLGA4 
^nd 

MELI

As there appears to be a fusion gene created by fusion of the 3p2l gene GOLGA4

with a 1p36 gene, it is reasonable to examine the possibility that the 1p36 gene in

question is MELL. GOLGA4 runs 5'to 3' from telomere to centromere, as does MELI.

Therefore the t(l;3)(çt36;p2l) could potentially result in in-frame fusion of these two

genes. MELL is known to be upregulated in the t(l;3Xp36;q2I) and in the inv ins

(l;12)(ç21-p36;p13) (see Figure 3.15). MELI has also been shown to be expressed in

Patient 3 (see Figure 3.15), and this was considered likely to be a result of the

t(l;3)(p36;p2l) carried by Patient 3. As discussed in Section 3.5.2.2, however, there

may be a non-translocation mechanism for transcriptional activation of MELI in

AML, so the expression of MELI in Patient 3 may be due to this second mechanism

and therefore unrelated to the t(l;3Xp36;p2l). MELI is related to MDSI-EVII (see

129



I23

<- - 8.5 kb

+- -7.7 kb

Figure 5.7. GOLGAy' Northern Analysis

Result of Northern Analysis of Patient 3 bone marrow RNA and two normal bone marrow samples,

using a probe designed to flank the known GOLGA4 breakpoint in Patient 3. The lanes have run

slighlly unevenly. This is expected to be due to either unequal loading or buffering problems. A
dominant band can be seen at approximately 7.7 kb in every lane. This corresponds to the expected

normal transcript of GOLGA4. A second band, at approximately 8.5 kb, in the Patient 3 lane, indicates

a likely fusion transcript. The loading order is provided below.

Patient 3 bone marrow RNA
Normal bone marrow RNA donor 1

Normal bone marrow RNA donor 2
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Section 3.1.1), which is involved in non-fusion translocated-mediated transcriptional

upregulation as well as fusion transcripts. V/hile the involvemen| of MELI in a fusion

gene is yet to be demonstrated in any translocation, the possibility, given the

occurrence of MDSI-EVII fusion genes, was considered significant enough to

investigate. This possibility was therefore examined by RT-PCR.

Long Template PCR was performed with primers MELlf3 and GOLGA4r3, which

would detect a fusion between 5' MELI and 3' GOLGA4, or with primers GOLGA4f2

and MEL1r2, which would detect a fusion between 5' GOLGA4 and 3' MELI. The

two GOLGA4 primers were chosen with respect to the position of the breakpoint, such

that the reverse primer was 3'of the breakpoint and the forward primer was 5'of the

breakpoint. Any breakpoint within MELI was unknown, so primers were positioned

as close as was feasible to the 5'and 3'end of the full length MELI transcript. The

positions of these primers within the coding regions of GOLGA4 and MELI are

illustrated in Figure 5.6. Full length Patient 3 bone marrow oDNA, prepared using the

protocol for first strand cDNA synthesis for 3'RACE (Section 2.2.3.6), was used in

this PCR. Control primer combinations GOLGA4fl2 with GOLGA4T3 and MEL1ß

with MELlr2 were used to ensure that the PCR conditions were suitable for all

primers. The result of this PCR is shown in Figure 5.8.

A normal MELI product of 4278 bp was successfully amplified as a control. A shorter

product corresponding to the MELI splice variant characterised in Section 3.4.1.1 was

also amplified but is not distinguishable in Figure 5.8 as the resolution of the gel is

insufficient to separate the two MELL bands. The second band was visualised after the

gel had been run substantially further (data not shown). A normal GOLGA4 product
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Ml l2 3 4

? 4278bp

Figure 5.8. GOLGA4-MELI Fusion RT-PCR.

RT-PCR performed with various çombinations of primers for GOLGA4 and MELI to attempt to

amplif, a fusion product of these two genes. Two normal GOLGA4 products (951 bp and 888 bp) and

normal MELI product (4278 bp) are the only products apparent on the gel. A second band is present in

the normal MELI lane as a result of alternate splicing, described in Section 3.4.1.1. The band cannot be

distinguished from the full length band at this resolution, however. The shorter GOLGA4 band is a

result of alternate splicing and is discussed further in Section 5.4.1. All PCRs used full length Patient 3

bone marrow cDNA, prepared using the protocol for first strand PCR for 3' RACE, as template. PCRs

were performed under Long Template conditions. The loading order is specified below.

SppI/EcoRI DNA size marker
MELIß - MEL1r2
GOLGA4f2 - GOLGA4T3
MELlf3 - GOLGA4T3
GOLGA4t2 -lvßLlr2
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of 951 bp was also amplified as a control. All three of these products were of the

expected sizes. A second, slightly shorter product was amplified in fhe GOLGA4

control PCR. This product was determined to be the result of splice variation and is

discussed in more detail in Section 5.4.I. No fusion product was amplified using

either combination of MELI and GOLGA4 primers. The maximum size of any such

fusion product would be less than 5 kb, which is well within the amplihable range

under these conditions. Therefore, it was concluded that a GOLGA4-MEL1 fusion

transcript is not expressed in Patient 3 as a result of this rearrangement.

5.4.1 GOLGA4 Splice Variant

A second band was amplified as a result of the GOLGA4 control PCR utilised in

Section 5.4. This band was purified and sequenced, and revealed to be a splice variant

which was represented by sequences in the Genbank database and which confirms

data previously reported (Kjer-Nielsen et al 1999). The full-length transcript is

represented in the Genbank database by accession NM_002078 and the variant by

accession U31906. The fact that this variant was not detected in the GOLGA4

Northern analysis in Section 5.3 is not surprising, as the size difference is negligible

with respect to the length of the full-length transcript and segregation of the two

transcripts would not be expected. The shorter variant band was found to be created

by the splicing out of the 63 bp exon23, accounting for the size difference of the two

bands in Figure 5.8. Exon 23 contains the stop codon for the full-length transcript, and

the shorter splice variant would therefore translate part of exon 24 before reaching a

different stop codon. Each variant protein therefore has a different COOH terminus.

The sequences of these are illustrated in Figure 5.9. Both COOH-terminal sequences
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Figure 5.9. GOLGAr' Spüce Variation.

Sequence differences between the two vari of exon 23, the sequence of which is

represented in green. Sequences from exons in red is the protein sequence encoded

ty tfre rut-tengtr transcript. The stop codon a different stop codon, in exon 24' and

the protein ,"{u"n"" encoìed by thii va¡iant ssion NM 002078'



were analysed by PRODOM (http:llprodes.toulouse.inra.frlprodom/doc/prodom.html)

and PSORT II (http://psort.nibb.acjpl), but no sequences of biological significance

were found using these programs. This is consistent with the finding that both variant

proteins localise to the Golgi complex correctly (Kjer-Nielsen et al 1999). The

biological relevance, if any, of this splice variant and its expression is therefore

unknown.

5.5 3' RACE Analysis

For reasons discussed in Section 5.7.2, it is more likely that the biologically relevant

fusion transcript would involve the 5' end of GOLGA4, rather than the 3' end, which

was shown to be involved in a fusion transcript vlø Northern analysis in Section 5.3.

As Northern analysis with RNA probe GOLGA4#2, which is 5' of the breakpoint, was

unsuccessful, an alternate method to investigate the presence of a fusion transcript

involving the 5' end of GOLGA4 was to use 3' RACE analysis (see Section2.2.3.6).

This is a method of obtaining the 3' end sequence of transcripts for which only 5'

sequence is known. This is ideal for characterisation of fusion transcripts where only

one partner is known. Ideally, the identification of a fusion transcript would occur by

observing a band in the Patient 3 lane that does not exist in the control lanes.

In this instance, the precise position of the breakpoint was known. Primers were

therefore positioned 5' of this breakpoint. Primers used for 3' RACE analysis were

GOLGA4f2 in the primary reaction and GOLGA4f4 in the secondary reaction (see

Figure 5.6). Full length cDNAs, from Patient 3 bone marrow, two normal bone

maffow samples and two normal peripheral blood samples, were prepared using the

'a
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protocol for fìrst strand PCR for 3' RACE described in Section 2.2.3.4. The reaction

was performed as described in Section 2.2.3.6 and the results are displayed in Figure

5.10.

One of the major bands amplihed and present in every lane corresponds with the

expected size of 1413 bp and is arowed in Figure 5.10. A second band of 1350 bp is

also present in every lane and corresponds to the GOLGA4 splice variant identified in

Section 5.4.1. Every band present in the Patient 3 lane is also present in at least one of

the control lanes. This indicates that the presence of a fusion transcript containing the

5' end of GOLGA4 is unlikely. As no aberrant bands could be detected under these

conditions, fuither analysis of the amplifred products was not pursued.

Interestingly, the major difference between the bands present in the Patient 3 lane and

the control lanes was the absence of a band in the Patient 3 lane. The band, which is

of approximately 800 bp in length and is strongly amplifred in each of the controls,

was not amplified from Patient 3 oDNA in several repeats of the experiment. A

control PCR performed using only the AUAP primer (that is, with no gene-specific

primer) also resulted in the amplification of this band (data not shown). The band is

therefore the result of non-specific priming, and hence unrelated to GOLGA4. The

band was therefore not characterised further.

-a
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ML23456

I4l3 bp
1350 bp

<- _ 800 bp
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1413 bp
1350 bp

+- - 800 bp

Figure 5.10. 3' RACE Analysis of GOLGA4 Transcripts in Patient 3.

3'RACE was performed as described in Section 2.2.3.6, using primers rGOLGA4fl2 in the primary

reaction and rGOLGA4f4 in lhe secondary reaction. The indicated bands are discussed in the text.

Panel A is the normal EtBr stained agarose gel. Panel B is the inverted image to allow easier

visualisation ofbands. The loading order is presented on the opposite page'



5.6 Inverse PCR

As RNA based methods did not yield informative results, an inverse PCR was

designed to identifu the parürer sequence of the 3p21 breakpoint in Patient 3. The

positive marker closest to the 3p21 breakpoint on the telomeric side, 4934P16, was

used as a starting point. Restriction enzymes were chosen on the basis of availability

and proximrty of recognition sequences to 4934P16 on the telomeric side. The

absence of recognition sequences on the centromeric side was also taken into account.

The three enzymes chosen were AvaII, BstU and XbaI. The design of this inverse

PCR can be seen in Figure 5.11.

T

Figure 5.11. Design of Inverse PCR to Identify Partner Sequence of the 3p21 Breakpoint. The

black line represents the genomic sequence of the 3p2l region. The letters T and C represent the

telomeric and centromeric end of the region respectively. The blue box represents the breakpoint region

as identified through somatic cell hybrid PCR walking. + and - indicate the presence or absence of

markers tested against LM9. Primers used in either PCR walking, inverse PCR or inverse PCR

sequencing are represented by pentagons above the line. Primers are colour-coded as follows: black for

PCR walking primers, dark green for primary inverse PCR primers, light green for secondary inverse

PCR primers and red for sequencing primers. Restriction sites utilised in the inverse PCR are

primer name indicate the position of the object. Numbering is in accordance with accession

4P000493.1. The figure is not to scale.
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Inverse PCR was performed on Patient 3 DNA as described in Section 2.2.3.7.

Primers used were 493APl6f2 and 493APl6r2 in the primary reaction, and

493APl6ß and 493APl613 in the nested secondary reaction. The result of this

inverse PCR is presented in Figure 5.12.

The expected sizes of products generated from normal, non-rearranged chromosomes

were predicted to be 4886 bp from AvaIl digested template and 7836 bp from the

Xbal digested template. A7836 bp product is at the outer limit of the amplification

range of the Long Template PCR system used and may not be successfully amplified

for this reason. There are no BstUl sites on the telomeric side of the breakpoint region

which are within amplifiable range, so no product generated from a normal

chromosome was expected to be amplihed from BstU template.

Two bands weïe amplified from the Avall digested template. One of these, at

approximately 5 kb, was of the size expected for a product amplified from the normal

chromosome. This band was isolated, and sequencing confirmed that this was the

expected product from the normal chromosome 3. The second band, at 900 bp, is

shorter than any product amplified from a correctly digested template should be, as

any product should be a minimum of 1946 bp, the distance from the 493APl6f3

primer to the AvaII restriction site (see Figure 5.11 and Section 5.7.5). Attempts to

sequence this band with the 4934P18f1 primer were unsuccessful. It was concluded

that this product was the result of an artifact of either the PCR or the template

restriction and ligation process. It was therefore not analysed further.
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Figure 5.12. Inverse PCR to Identify Partner sequence of 3p21 Breakpoint.

Templates were prepared from Patient 3 DNA by restriction with the indicated restriction enzyme

followed by circularisation. The secondary PCR from templates prepared using each of the three

restriction enzymes is shown. Primary PCR was performed using primers 493APl6f2 and 4934P16r2.

Secondary PCR was performed using 4934P16f3 and 4934P1613, and 2 ¡tl of a l:50 dilution of the

primary PCR as template. The indicated bands are discussed in the text. The loading order is specified

below.
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A single band of 950 bp was amplifîed from BstU digested product. This band was

purified and sequenced with the primer 4934P16f3. The sequencing data indicated

that the restriction site was intact, and therefore the entire set of sequencing data

corresponded to the normal chromosome 3.

A single band of approximately 7 kb was amplified from the XbqI digested template.

This is shorter than the size expected of the product generated from the normal

chromosome. The 7 kb product was isolated and sequenced with the primer

493API7[2, and the Xbal site at position 17597 was shown to be intact.Because XbqI

restriction can be affected by the methylation status of the recognition site, it was

considered possible that while this site was refractory to restriction, other sites may

not be. There were three other XbaI sites within the length of normal chromosome 3

that could theoretically be within the 7 kb inverse PCR product. Primers were

designed such that each of these sites could be sequenced within this product (see

Figure 5.11). Sequencing with the primer 493APl9f1 showed that the restriction site

at position 19916 was also intact. Sequencing with the primers 493AP20f2 and

493AP23f1 failed, probably indicating that the DNA break that led to circularisation

of the template took place between the end of the sequence obtained with 4934P19f1

and the position of the 493AP20Ð. primer. To attempt to confirm this, sequencing was

conducted with the 493AP20f1 primer, which falls within this region. Sequencing

with this primer was successful, and the sequence corresponded to normal

chromosome 3 sequence up until the quality of the data diminished, 56 bp from the

binding site of 493AP20f2. The DNA break which led to circularisation must

therefore have taken place within this 56 bp region. As the break was clearly

illegitimate (in that it was not due to restriction at a recognised site), any
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determination made from this product as to the nature of the partner sequence of the

translocation would be highly unreliable, and analysis of this product was not pursued

fuither.

5.7 Discussion

5.7.1 Identification of the 3p21 Breakpoint within GOLGA4

Somatic cell hybrid chromosome walking analysis identified the 3p2l breakpoint in

the t(1;3Xp36;p2l) of Patient 3 within intron 20 of the GOLGA4 gene, also known as

p2 j0 or golgin-245. GOLGA4 is a member of the golgin family of genes, which

encode proteins which are localised to the Golgi complex, and which play a poorly

understood role in facilitating protein transport, presumably by involvement with

vesicular docking or fusion (Erlich et al 1996, Kjer-Nielsen e/ al 1999)' The full-

length 2231 amino acid GOLGA4 protein contains two major domains. A very large

coiled-coil domain, which may be more conectly defined as several domains, spans

the first approximately 2100 amino acids, which are encoded by bp 286 - 6585 on

NM 002078. This was confrrmed by analysis using COILS 2.1, avaílable at

http://www.ch.embnet.org/software/CO[S_form.html. The protein also contains a

GRIP domain as reported in the annotation for Genbank accession NP 002069. GRIP

domains have been shown to be sufficient for targeting to the Golgi complex (Munro

and Nichols 1999). The GRIP domain is encoded by NM-002078 bp 6796 - 6930.

The breakpoint within intron 20, atbp 6757 of NM-002078, separates these two

functional domains, such that the 5' potential fusion transcript would contain the
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coiled coil domain, and the 3' potential fusion transcript would contain the GRIP

domain (see Figure 5.6).

GOLGA4 has not been previously implicated in a fusion gene or in leukaemia. The

only previous report of the involvement of any golgin gene in cancer is that of a

fusion gene between GOLGA5 and RET in a papillary thyroid carcinoma (PTC) from

a patient exposed at a young age to radioiodine released from the Chernobyl reactor

(Klugbauer et al199S). RET rearcangements are common in post-Chernobyl PTCs,

but rare in spontaneous PTCs (Rabes et al2000). The RET proto-oncogene is located

on chromosome 10q1 1.2 and is a member of the cadherin superfamily. It encodes a

receptor tyrosine kinase, and is involved in the transduction of signals required for

cell growth and differentiation. GOLGA5 is located at chromosome 14q32. It has not

been implicated in any other chromosome rean:angements or in any cancer other than

its involvement in the PTC REZ fusion. In this realrangement, both reciprocal fusion

products were expressed (Klugbauer et al 1998).ln RET fusions generally, however,

it is the 3' portion of the REZ transcript, which contains the tyrosine kinase domain,

that is contained within the biologically active fusion transcript (Rabes et al2000).

Presumably, therefore, the GOLGAï-REZ fusion gene is the biologically active

outcome of the rearrangement.

5.7.2 Confirmation of the Presence of a GOLGA4 Fusion Gene in Patient 3

Two RNA probes intended for use in Northern analysis were designed, one on either

side of the breakpoint, as illustrated in Figure 5.6. This strategy was chosen in order to

detect aberrant transcripts involving either end of GOLGA4, and was possible because
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dehnition of the breakpoint region within a single intron was achieved prior to

Northern analysis being performed.

The 5' probe, GOLGA4#2, falled to produce any signal despite repeated hybridisation

attempts. This is possibly due to a fault with the manufacture of the probe, although

numerous tests were performed to demonstrate that the probe was labelled and of the

expected size. The PCR product from which the RNA probe was generated was also

fully sequenced to confirm the identity of the product prior to transcription. The lack

of signal could not be due to a lack of expression of GOLGA4 in the samples used to

construct the membrane, as expression of normal GOLGA4 was detected by RT-PCR

on the same samples, and also because expression was confirmed using the same

membrane and the GOLGA4#3 probe. This result also rules out a fault with

membrane construction, although it is possible that the stripping of the membrane

following hybridisation with the GOLG A4#3 probe damaged the membrane in such a

way as to prevent subsequent successful hybridisation.

Results obtained with the GOLGA4#3 probe, 3' of the breakpoint, show an aberrant

transcript of approximately 8.5 kb. Given the position of the breakpoint,92l bp of

this transcript should correspond to GOLGA4 sequence, meaning that another 7.5 kb

is contributed to the transcript by the 5' fusion partner. The aberrant band is

considerably weaker than the major GOLGA4 band, indicating that the fusion

transcript is not expressed as strongly. This is not overly surprising, as GOLGA4

appeared to be highly expressed by RT-PCR analysis (data not shown), and as the

detected fusion transcript would be under the regulatory control of the promoter

sequence of the fusion partner gene. Given the arrangement of the domains of
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GOLGA4, the fusion gene detected on this Northern would retain the GRIP domain

but not the coiled-coil domain. This fusion transcript may not be the leukemogenic

outcome of the translocation, as there are several reasons to suspect that the reciprocal

transcript may be more signihcant. A leukemogenic model for fusion transcripts

encoding coiled-coil domains which enable oligomerisation and hence recruitment of

transcriptional coactivators has been demonstrated for fusions of both RARcr and

AMLI (Minucci et al 2000). Also, based on the intensity of the bands on the

Northern, expression of the fusion transcript could be expected to be higher from the

GOLGA4 promoter region, in the situation where expression level may be relevant to

the leukemogenic function of the fusion transcript. Furthermore, although the RET-

GOLGA5 fusion resulted in transcription of both reciprocal fusion transcripts, the

majority of RET fusions involve the 3' portion of RET, and so presumably it is the

transcript containing this (and therefore the 5' portion of GOLGAS) which is

biologically active. This further supports the notion that the reciprocal product,

involving the 5' portion of GOLGA4, may be expressed in Patient 3'

5.7.3 Investigation of a Fusion Between GOLGA4 and MELI

The MELI gene, which is dysregulated in leukaemia by the t(1;3)(p36;q21) and which

is known to be expressed in Patient 3 (see Figure 3.15), may potentially be involved

in a fusion with GOLGA4. The 1p36 breakpoint is unknown, but given the proximity

of MEL| to the breakpoints in both the t(1;3)þ36;q2l) in several patients (Mochizuki

et at 2000; this report) and the inv ins (12;1)(pl3;p2l-p36) in Patient 2, it seemed

feasible that MELI might be involved in the t(l;3)(p36;p2l) in Patient 3.
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Long Template PCR was performed with combinations of MELL primers and

GOLGA4 primers which would amplify normal transcripts and either of the two

possible reciprocal fusion transcripts if present. However, no fusion product was

amplified by this RT-PCR. A normal GOLGA4 product was amplified as a control, as

was a normal MELI product. The amplification of these products indicate that the

primers will amplify in the conditions used for the PCR, and that they will amplifr

from this Patient 3 material. Therefore, it was concluded that a GOLGA4-MELI

fusion transcript is not expressed in Patient 3 as a result of this translocation. This

does not exclude the possibility that MELL upregulation may be a result of the

t(l;3)(p36;p2l) in Patient 3, however. MELI involvement in translocations reported to

date has been limited to upregulation without fusion (see Chapters 3 and 4). Also,

translocations resulting in the formation of a fusion gene, which is apparently non-

functional, in combination with upregulation of an unrelated gene have been

demonstrated (Cools et a|2002, Odero et al2002). The possibility that the GOLGA4

fusion is non-functional, and that the biologically relevant outcome of the

translocation is upregulation of MELI transcription, must be considered. However,

MELI expression in Patient 3 may not be an outcome of the translocation, but rather

be caused by a different mechanism (see Section 3.5.2.2).

5.7.4 3' RACE Analysis of GOLGAy' Transcripts

RACE is a technique designed to ampliff the ends of cDNA sequences of which only

partial sequence is known. This is ideal for amplifying fusion transcripts where only

one fusion partner is known. This technique generally gives rise to a complex pattern

of amplification for two major reasons. Firstly, the reverse primer used in both the
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primary and secondary reactions is one that of necessity amplifies from the 3'end of

all transcripts, and the specihcity of the technique is therefore quite low. For this

reason, ten rounds of single-primer amplif,rcation are performed prior to the addition

of the AUAP primer, to enrich the reaction for gene-specific sequences (see Section

2.2.3.6). However, this modification of the technique does not fully remove the lack

of specihcity from the reaction. Secondly, even transcripts which are amplified

specifically may be of several lengths because of splice variation and incomplete

processing of transcripts. The use of normal controls allows identif,rcation of

transcripts which differ in size from normal transcripts, and these can be isolated and

sequenced to identifr the partner gene.

'When 3'RACE was performed using GOLGA4 primers, however, all products present

in the Patient 3 lane were apparently present in at least one of the control lanes. This

result indicates that there may not be a fusion transcript involving the 5' end of

GOLGA4, but does not exclude the possibility that such a fusion transcript exists.

There may be a fusion transcript that is of a similar size to one (or more) of the bands

resulting from the normal GOLGA4, such that the band is diffrcult to distinguish on

the gel. An examination of the intensity of the full-length normal band and the splice

variant band suggest that this is unlikely, however, as in all cases, including Patient 3,

the ratio of the intensity of the lower band to the intensity of the upper band is similar.

A fusion transcript which co-migrated with one of these bands would be expected to

increase the relative intensity of that band, as any fusion transcript is likely to co-

migrate with only one of these bands. The alternative splice variation occurs 3' of the

breakpoint in Patient 3 and so will not be present in a fusion transcript containing the

5' portion of GOLGA4. Another possibility is that the fusion transcript may be
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significantly larger than the normal transcript, leaving the abundantly expressed

normal transcript to be amplified preferentially due to its shorter length. If, as the 3'

RACE results suggest, there is no fusion transcript involving the 5' end of GOLGA4,

this does not conflict with the Northern analysis result, as the aberrant band seen in

the Northern involved GOLGA4 sequence 3' of the breakpoint.

The major difference between the bands amplified from the Patient 3 sample and the

control samples was the absence of a band in Patient 3. The band was also amplified

by a control PCR using only the AUAP primer (that is, with no gene-specif,rc primer).

The band is therefore non-specific, and unrelated to GOLGA4. Nonetheless, the

absence of the band from the Patient 3 lane is difficult to explain. As it had been

shown to be unrelated to GOLGA4, however, this band was not characterised further

5.7.5 Inverse PCR Analysis of 3p21 Breakpoint

The inverse PCR analyses performed on this breakpoint were unsuccessful for varied

reasons. Analysis with each enzyme will be discussed separately.

Two specific products were amplified from the AvqII digested template. One of these

was of the correct size (approximately 5 kb) to have been generated from the normal

copy of chromosome 3, and this was confirmed by sequencing. The second band was

of an inappropriate size to have amplified from correctly digested template as, at 900

bp, it was too short to have been restricted at the expected site. The known AvaIl

recognition site was 1946bp from the nested inverse PCR primer 493APl6f3 binding

site and so any product amplified from a correctly digested template would therefore
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be at least this long. The failure of the sequencing reaction with the 493AP18f1

primer supported the expectation that the sequence corresponding to 4934P18f1 was

not present in the product. This indicates that breakage and religation of the template

DNA had taken place between 493APl6f3 and 4934P18f1. This may have occurred

due to a polymorphic restriction site in this region, which was present in Patient 3 but

not in the Genbank database entry. Alternately, the DNA breakage may have been due

to shearing during manipulation, or possibility due to star activity of the restriction

enzyme. As this product was not amplified from correctly constructed template,

characterisation was not pursued further.

Bst(ll digested template allowed amplification of only a single band of approximately

950 bp. No band was expected to be amplified from the normal chromosome, and so

any band produced was likely to be derived from the translocated chromosome. In this

case, this band was not shorter than expected, as the BstU site was only 540 bp from

the nested inverse PCR primer 4934P16ß binding site, and the amplified product

was larger than 540 bp. Sequencing of the amplif,red product, however, revealed that

Íhe BstUI site was intact in the product, and that the full length of sequenced product

(approximately 1 kb) was derived from the normal chromosome 3 sequence. No

explanation could be found for the failure of this enzyme to restrict at this particular

site. As for the nature of the DNA break that led to circularisation of the template, the

explanation may be similar to that for the Aval\ template that gave rise to the shorter

amplification product.

The XbaI digested template produced a single band of approximately 7 kb. This is

shorter than the size expected of the product generated from the normal chtomosome,
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which may not have been amplified as, at nearly 8 kb, it is at the outer limit of the

Long Template PCR system under the conditions employed. The 7 kb product

therefore was likely to have been amplif,red from template generated from the

translocated chromosome. However, sequencing revealed that the XbaI site expected

to be cut was intact. Xbalrcstriction is known to be blocked by DNA metþlation, so

this is a possible reason that this restriction may have failed. More XóaI sites were

present further along the sequence, and primers were designed to allow for the

sequencing of these restriction sites also (see Figure 5.11). Sequence corresponding to

the expected normal chromosome was returned from sequencing reactions with each

of 4934P18f1, 4934P19f1 and 493AP20f1. However, no sequence data was returned

from sequencing reactions with 4934P20f2 or 493AP23f1, presumably due to the

absence of the primer binding sites within the product. Sequence obtained with

493AP20f1 went to 'within 56 bp of the binding site for 493AP20f2 before the

sequence quality diminished. Therefore, as the 493AP20f2 binding sequence is not

present within this product, there must have been a DNA break within this 56 bp

region. The cause of the break is unknown. Again, it may be due to DNA shearing

during manipulation, or to restriction enzyme star activity.

The inverse PCR methodology therefore failed to identify the partner sequence of the

3p2l breakpoint. Clearly template preparation was not ideal, and a repeat of the

experiment, with the possibility of the use of different enzymes, is worthwhile.

Unfortunately, time constraints prevented performing the experiment again.
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5.8 Conclusions

The 3p2l breakpoint in the t(l;3)(p36;p2l) in Patient 3 was mapped by somatic cell

hybrid PCR walking and determined to be within intron 20 of the GOLGA4 gene.

Northern analysis of GOLGA4 using a probe 3' of the breakpoint demonstrated the

existence of a fusion transcript of - 8.5 kb. Strategies for the identifrcation of the

partnu chromosome sequence and partner gene were unsuccessful. Future strategies

may include: (1) inverse PCR analysis with different enzymes; (2) 5'RACE analysis;

and (3) construction of a genomic library from Patient 3 material, to be screened with

sequences adjacent to the known 3p21 breakpoint and for identif,red clones to then be

sequenced.
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CHAPTER 6

Conclusions

6.1 Heterogeneity of 1p36 Translocation Breakpoints

This study involved the mapping of three distinct chromosome translocations, all

involving 1p36. Two of these translocations, ins(12;1)(p13;p36p2l) and

t(1;3)(p36;q21), were fully characterised, with the 1p36 breakpoints in both cases

found to lie in the same breakpoint cluster region, 5' of the MELL gene at 1p36.3. The

patients with these two translocations were found to express MELI, and this was

attributed to the chromosomalreanangement in each case. MELI expression was also

seen in patients without 1p36 translocation, however, so there must be a second

mechanism of MEL| expression in leukaemia. In the case of the third translocation

investigated, t(l;3)(p36;p21), only the 3p2I breakpoint was mapped. However, the

patient carrying the translocation was also found to express MELI, and so it is

possible that the 1p36 breakpoint in this patient also lies in a similar region and is the

cause of increased MELL expression. Therefore, from the results presented in this

thesis, the suggestion would be that 1p36 translocations in haematological malignancy

generally cluster to this region.

A recent publication shows a novel 1p36 breakpoint, however, at 1p36.1 (Odero et al,

2002). This breakpoint was found in an MDS patient with t(l;12)(p36;p13), a

translocation which involves the recombination of the same chromosome bands as
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that of Patient 2 (an ins(12;1)(p13;p36p2l) ). The Patient 2 rcarcangement was

originally thought to be avariant of the t(1;12)(p36;p13) and indeed the l2pI3

breakpoints were found to be similar in both cases. The 12p13 breakpoint in the

Odero et al (2002) patient with t(1;12)@36;pl3) is in intron 2 of the TEL gene, while

the l2pl3 breakpoint in the ins(12;1)(pl3;p36p2l) in Patient 2 was shown to be in

intron I of TEL. However, the subsequent mapping of the 1p36 breakpoint in the

t(l;12)(p36;p13) reported in Odero et al (2002) placed this breakpoint at 1p36.1, and

showed that it resulted in the fusion of TEL to a novel gene, MDS2. This breaþoint is

distinct from the MELI breakpoint cluster region, and so it is clear that there are at

least two distinct breakpoints on 1p36 in haematological translocations. Odero et al

(2002) performed FISH analysis using probes located near the MDS2 gene in ten

patients with other 1p36 chromosomal rearrangements and found that none of these

patients had MDS2 rearrangements. They concluded bhat MDS2 was not frequently

reananged, and therefore it may be that the MELL breakpoint cluster region is more

frequently involved in translocation than is MDS2. The investigation of more patients

with distinct lp36 reaffangements may confirm this.

This situation may be further clarified by the identif,rcation of the lp36 breakpoint in

the t(l;3)(p36;p21) in Patient 3. Strategies to achieve this may include the

construction of a genomic library from Patient 3 material and screening this with

sequences adjacent to the known 3p2l breakpoint. The inserts of the clones known to

contain regions proximal to the breakpoint could then be sequenced. This strategy

could overcome the artifactual nature of the difficulties encountered with the inverse

PCR described in Section 5.6. In addition, 5' RACE analysis may be used to identify

the partner gene in the fusion transcript visualised by Northern analysis'
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6.2 Molecular Outcomes of 1p36 Rearrangements

Each of the three patients investigated in this thesis were shown to express MELL.

The 1p36 breakpoints in the two patients for whom 1p36 breakpoints were

characterised were found to cluster in the area 40 - 70 kb 5' of MEL1, and so

transcriptional upregulation of the gene by juxtaposition to different transcriptional

enhancer sequences is a possible mechanism of leukemogenesis. The lp36 breakpoint

of Patient 3 may also be in the same region, and the t(l;3)(p36;p2l) may also result in

MELI expression, as expression is detected in this patient. However, the issue is

clouded by results demonstrating the expression of MELI in patients without lp36

rearrangements. This expression could be due to either of two mechanisms.

Firstly, as MELI was shown to be expressed at low levels in normal bone marrow, it

is possible that the MELI expression observed in leukaemia patients is due to a clonal

expansion of a haematopoietic progenitor cell which normally expresses MELI . This

hypothesis was supported by the pattern of MELI expression examined by AML

subtype, where expression was more common in leukaemias derived from immature

haematopoietic progenitor cells. Expression of the gene under these circumstances is

less likely to contribute to leukemogenesis as, in the context of the cell, it is not

abnormal.

Secondly, there may be an alternate mechanism of activation of MELI transcription in

leukaemia. The most likely such mechanism is the abenant expression of an upstream

regulator of MELI, the identity of which is currently unknown. Expression of MELI

'a
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in these circumstances is likely to be leukemogenic as the expression occurs in a cell

type in which it does not normally occur.

Regardless of which of these two mechanisms occurs in non-translocation patients,

there is sufficiently strong correlation between lp36 rearrangement and MEL1

expression to argue that MELI expression in patients with the t(l;3)(p36;q2l)

translocation is caused by a mechanism distinct from that occurring in non-

translocation patients (see Section 3.4.1). Also, Patient 2 and Patient 3, the only two

patients investigated who carried lp36 rcarrangements other than the t(l;3)(p36;q2l),

showed a quantifiably higher rate of transcription of MELI than did non-1p36

rearrangement patients (see Figure 3.15). An explanation for this effect is that the

higher levels of transcription reflect the varying strengths of the transcriptional

enhancers to which MELI is juxtaposed in these translocations. Additionally, there

are precedents for upregulation of juxtaposed genes by both 3q21 sequences (RPNI

enhancers cause upregulation of EVII in 3q2lq26 syndrome; reviewed in Nucifora

1997) and l2pI3 sequences (Cools et a|2002; Odero et al2002). In combination, this

data suggests that MELI transcription is a genuine result of chromosome

rearrangement.

In the case of the t(1;3)(p36;q21), an additional molecular outcome of the

translocation appears to be transcriptional upregulation of GATA2. GATA2 expression

was observed at high levels in the two t(l;3)(p36;q21) patients, as well as in three

3q2lq26 patients. GATA2 expression is also observed at low levels in normal bone

marrow as a result of expression in a subset of normal haematopoietic progenitor

cells, and so it was not surprising to see it expressed at high levels in a subset of non-

'a
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3q2I rearranged patients, presumably as a result of the clonal expansion of

haematopoietic progenitor cells in a similar way to that proposed for MELL.In fact,

every non-translocation patient who expressed MELI also expressed GATA2,

supporting this expansion hypothesis for the expression of both genes in non-

translocation patients. This suggests that a subset of GATA2 expressing normal

haematopoietic cells also express MELI, and it is the expansion of this population of

cells as a result of transformation that results in the leukaemias without lp36 or 3q2I

translocation which express both genes. Similarly to MEL1, statistical analysis

showed that GATA2 expression in 3q2l translocation patients occurred by a distinct

mechanism than expression in non-translocation patients. The translocation is

therefore a likely means of mediation of this transcription, and this is supported by the

proposal of a molecular mechanism of dysregulation of GATA2 transcription via

separation of a haematopoietic regulatory element from the gene by all known 3q21

translocation breakpoints (reviewed in Wieser 2002). GATA2 expression via 3q2I

translocation is an outcome that is apparently shared by patients with either

t(1;3)(p36;q2I),t(3;3)(q2l;q26) or inv(3)(q2lq26). Patients with these translocations

also share a distinctive clinical phenotype of elevated platelet counts and trilineage

dysplasia. This commonality suggests that GATA2 expression, expressed out of its

normal cellular context, plays a role in establishing this phenotype.

6.3 Molecular Mechanisms of Transformation

Direct investigation of the potential mechanisms of transformation as a result of these

Ip36 rearrangements was outside the scope of this thesis. However, certain aspects of
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the molecular outcomes of the investigated translocations that might contribute to

leukemogenesis can be speculated upon.

Two molecular outcomes are likely to result from the t(l;3)(p36;q21). The first of

these is upregulation of GATA2, caused by separation of the GATA2 promoter from an

upstream haematopoietic regulatory unit. GATA2 normally plays a role in

haematopoiesis, and is expressed in early progenitor cells before being downregulated

as the haematopoietic cells begin to differentiate. GATA2 is thought to be involved in

the maintenance of the haematopoietic stem cell population, and therefore

inappropriate expression of the gene may result in the inappropriate promotion of

immortality within the leukemic blast. Additionally, GATA2 shares pafüal functional

redundancy with GATAI, which is involved in the maturation of erythroid and

megakaryocytic lineages and platelet formation. If GATA2 is able to fulfil part of the

function of GATA1 in cells in which it is aberrantly expressed, this may be the means

by which it contributes to the clinical phenotype of AML patients with either

t(l;3Xp36;q2l), t(3;3)(q2l;q26) or inv(3)(q21q26), which is normal or elevated

platelet counts and dysmegakaryopoiesis. The commonality of the 3q2l breakpoint in

these translocations, and the upregulation of GATA2 observed in patients with either

of the three translocations, suggest that there is such a contribution from GATA2 to

this phenotype.

The second outcome of the t(1;3)(p36;q21) was upregulation of MELl. MELI is

closely related to MDSl-EVII, and although they are likely to regulate the expression

of different genes, it is interesting to speculate that, when overexpressed, MELI and

EVII have similar downstream effects. EVI1 and MDSl-EVII are both variously
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reported as repressors and activators of transcription, although the two isoforms are

generally regarded as antagonistic (Morishita et al 1995, Bartholomew et al 1997,

Wimmer et al l99ï,Izutsu et al200I). The transcriptional regulatory ability of MEL1

is yet to be investigated. Both MELI and MDSI-EVII are weakly expressed in normal

bone maffow, which is suggestive of a role in haematopoiesis.lf MELI expression in

non-translocation AML patients is explained by the expansion of a normally

expressing haematopoietic progenitor, then it appears Ihat MELI and EVIL are not

expressed in the same haematopoietic precursors, as the expression patterns of the two

genes in the panel of non-translocation patients is different. There could be a

suggestion, therefore, that the two genes fulfil similar roles in a different precursor

cell type. Nothing more in terms of molecular mechanisms of leukemogenic activity

of these genes can be known without knowing the identity of the target genes of

MELI and EVI1 regulation.

While no target genes have yet been identifred for MELI, the first target gene for

EVI| was identifîed in a recent publication (Takahashi and Licht 2002). The gene

identified is the promyelocytic leukaemia zinc finger (PLZF) gene, which is known to

be involved in leukaemiavia its fusion to RARa by the t(1l;17)(q23;q2l) (Chen et al

1993). The PLZF protein is a transcriptional repressor which is involved in the

suppression of cell growth via cell cycle arrest (Yeyati et al 1999). Transcription of

the gene was found to depend on the presence of the EVI1 protein. Therefore, it is

possible EVII overexpression may have an impact on cell cycle regulation, which

could be a key to its oncogenic function. Intriguingly, PLZF has also recently been

shown to promote megakaryocytic development via a direct interaction with the

GATA1 protein (Labbaye et al 2002). This has major implications for the
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establishment of the elevated platelet count and dysmegakaryopoietic phenotype that

accompanies the t(3;3)(q21;q26) ot inv(3)(q21q26) in AML patients. Also, this

finding further implicates the GATA genes in the outcome of the translocations.

Perhaps, as a result of either the t(3;3)(q2l;q26) or inv(3)(q2lq26), EVIl uptegulation

activates PLZF expression, and PLZF interacts with GATA2, which is also

upregulated by the translocation and may fulfil part of the same haematopoietic

function as GATAI. This interaction could be responsible for the abnormal

megakaryopoiesis seen in patients with these translocations.

It is possible that MELI plays a similar role in the molecular outcome of the

t(l;3)(p36;q21) to the one EVII plays in the 3q26 translocations. However, it is

impossible to be confident of this without some study of the target genes of MEL1

regulation. If PLZF does play a role in the establishment of the clinical phenotype

shared by patients with t(l ;3)(p36;q2l), t(3;3)(q2l;q26) or inv(3)(q2lq26), howevet,

there must be a mechanism for upregulation of PLZF (or another gene with a similar

function) which does not involve EVII, and any such mechanism may involve MELL '

It is fascinating that three members (MELI, EVII and GATA2) of two gene families

which appeff to interact and play roles in similar pathways should be upregulated by a

set of three translocations which correlate with a distinct phenotype in AML patients.

The further determination of the roles that these genes play in haematopoiesis, and the

extent to which they interact both directly and indirectly, will be of major interest in

understanding the molecular consequences of these three translocations in AML.
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It is important to note that MELL and EVII are likely to have oncogenic functions

which are quite separate from their contribution to the clinical phenotype exhibited by

parients with t(l;3)(p36;q2l), t(3;3)(q2l;q26) or inv(3)(q21q26). This is the case as

not all translocations that involve EVIL result in this clinical phenotype, but the

aberrant expression of EVIL still contributes to leukemogenesis (reviewed in Nucifora

1997). A similar circumstance was demonstrated for MELL in the present study, with

the finding that the ins(l2;1)(pl3;p36p2l) rearrangement in Patient 2, who had a

decreased platelet count and no apparent dysmegakaryopoiesis, resulted in the

upregulation of MELI. Transgenic studies, similar to those that have been performed

for EVI| (Kurokawa et al 1995, Sitailo et al 1999) are required to demonstrate an

oncogenic effect for MELI overexpression. 
'Whether the difference between the

oncogenic function of these genes and their contribution to the clinical phenotype are

the result of wholly separate functions, such as the activation of distinct sets of genes,

or a result of the factthat GATA2 is not also aberrantly expressed, will require further

investigation. It remains possible also that EVIL and MELI do not contribute to the

clinical phenotype at all, and that this phenotype is purely a result of GATA2

upregulation.

Characterisation of the t(l;3)(p36;p2l) in Patient 3 led to the demonstration that a

fusion gene involving the 3' end of GOLGA4 was expressed. This fusion transcript

includes the portion of the GOLGA4 transcript which encodes the GRIP domain, a

localisation signal that largets the protein to the Golgi complex. Currently, it is

difficult to envision a leukemogenic function for such a fusion. The reciprocal

transcript would potentially be a more biologically relevant fusion because it would

encode alarge coiled-coil domain fused to the 3'end of the partner gene. Coiled-coil
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domains have been demonstrated to be essential for the leukemogenic function of

both the PML-RARa and AMLI-ETO fusion genes (Minucci et al 2000). The

mechanism involves fusion of coiled-coil domains (from PML and ETO, respectively)

to a transcription factor (RARa and AMLI). The coiled-coil domains allow the fusion

proteins to oligomerise, leading to the formation of high molecular weight complexes.

This leads to recruitment of the nuclear corepressor/histone deacetylase (N-

CoR/HDAC) complex, which contributes to leukemogenesis by blocking

differentiation of haematopoietic cells. A similar mechanism has recently been

proposed for the leukemogenic action of the NUP98 fusion genes (Hussey and

Dobrovic, 2002). The non-homeobox gene fusion partners of NUP98 all contain a

coiled-coil domain, and this is thought to similarly promote oligomerisation of the

fusion genes. Although NUP98 is a nucleoporin protein and not a transcription factor,

it contains a region of FG repeats which are known to have transcriptional activity

following recruitment of CBP/p300 (Kasper et al 1999). Therefore, if the reciprocal

fusion product of the t(l;3)(p36;p21) involving the 5'end of GOLGA4 is transcribed,

this is a likely mechanism by which it may have leukemogenic activity. It will be

necessary to first determine whether this reciprocal fusion is transcribed in patients

with this translocation, and then to determine whether the fusion partner gene has

transactivating potential to further this hypothesis.
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6.4 Summary of Major Findings

1) The breakpoints of a t(l;3)(p36;q21) were mapped and found to be consistent with

those previously reported (Mochizuki et a|2000).

2) MELI was confirmed to be upregulated as an outcome of this translocation in two

patients, also in agreement with previous findings (Mochizuki et al2000).

3) MELI was found to be expressed in a subset of AML and MDS patients without

t(l;3Xp36;q2l). MELI was also found to be expressed at low levels in normal bone

marrow, in contrast to previous fîndings and possibly suggesting a role in

haematopoiesis.

4) GATA2 expression was observed in the t(l;3)(p36;q21) in two patients, the

t(3;3)(q21;q26) in one patient and the inv(3)(q21q26) in two patients, suggesting a

potential role for expression of GATA2 in promoting the elevated platelet count and

dysmegakaryopoiesis observed in patients with these translocations.

5) The 1p36 and l2pl3 breakpoints of a ins(l2;1)(pl3;p36p2l) were mapped' The

1p36 breakpoint clustered with the t(l;3)(p36;q2l) 1p36 breakpoints, and the l2pl3

breakpoint was mapped to intron I of TEL.
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6) MELI was found to be expressed as a result of the ins(12;1)(pl3;p36p2l). No ZEI

fusion was observed arising from this translocation. This supports a position effect

upregulation mechanism for l2pl3 translocations that do not result in TEL fusion

(Cools et al2002).

7) The 3p21 breakpoint of a t(1;3)(p36;p21) was mapped to intron 20 of the GOLGA4

gene, GOLGA4hadnot been previously implicated in leukaemia.

8) An aberrant band was detected in a t(l;3)(p36;p2l) patient RNA sample using a

GOLGA4 probe in Northern analysis, strongly suggesting the formation of a fusion

transcript.
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