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Abstract
Down syndrome (DS) is associated with a 10-15 fold increased risk of developing
acute leukaemia (AL). Neonates who have DS or who are mosaic for trisomy of
chromosome 21 are predisposed to the development of transient abnormal
myelopoiesis (TAM). TAM mimics leukaemia but is characterised by spontaneous
resolution within 1-3 months of life. However, the disorder can return in the form of
an overt leukaemia in infancy.

In the rare cases where a neonate with a normal

constitutional karyotype develops TAM, the blast cells show gain of chromosome 21.

The relationship between chromosome 21 and haematological disorders is unknown
although chromosome 21 harbours the RUNXl gene (21q22), which is known to be
involved in rearrangements associated with leukaemia and to be mutated in disorders
that increase the likelihood of developing AL.

In this study. Fluorescent In Situ Hybridisation (FISH) and molecular analyses were
used to investigate the long arm of chromosome 21 in four children with DS and acute
leukaemia, one non-DS child with acute leukaemia and a clonal abnormality
involving chromosome 21, seven DS neonates with TAM, and two non-DS neonates
with TAM. Interstitial deletions and rearrangements of 21q22-qter were detected in
leukaemic cells from 3/4 DS AL cases and in the non-DS AL case, in metaphase cells
from 7/7 DS TAM cases and in karyotypically abnormal cells from 2/2 non-DS TAM
cases. The RUNXl gene was partially lost in 4/7 DS TAM cases but was not altered
in the DS AL cases. One of the non-DS TAM cases was previously found to show a
partial relocation of the RUNXl gene to the paracentromeric region.

On further

analysis using clones isolated from a human genome library this region was defined
as 21qll.2, which harbours the pseudogenes 0R4K11P and OR4K12P.

The rearrangements detected were acquired secondarily to the cytogenetic changes
found in the DS AL and non-DS TAM cases. This suggests that the submicroscopic
alterations may be later events occurring during the progression of the haematological
abnormalities in both the DS AL and DS/non-DS TAM patients and may reflect the
accumulation of DNA damage.
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Chapter 1
Introduction
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1.1

Overview

The primary objective of this work was to investigate the occurrence of subtle
intrachromosomal instabilities of chromosome 21 in a population of neonates and
children with Down syndrome (DS) and haematological disorders. Children with DS
have an increased incidence of acute leukaemia (AL) and the pre-leukaemic disorder,
transient abnormal myelopoiesis (TAM). TAM is a rare disorder that occurs within
the first 48 hours of life and predominantly affects DS neonates or newborn children
mosaic for trisomy for chromosome 21.

TAM is characterised by spontaneous

resolution of the blast cells without therapeutic intervention, 1-3 months after
presentation.

This study was based on work carried out by Kempski et al who described interstitial
deletions of 21q22-qter in the malignant cells from five DS AL cases and in the
karyotypically abnormal cells from a phenotypically normal (non-DS) TAM case
(Kempski et al, 1997; Kempski et al, 1998). These studies provided evidence to
suggest a relationship between chromosome 21 abnormalities and haematological
disorders in children with DS.

The regions of chromosome 21 analysed were those defined by Kempski et al, namely
21ql 1 and 21q22-qter (Kempski et al, 1997; Kempski et al 1998). In order to map the
2 1 q ll region thought to be involved in the development and/or the progression of
TAM, genomic clones were isolated from a human genome PAC library for use as
FISH probes. The 21q22-qter loci were investigated using commercially available
locus specific probes. The AM Ll gene at 21q22 was also investigated since it is
known to be involved in recurrent translocations in both acute lymphoblastic
leukaemia (ALL) and acute myeloid leukaemia (AML), and to undergo subtle
mutations in AML, myelodysplastic syndrome (MDS) and in a hereditary familial
platelet disorder (FPD) which is associated with a predisposition to AML.
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1.2

Haematopoiesis

Leukaemia is a malignant disorder of the haematopoietic system resulting from
underlying genetic mutations. This system is complex and tightly regulated, even
small perturbations in haematopoiesis can cause serious abnormalities in blood cell
production. Haematopoiesis is the process by which eight distinct lineages of mature
functional haematopoietic cells develop from immature progenitor and stem cells by
way of a hierarchical pattern of development.

A simplified diagram of

haematopoietic cell lineages is shown in Figure 1.1.

Multipotent
stem cell
Pluripotent
stem cells
Lymphoid

Myeloid
BFU-E

CFU-Bas

CFU-E

CFUGM

CFU-Mega

CFU-G

CEU-Eo

CFU-M
Pre-B
cell

Pre-thymocyte

Megakaryocyte

Red blood
cell

Figure 1.1

Neutrophil
Platlets

Eosinophil
Monocyte

mo
Basophil

B-cell

T-cell

Schematic diagram of the haematopoieis cell lineage

CFU, colony forming unit; BFU, burst forming unit; G, granulocyte; E, erythroid; M,
monocyte; Eo, eosinophil,; Bas, basophil; Mega, megakaryocyte.

Blood cell production is initiated during embryogenesis in the yolk sac and later
becomes established at other intraembryonic sites including the embryo body and the
aortal-gonad-mesonephros region (AGM). By the fifth to sixth weeks of gestation
18

haematopoietic precursors can be found in the foetal liver, which remains the
dominant haematopoietic organ throughout foetal life. The foetal liver is the chief
organ responsible for myeloid and erythroid production.

Stem cells colonise the

thymus at eight weeks of gestation, the site of T-lymphopoiesis, and the spleen at
twelve weeks. Haematopoiesis continues in the spleen until late foetal life, mature Band T-cells are present within this organ later in life.

Stem cells seed the bone

marrow from the foetal liver. From 6-7 months of foetal life the bone marrow is the
most important site of haematopoiesis. During childhood and throughout life the
bone marrow is the only source of new blood cells (Howard and Hamilton, 1997;
Vertaillie, 2000).

1.2.1

Haematopoietic stem cells, progenitor and committed cells

Few individual properties have been found to be unique to each cell lineage, but it is
possible

to

identify

composite

phenotypes

through

cell

morphology,

immunophenotyping and staining properties. Mature blood cells are thought to be
derived ultimately from a common pluripotent stem cell. The conunon stem cell
population is small, and capable of self-renewal and proliferation. As the cells mature
the capacity for differentiation is lost and the cells become dedicated (McCulloch et
al, 1983).

The pluripotent stem cell gives rise to two cell lineages, myeloid and

lymphoid. These progenitor cells are irreversibly committed. In vitro culturing of
primitive cells generates more mature, recognisable progenitor cells known as colony
forming units (CFU) which have a restricted capacity for differentiation (Metcalf,
1992; Howard and Hamilton, 1997).

In myeloid lineage development the earliest detectable precursor is the CFU, which
differentiates into granulocytes, erythrocytes, monocytes and megakaryocytes (CFUGEMM). Within the lymphoid lineage the progenitor CFU-lymphocyte (CFU-L)
gives rise to precursor thymocytes and precursor B-cells. The production of each
committed cell is tightly controlled by haematopoietic growth factors and cell
function is specific within the haematopoietic and immune system (Metcalf, 1992;
Howard and Hamilton, 1997).
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1.2.2

Haematopoietic growth factors

A cell culturing system for clonal development of haematopoietic cells established in
the 1960s demonstrated that haematopoietic cells could not proliferate without added
growth factors. The activation or suppression of genes within the growth factor
pathway results from a cascade of biochemical signals mediated by specific
interactions with cell surface receptors (Sachs, 1993; Sachs, 1996). Growth factors
are glycoproteins produced by a wide variety of tissues, often at a distance from target
cells that express the appropriate receptors. Growth factor synthesis and release can
be regulated in a paracrine or autocrine fashion. In the former, one cell type secretes a
growth factor which binds to a different type of target cell bearing the appropriate
receptors close by. Cells that secrete growth factors can also express receptors to
which the factor binds, and so operating in an autocrine fashion.

The functions of growth factors include regulation of proliferation, differentiation,
cell death, changes in cell morphology and motility. They can influence progenitor
cells either directly by binding to the receptors, or indirectly through binding to
receptors on auxiliary cells which then respond by releasing growth factors. Growth
factors can also operate in isolation or in synergy to produce cellular responses
(Metcalf, 1992; Sachs, 1996; Bagby et al, 2000). Table 1.2 lists a number of growth
factors known to be involved in haematopoiesis and the main target cells/lineages
involved. Growth factors such as SCF can act on pluripotential cells. Others, such as
IL-6 and GM-CSF influence multipotential cells and lineages. Growth factors such as
G-CSF, M-CSF and Erythropoietin act on committed lineages.

An example of a

growth factor that acts indirectly is IL-1, which induces expression of GM-CSF, GCSF and IL-6 (Metcalf, 1992; Bagby et al, 2000).

The mitogenic response of cells requires ‘competent’ growth factors which cause the
cells to enter the cell cycle from a quiescent state, through continuous and sustained
stimulation. ‘Progressive’ factors are then required for the passage of cells through the
cell cycle (Aaronson, 1991; Clurman, et al 1996). Given the fundamental role of
growth factors in normal cellular regulation it is not surprising to find that a
breakdown within the growth factor signalling pathway may eventually result in
malignancy through accumulation of genetic abnormalities.
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Table 1.1

Haematopoietic growth factors

Regulator
Erythropoietin

Target cell
(Epo)

E,M eg

Granulocyte-macrophage colony stimulating factor (GM-CSF)

G,M ,Eo,M eg,E

Granulocyte colony stimulating factor (G-CSF)

G,M

Macrophage colony stimulating factor (M-CSF)

M ,G

Multipotential colony stimulating factor (Multi-CSF/IL3)

G,M ,Eo,M eg,M ast,E,Stem

Interleukin 1

(IL-1)

T,Stem

Interleukin 2

(IL-2)

T,B

Interleukin 4

(IL-4)

B,T,G,M ,M ast

Interleukin 5

(IL-5)

Eo,B

Interleukin 6

(IL-6)

B,G,Stem ,M eg

Interleukin 7

(IL-7)

B,T

Interleukin 9

(IL-9)

T,M eg,M ast

Interleukin 10

(IL-10)

T

Interleukin 11

(IL-11)

M eg,B

Interleukin 12

(IL-12)

NK

Megakaryocyte colony stimulating factor (Meg-CSF)

M eg

Stem cell factor

Stem,G,E,M eg,Mast

(SCF)

Leukaemia inhibitory factor (LIF)

M eg

CSF- colony stimulating factor; IL- interleukin; G- granulocytes; M- macrophages; Eo- eosinophils;
E- erythroid cells; M eg- megakaryocytes; Stem- stem cells; Mast- mast cells; T- T-cells; B- B-cells;
NK- natural killer cells

(Lowenberg, et al 1990; Metcalf, 1992; Bagby et al, 2000)
1.3

Cell cycle and carcinogenesis

As the constitution of haematopoietic cell populations is determined by the balanced
interplay of proliferation, differentiation and cell death, a lesion within the
developmental pathway of the cell can result in carcinogenesis. Nowell (1976)
suggested that cancerous cells arise from mutation, causing selective growth
advantage. With cellular evolution, the affected cell acquires further mutation and the
genetically unstable cell continues to progress and proliferate. The deregulation of
controls which may act to inhibit proliferation is characteristic of malignant cells.
Carcinogenesis/leukaemogenesis is not simply a result of unchecked growth. As well
as hyper-proliferation, malignant cells show reduced rates of cell death (apoptosis), an
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inability to terminally differentiate, impaired contact inhibition with adjacent cells,
invasiveness of surrounding tissues, and angiogenesis.

Subversion of pathways regulating progression through the cell cycle can lead to
errors in controlling genomic integrity, which in turn lead to genetic instability, to
selective growth advantage over normal cells and eventually to malignant
transformation (Kaufman and Kaufman, 1993). Abnormalities can involve changes in
chromosome number, structural changes including inversions, deletions and
amplifications or molecular changes such as point mutations.

Aberrations in

chromosome number are well documented in malignant disorders and as the disease
progresses further abnormalities can be detected, demonstrating clonal evolution
(Lengauer et al, 1998). Examples of non-random changes in chromosome number
include +8, -7 or -5 detected in Acute Myeloid Leukaemia (AML).

In Acute

Lymphoblastic Leukaemia (ALL) changes may involve the addition of chromosomes
4 or 10 which in high-hyperdiploid (>50 chromosomes) ALL may imply a good
prognosis. Molecular abnormalities include mutations in the DNA repair mechanisms
which are known to predispose to cancer. For example mismatch repair defects are
involved in a hereditary type of colon cancer, hereditary non-polyposis colonic cancer
(HNPCC) (Kolodner and Alani, 1994). Xeroderma pigmentosum (XP) is a disorder
that results from a mutation in replication excision repair and results in a
susceptibility to skin cancer (Lengauer et al, 1998). A mutation in the Bloom’s gene
(BLM), involved in the double stranded break repair pathway, results in Bloom’s
syndrome characterised by elevated sister chromatid exchanges and an increased
susceptibility to acute leukaemia.

Genomic integrity is also affected by aberrations in oncogenes or tumour suppressor
genes, which are involved in the regulation of the cell cycle. The next sections will
describe the cell cycle and cell cycle checkpoints before describing oncogenes and
tumour supressor genes.
1.3.1

Cell cycle

Proliferation, differentiation, maturation and cell death are tightly regulated by the
cell cycle. The cycle has four main stages: Gap 1 (Gl), synthesis (S), Gap 2 (G2) and
mitosis (M). Cells pass from GO, the quiescent (resting) state to G l, a period of
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intense biochemical activity characterised by active gene expression and protein
synthesis, which prepares the cell to proceed to the next phase. The S phase is the
period of DNA synthesis in which the cell replicates its genetic content. DNA must be
completely duplicated for transit into G2. In this phase, the final preparations for cell
division occur and the newly replicated chromosomes begin to condense. Following
G2 mitosis occurs, separating the chromosomes into daughter cells. The cell cycle is
shown diagrammatically in Figure 1.2.

G2/M
checkpoint

DNA repair

\

DNA damage

cell death
D NA damage

^
^ --------

I

restriction point

DN A repair

%

S-phase checkpoint

Figure 1.2

Stages of the cell cycle

The stages of the cell cycle and the DNA damage checkpoints are described in the
text. M, mitosis; G l, Gap 1; S, Synthesis; G2, Gap 2; GO, quiescence.

1.3.2

Cell cycle checkpoints

Faithful maintenance and replication of DNA is necessary for preserving the integrity
of the genome. The accumulation of damage can lead to cell death, growth arrest or
malignant transformation. Within the cell cycle there are checkpoints at which DNA
damage is monitored. The restriction point regulating G 1/S transition prevents the cell

23

from replicating damaged DNA. Cells either arrest in G l until the DNA is repaired or
cell death is triggered (Hartwell and Kastan, 1994). When DNA is damaged during
early synthesis, the S phase DNA damage checkpoint (SDDC) is activated. The exact
method of action remains poorly understood (Dasika et al, 1999).

The G2/M

checkpoint is initiated in late G2 and allows for repair of DNA damaged in late S or
early G2 prior to mitosis. The G2/M checkpoint monitors double stranded breaks
which pose a serious threat to genomic integrity and cell survival, since they can
result in chromosomal aberrations such as deletions, inversions, duplications and
insertions (Obe et al, 1992; Bryant, 1997; Khanna and Jackson, 2001; van Gent et al,
2001; Elliot and Jasin, 2002).

The G2/M checkpoint prevents damaged DNA

segregating into the daughter cells. (Hartwell and Kastan, 1994; Dasika et al, 1999).
The spindle assembly checkpoint acts to avoid incorrect distribution of chromosomes.
Cells are arrested in metaphase until all chromosomes are correctly aligned to the
spindle. A cell passing into anaphase before a chromosome has attached will result in
sister chromatids segregating into the daughter cell (Murray and Hunt, 1993). Once
damaged DNA enters into mitosis and remains unchecked, the cell may accumulate
further genetic changes which can lead to malignant transformation.

1.4

Leukaemia and genetic abnormalities

As described in section 1.3, the abnormalities involved in leukaemia can either be
microscopically detectable gross changes or subtle structural alterations. Cytogenetic
analysis is an important tool for initial diagnosis providing information for the clinical
management and outcome of the leukaemia. Along with changes in chromosome
number, three main cytogenetic changes are also detectable. These are translocations,
inversions and deletions (Rabbitts, 1994). Such rearrangements are known to affect
both oncogenes and tumour suppressor genes.

Translocations and inversions can result in transcriptional activation and deregulation
of proto-oncogenes by conversion to activated oncogenes.

The mechanisms of

translocation and inversion can also lead to the production of a chimeric protein via
gene fusion.

Deletions involved in leukaemogenesis/carcinogenesis often indicate

loss of function of a tumour suppressor gene some of which act as negative regulators
of the cell cycle. Inactivation of a tumour suppressor gene leads to a decrease or loss
of function resulting in malignancy (Gilbert, 1983; Rabbitts, 1994). The fine mapping
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of rearranged chromosome regions has led to the identification and characterisation of
genes at the breakpoints. Discovery of proto-oncogenes, oncogenes and tumour
suppressor genes has led to further understanding of the mechanisms of
carcinogenesis, with changes in the expression of these genes playing a key role in the
process.

1.4.1

Proto-oncogenes and oncogenes

Proto-oncogenes and oncogenes have a positive regulatory effect on the control of
growth and development. Abnormal expression of these genes may be associated
with aberrant cell growth or with malignant transformation. Proto-oncogenes are pre
existing cellular genes found in the genome, which can be converted to oncogenes as
a consequence of genetic mutation. The mutations are usually dominant so that only
one copy of the gene needs to be affected in order to result in malignancy (Friend,
1988; Butturini and Gale, 1990). Altered expression of such genes can occur through
acquisition of point mutation in coding sequences and through insertions, deletions,
amplifications and translocation as mentioned above. Translocation can result in the
juxtaposition of an oncogene with a functionally active gene.

Oncogenes can be

brought under the control of regulatory elements of a region normally involved in
recombination such as those in the genes encoding immunoglobulins or T-cell
receptor genes (TCR) (Gilbert, 1983; Butturini and Gale, 1990).

An example of

conversion of a proto-oncogene to an oncogene is found in the B-cell malignancy
Burkitt’s lymphoma. In Burkitt’s lymphoma the c-MYC gene is juxtaposed to regions
containing different immunoglobulin loci and brought under the control of their
regulatory elements resulting in transcriptional activation (Rabbitts, 1994). Another
example of oncogenic activation by translocation is the Philadelphia chromosome
t(9;22) translocation found in Chronic Myeloid Leukaemia (CML). Translocation
fuses the ABL gene on chromosome 9 to the breakpoint cluster region (BCR) gene on
chromosome 22, resulting the production of a chimeric protein (Adams, 1985).
Leukaemias

tend

to

involve

the

inappropriate

expression

of

a

proto

oncogene/oncogene rather than mutation of a tumour suppressor gene, which is more
commonly found in solid tumours.
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1.4.2

Tumour suppressor genes

Tumour suppressor genes are recessive and have a negative effect on cellular growth.
The inactivation of a tumour suppressor gene increases the likelihood of
carginogenesis, whereas restoration of function acts as a suppressor to carcinogenesis.
Evidence for tumour suppressor genes initially arose from work involving somatic
cell hybridisation, whereby the in vitro fusion of normal cells to malignant cells
resulted in loss of the malignant phenotype in the hybrid. This work suggested that
the normal cells provided information capable of suppressing tumorigenicity, which
tumour cells lacked. The genetic instability of the hybrid cells resulted in random loss
of chromosomes. Loss of the normal chromosome from the hybrid caused reversion
to the malignant state, indicating that the normal chromosomes carried genes which
negatively regulate the development of a malignant phenotype (Friend et al, 1988).
The prototype example of a tumour suppressor gene is the retinoblastoma gene (RB)
which negatively regulates the Gl-S phase in the cell cycle (Knudson, 1971). Studies
of retinoblastoma led Knudson to postulate his ‘two hit’ hypothesis of tumorigenesis
where as few as two successive mutational events are required. In familial cases of
retinoblastoma, the first mutation (first ‘hit’) can occur in the germline cells with the
second inactivating event (second ‘hit’) occurring as a somatic mutation in retinoblast
cells during embryogenesis or early life. In sporadic cases of retinoblastoma, both
required mutations are somatic in origin. The two mutational events described by
Knudson served to inactivate both functional copies of the RB gene.

Other tumour suppressor genes identified subsequent to the cloning of RB include the
gene for Wilms’ tumour, a common paediatric renal cancer WTl ( l i p 13); the familial
breast cancer susceptibility genes, BRCAl (17q21) and BRCA2 (13ql2) (Miki et al,
1994; Wooster et al, 1995); and the commonly mutated p53 gene (17pl3.1) involved
in multiple malignancies (Lane, 1992).

1.5

Classification of leukaemia

Leukaemias are broadly divided into chronic and acute forms depending on the
maturity of the cells involved and on clinical course of the disorder. The chronic
forms of leukaemia involve cell populations that are more committed in their
development. The acute forms involve immature cells. Leukaemia is further divided
into myeloid and lymphoid depending on the haemopoietic cell lineage affected and is
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sub-divided according to the French-American-British (FAB) classification.

This

defines cells at specific stages of development based on morphology, cytochemistry
and immunophenotyping.

Chromosome abnormalities have an increasingly important role in the classification of
leukaemias. In 1960 Hungerford and Nowell described the Philadelphia chromosome
involving a t(9;22) translocation. This was the first marker to be specifically related
to a subtype of leukaemia, namely chronic myeloid leukaemia (CML). Recurrent
patterns of chromosomal abnormalities play an important role in characterising and
determining outcome of specific types of leukaemia.

1.5.1

Acute Lymphoblastic Leukaemia (ALL)

Acute lymphoblastic leukaemia (ALL) shows an annual incidence of four cases per
100,000 children, accounting for 25% of all newly diagnosed paediatric cancer cases.
ALL is the most common malignancy in children with a peak incidence at age 3-4
years. The majority of cases (80-85%) of ALL are of the precursor B-cell type, and
the rest are T-cell leukaemias. Of all childhood ALL cases, 90% have detectable
chromosomal abnormalities, which can assist diagnosis and provide and indication of
the prognosis (Fui et al, 1990; Raimondi, 1993). Table 1.2 lists the different subtypes
of ALL. Along with the physiological features of the blast cells, ALL is further
classified according to the number of chromosomes present, enhancing diagnosis and
prediction of outcome. The numerical classifications are also shown in Table 1.2.

Approximately 25-30% of childhood ALL cases are of the prognostically favourable
high hyperdiploidy karyotype. The median chromosome number is 55 and the most
frequently replicated chromosomes are 4, 6, 10, 14, 17, 18, 20, 21 and X (Fui, 1990;
Ramondi, 1993).

Hyperdiploidy occurs in 10-15% of childhood ALL cases and

chromosome 21 is frequently found to be numerically abnormal. Other numerical and
structural abnormalities are frequent but with no consistent pattern. The outcome of
hyperdiploid ALL is less favourable than that for high hyperdiploidy (Raimondi,
1993).
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Table 1.2

Classification of ALL

Momholosical classification
LI

Small uniform blast cells with scant cytoplasm

L2

Large heterogeneous blast cells with nucleoli and low nuclear-cytoplasmic
ratio

L3

Basophilic vacuolated blast cells

Immunological classification
Precursor B ALL
- common ALL
- null ALL
- pre-B ALL
T-ALL
B A LL
Chromosome number

Numerical classification

>50

High hyperdiploid
Hyperdiploid

47-50

Pseudodiploid

46 with structural changes

Diploid

46

Hypodiploid

<46

The largest cytogenetic sub-group in childhood ALL is pseudodiploidy, which is
found in approximately 40% of cases.

Pseudodiploidy is characterised by the

presence of 46 chromosomes but structural abnormalities are also present.
Translocations account for 40-50% of structural abnormalities. The prognosis is poor
within this subgroup and is often predicted through the presence of particular
chromosome abnormalities including translocations t(l;19), t(8;14), t(4 ;ll) and
t(llq23) (Fui, 1990; Raimondi, 1993).

The prognostically favourable t(12;21)

translocation is the most common rearrangement detected in pre-B cell paediatric
ALL cases. This rearrangement will be described further in section 1.6.2.

A subset of childhood ALL cases lack detectable rearrangements by cytogenetic
analysis.

Approximately 10-15% of patients are classified as diploid.

This is

frequently found in T-cell ALL (25%-30%) and may reflect subtle inter-chromosomal
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rearrangements or may be attributed to the failure to detect clonal abnormalities,
possibly as a result of low mitotic index (Raimondi, 1993). Hypodiploidy is found in
3-9% of childhood ALL cases. Most examples have 45 chromosomes with structural
changes including unbalanced translocations and possible further non-random loss of
chromosomes.

This subgroup is known to have a poor prognosis (Pui, 1990;

Raimondi, 1993).

1.5.2

Acute Myeloid Leukaemia (AML)

The average age of incidence of Acute Myeloid Leukaemia (AML) is over 60 years of
age, it occurs relatively rarely in childhood and accounts for only 15-20% of all
childhood leukaemias.

However, susceptibility to AML is associated with certain

heritable disorders including Fanconi’s anaemia (FA), Bloom’s syndrome (BS) and
Down syndrome (DS). AML can either occur de novo or secondary to pre-leukaemic
conditions such as myelodysplasia or transient abnormal myelopoiesis (TAM), or to
therapy (Cairey et al, 1986).

AML occurs through the malignant transformation of the myeloid haematopoietic
lineage, usually at an early progenitor cell. There are eight sub-types of AML defined
by the FAB classification, as show in Table 1.3.

Children under 2 years of age are

more likely to have M4 or M5 (Cairey et al, 1986). Children with DS and less than 3
years of age are highly susceptible to the M7 subtype of AML (Zipursky et al, 1987).

Table 1.3

Classifications of AML

Type

Description

MO

Undifferentiated

Ml

Without maturation

M2

With maturation

M3

Promyelocytic

M4

Myelomonocytic

M5

Monocytic

M6

Erythroleukaemia

M7

Megakaryoblastic

(Howard and Hamilton, 1997)
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Chromosomal abnormalities have been found to correlate with specific sub-types of
AML.

Prognostically favourable translocations include t(8;21), t(15;17), inv(16) and

t(9;ll). The t(8;21) rearrangement is a common abnormality associated with M l and
M2 subtypes of AML and can be associated with loss of a sex chromosome
(Raimondi et al, 1989; Kalwinsky et al, 1990). The t(15;17) translocation is found in
childhood cases of AML-M3.

Inversion of chromosome 16 has been detected in all

subgroups except M3 and M7 and variable translocations of chromosome 11 are
associated with AML-M5 (Raimondi et al, 1989; Kalwinsky et al, 1990). The most
common numerical changes found in AML are +8 and +21. Translocations t(l;22)
and t(l;3) are associated with Acute Megakaryoblastic Leukaemia (AMKL) (Lange et
al, 2000).

1.6

Chromosome 21 and acute leukaemia

Chromosome 21 was the first chromosome for which a dense and almost contiguous
physical map existed for the long arm (Chumakov et al, 1992a, 1992b).

Several

further physical maps exist for specific regions of 21q (Ichikawa et al, 1993; Soeda et
al 1995; Nizetic et al 1994; Ohira et al 1996). Chromosome 21 is the smallest human
autosome comprising of 1-1.5% of the entire human genome. The long arm, 21q, is
approximately 38Mb in size. The short arm, 21p, is estimated to be 10-15Mb in size
and shows a high degree of homology to the other acrocentric chromosomes
(Antonorakis, 1993; Antonorakis, 1998; Gardiner, 1999; Hattori et al, 2000).

Historically, human chromosome 21 has been intensely studied due to its small size
and its association with a number of human disorders including Alzheimer’s disease.
Usher syndrome, Knobloch syndrome. Bipolar disorder. Familial Platelet Disorder
(FPD) and Down syndrome (Song et al 1999; Downing et al, 2000; Hattori et al,
2000; Michaud et al, 2002). Loss of heterozygosity (LOH) of loci on chromosome 21
has been identified in solid tumours including cancers of the head, neck, breast,
pancreas, stomach, oesophagus and lung, indicating the possible presence of tumour
suppressor genes. Gain of chromosome 21 is one of the most common abnormalities
in neoplasms, although it is usually found along with other numerical or structural
aberrations (Heim and Mitelman, 1986). Abnormalities of chromosome 21 have been
described in both ALL and AML and in particular involve rearrangement or mutation
of a gene localised to 21q22.
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1.6.1

The Acute Myeloid Leukaemia Gene and leukaemia

The Acute Myeloid leukaemia -1 gene, AMLl, now more commonly known as Runtrelated

transcription

factor-1 (RUNXl)

is

frequently targeted

in

recurrent

chromosomal translocations associated with ALL, AML and myelodysplasia (MDS)
((Nucifora and Rowley, 1995; Shurtleff et al, 1995; Dann et al, 2000). RUNXl is
localised to chromosome 21q22.12 and spans 260kb of genomic DNA, encompassing
12 short coding exons (Levanon et al, 2001).

RUNXl belongs to a family of

transcription factors named the core binding factors, this gene encodes the alpha
binding subunit 2 (CBFA2).

A further two RUNX genes have been identified in

humans, RUNXl (AML-3) localised to chromosome 6p21 and RUNX3 (AML-2) at
lp36.

RUNXl encodes a protein characterised by an evolutionary conserved protein motif
homologous to the Drosophila segmentation gene, runt, at the amino terminal and
referred to as the runt homology domain (RHD) (Daga et al, 1992). This region
consists

of

128

amino

acids

and is responsible for DNA binding

and

heterodimerisation with the non-DNA binding subunit CBFp which increases the
binding affinity of RUNXl to the core sequence, TGT/cGGT (Speck, 1999).

CBFP

is known to be disrupted in the rearrangement, inv(16)(pl3;q22) associated with AML
(Shurtleff et al, 1995).

Transcription of RUNXl is initiated at two distinct 5’ promoter regions, PI the distal
region promoter and P2, the proximal region promoter. This generates a large number
of alternatively spliced mRNAs which show altered biological function as they lack
the transactivation domain at the carboxy terminus (Levanon et al, 1996; Levanon et
al, 2001). Studies have shown that RUNXl/CBF^ can act as an activator or repressor
of transcription depending on the other factors recruited on to the complex.
Interaction of RLWX'l/CBFp with proteins that possess histone acetyltransferase
activity will change chromatin structure, leading to enhanced transcription, whereas
association with proteins that recruit histone deacetylase will result in transcriptional
repression (Downing et al, 2000). The RC/AXl/CBFp complex functions as a critical
regulator for tissue specific expression of genes involved in haematopoiesis including
IL-3, colony stimulating factors G-CSF and GM-CSF, M-CSF receptor, T-cell

31

receptors, and myeloperoxidase (Nunchprayoon et al, 1994; Hiebert, 1996; Zhang et
al, 1996; Dann et al, 2000; Downing et al 2000). Disruption of the RUNXl gene in
homozygous RUNXl knockout mice resulted in absence of liver haematopoiesis and
haemorrhagic death, indicating a crucial role of the gene in defmative haematopoiesis
(Okuda et al, 1996; Wang et al, 1996).

1.6.2

Translocations involving the R U N X l gene

The RUNXl gene was originally identified through the positional cloning of the
t(8;21) translocation breakpoint which accounts for 10-15% of AML cases and is
particularly associated with the M2 sub-classification (Goa et al, 1991; Erickson et al,
1992). The t(8;21) rearrangement results in fusion of the 5’ region of RUNXl to the
3’ region of the ETO (eight twenty one) gene on chromosome 8q22. The fusion
produces a transcriptionally active gene and a resultant chimaeric protein (Nucifora
and Rowley, 1994; Nucifora and Rowley 1995).

The RUNXl gene is also disrupted

in the t(3;21) rearrangement, where three closely linked genes on chromosome 3q26
act as fusion partners. These are EVIl, EAR and MDS ((Nucifora and Rowley, 1994,
Nucifora and Rowley, 1995). The t(8;21) and the t(3;21) gene fusions are specific to
the myeloid cell lineage.

Transcription is driven by the RUNXl gene from the

derivative chromosome [der(8) or der(3)].

For each of these translocations the

RUNXl breakpoints are shown in Figure 1.3.

In all of these rearrangements the

proteins contain the entire Runt domain, but the transactivation domain of the RUNXl
gene is either replaced by the fusion partner proteins or deleted. As the Runt domain
remains intact, the chimaeric genes are regulated by the two RUNXl promoter regions
(Levanon et al, 2001).

The RUNXl gene is also rearranged in the t(12;21) translocation involving the TEL
gene localised to 12pl3.

The t(12;21) translocation is the most common

rearrangement detected in childhood ALL.

It occurs in approximately 25% of

childhood B-precursor cell ALL cases (Kobayashi et al, 1996; Shurtleff et al, 1995).
Prevalence of the TEL!RUNXl fusion was initially underestimated due to difficulties
in detecting the rearrangement by conventional cytogenetic methods (Romana et al,
1995). Unlike the translocations described above where the RUNXl gene is disrupted
3’ to the runt domain, in the TEL!RUNXl fusion the transactivation domain is
preserved and transcription is driven by the TEL promoter region from the derivative
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chromosome 21, shown in Figure 1.3. The reciprocal translocation [der(12)] is not
consistently detected suggesting that the TEL!RUNXl fusion on der(21) is the
important rearrangement in the leukaemia (Kobayasi et al, 1996).

Although the

biochemical effects of rearrangements of RUNXl are as yet unknown, it has been
speculated that the resulting chimaeric proteins may function as inhibitors of the wild
type gene by sequestering the target sequence or CBFp (Nucifora and Rowley, 1994,
Nucifora and Rowley, 1995; Song et al, 1999; Downing et al, 2000; Imai et al, 2000;
Preudhomme et al, 2000; Michaud et al, 2002).
Transactivation Domain
RHD
RUNXl

RU NX lU ET O

t(8;21)

RUNXUEVI-

t(3;21)

RUNXl/EAP

t(3;21)

RUNXl/MDS

t(3;21)

TEURUNXl

RHD

t(12;21)

Figure 1.3

Transactivation Domain

Translocations and gene fusions involving the RUNXX gene

The diagram shows schematic representations of the RUNXl

gene and the

chromosome translocations and gene fusions in which it is involved.
indicate the breakpoints on the RUNXl gene.

33

The arrows

1.6.3

Down syndrome

As has been described, structural and numerical abnormalities of chromosome 21 are
frequently described in acute leukaemias.

Trisomy of chromosome 21 which causes

Down syndrome is also associated with a predisposition towards developing acute
leukaemia. The incidence of DS is approximately 1 in every 700 live births. Children
with DS exhibit characteristic facies and physical features, and associated
physiological disorders include congenital heart disease (CHD), occurring in 40% of
DS cases, abnormalities of the gastrointestinal tract, disorders of the immune system
and an increased risk of developing acute leukaemia (Korenberg, 1990).
95% of DS cases result from the presence of three complete copies of chromosome 21
and 5% of cases result from partial trisomy of chromosome 21 or the presence of
isochromosomes or translocations. The parental origin of the chromosome 21 trisomy
shows a distinct bias towards maternal non-disjunction errors. Of the 95% of cases
caused by complete trisomy, maternal nondisjunction errors account for 86% (75%
derived from meiosis I and 25% from meiosis H). Only 9% of the cases caused by
full trisomy are derived from errors in paternal non-disjunction. In the remaining 5%
of cases, the extra chromosome 21 is derived from mitotic errors (Sherman et al,
1991; Antonorakis, 1993; Herrandez and Fisher, 1996).

Muller et al (2000)

suggested a possible bias in examination of parental origin of chromosome 21 in
earlier studies which were conducted on live bom infants and as such did not take into
account the high percentage of foetal death that occurred.

An estimated 50% of

pregnancies result in spontaneous termination during the first trimester, with 23%
occurring in the second trimester (Muller et al, 2000). Polymorphic analysis of foetal
blood samples enabled the determination of the paternal origin of the extra copy of
chromosome 21 in 10.8% of trisomy 21 cases (n=110), slightly more frequently than
that determined post-natally.

1.7

DS and acute leukaemia

Random simultaneous occurrence of DS and acute leukaemia would be expected as
trisomy for chromosome 21 is the most frequently occurring aneuploidy and acute
leukaemia is a common childhood malignancy (Fong and Brodeur, 1987; AvetLoiseau et al, 1995). However the percentage of DS children who develop leukaemia
is significantly higher than would be expected by chance alone (Fong and Brodeur
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1987; Avet-Loiseau et al, 1995). The risk of a child developing acute leukaemia is
1:2000 in the UK, whereas the risk of a DS child developing AL is approximately
1:150 (Taub, 2001; Greaves, 2002). The incidence of acute leukaemia in DS is 1015x greater than that found in non-DS cohorts and is increased for both ALL and
AML, although the risk of specific uncommon subtypes is greatly elevated (Robison
et al, 1984; Fong and Brodeur, 1987; Zipursky et al, 1992; Avet-Loiseau et al, 1995).

1.7.1

DS and ALL

The characteristics of ALL in DS are similar to those found in the general population.
ALL is predominantly found in children over 4 years of age and the sex ratio is 1.3
(male: female) in non-DS cases compared with a ratio of 1.2 in DS cases (Robison et
al, 1984; Kalwinsky et al, 1990; Pui et al, 1993). The most frequent cytogenetic
rearrangement detected in ALL is the t(12;21) rearrangement. Although there is a
higher incidence of B-lineage ALL in DS compared with non-DS cases, this
translocation is uncommon in DS ALL patients (Lanza et al, 1997). The t(l;19)
translocation commonly found in ALL is also infrequently detected in DS cases (Pui
et al, 1993).

Although there are similarities between ALL in DS and non-DS children, response to
treatment and survival rates are significantly poorer in DS children.

A study by

Robison et al (1984) found that on a five year follow up after treatment, 50% of DS
children with ALL survived, compared with 65% of the control population. In a later
study, Levitt et al (1990) reported a lower survival rate of 28% for children with DS
ALL, versus 59% in the control population. The poor prognosis for ALL in children
with DS is thought to be caused by the congenital abnormalities found in DS, the
impaired immune function, and possibly altered drug metabolism (Levitt et al, 1990).

1.7.2

DS and AML

A distinctly younger age distribution exists in AML associated with DS compared
with ALL and AML in the general population. AML is predominantly found in DS
infants under 3 years of age whereas in the general population AML affects adults
(Rosner and Lee, 1972; Robison et al, 1987; Fong and Brodeur, 1987; Kojima, 1990;
Zipursky et al, 1992; Pui et al, 1993). The incidence of one relatively uncommon
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subtype in particular, AMKL, was estimated to be over represented 400 fold in DS
infants (Zipursky, 1992).

AMKL is a malignant proliferation involving cells of the megakaryoblastic cell
lineage. Due to difficulty in identifying cells by light microscopy alone, AMKL was
often misdiagnosed as ALL and diagnosis was frequently made post mortem.
Staining and immunophenotyping allow for further identification of haematopoietic
cells (Caimey et al, 1986). The blast cells in AMKL react with glycoprotein Ilb/nia
antigen complex (CD41, CD42 and CD61), found to be present on all red blood cells,
and produce a positive reaction with platelet specific peroxidase (Zipursky, 1987).

The prognostically favourable rearrangements t(8;21), t(15;17), inv(16) and the
t(9 ;ll) translocations which occur in 30-40% of AML patients are uncommon in DS
cases (Creutzig et al, 1996; Lange et al, 1998).

The most common cytogenetic

abnormality in DS AML is trisomy for chromosome 8, with the acquisition of further
copies of chromosome 21 also described (Creutzig et al, 1996; Lange et al, 1998).
AMKL in DS has a low frequency of additional acquired cytogenetic changes, both
numerical and structural (Lu et al, 1993).

AMKL/AML is often preceded by a pre-leukaemic phase occurring in neonatal life.
These pre-leukaemic episodes can be either myelodysplasia (MDS) or transient
abnormal myelopoiesis (TAM) which is closely associated with chromosome 21
trisomy (Zipursky et al, 1987; Zipursky et al, 1994).

1.8

Chromosome 21 and Transient Abnormal Myelopoiesis

DS neonates are susceptible to a pre-leukaemic disorder characterised by the presence
of primitive cells in the peripheral blood (Avet-Loiseau et al, 1995; Zipursky et al,
1992; Zipursky et al, 1999). Several different names have been given to this disorder:
transient

leukaemia,

transient leukemoid

reaction,

ineffective

regulation

of

granulopoiesis, transient congenital leukaemia, transient leukaemic-like reaction,
pseudo-leukaemia, transient myeloproliferative disorder, and transient abnormal
myelopoiesis (TAM). The unique feature of TAM is that it is self limiting, with the
blast cells spontaneously resolving without therapy within 1-3 months (Zipursky et al,
1987).
36

TAM occurs predominantly in DS neonates or phenotypically normal newborns who
are mosaic for constitutional trisomy of chromosome 21. It has been postulated that
1% of all neonates with DS may develop TAM (Zipursky et al, 1997). This disorder
has been infrequently described in phenotypically normal infants with no detected
mosaicism (Van Eys and Flexner, 1969; Kalousek and Chan, 1987; Kempski et al,
1997). In these cases, the abnormal cell line disappears when TAM episode resolves.
The long term prognosis of TAM is good, although 20-25% of TAM cases may go on
to develop acute leukaemia within the first 3-4 years of life (Zipursky et al, 1987;
Homans et al, 1993; Zipursky et al, 1997). As yet, there is no indicator to predict
development of a subsequent haematological disorder.

1.8.1

Clinical manifestations of TAM

TAM does not appear to be associated with consistent clinical manifestations outside
of the abnormalities resulting from the DS phenotype.

Hepatomegaly and/or

splenomegaly may be found, along with cutaneous infiltrates. Reports of hepatic
fibrosis have also been recorded in approximately 10% of cases of TAM (Brodeur et
al, 1980; Lazarus et al, 198; Zipursky et al, 1992; Zipursky et al, 1999). The liver
disorder appears early in neonatal life and progresses with the TAM episode.
However, although TAM resolves, the liver may continue to deteriorate. Biopsy has
revealed fibrosis, hepatic necrosis and infiltration of blast cells.

The number of blast

cells detectable in the peripheral blood in TAM is variable, with bone marrow
infiltration of blasts cited to be proportionally less.

10-50% re-population of bone

marrow with blasts has been cited (Kurahashi et al, 1992; Avet-Loiseau et al, 1995;
Zipursky et al, 1999).

The blast cells in TAM have been described as being of megakaryoblastic origin
based on cytochemistry, immunophenotyping and morphology (Hayashi et al, 1988;
Avet-Loiseau et al, 1995; Zipursky et al, 1997; Zipursky et al, 1999). Studies have
revealed heterogeneity in the biological properties of the haematopoietic population in
TAM. Using in vitro single cell colony forming assays the cell populations derived
from blast cells have been found to express megakaryocytic and erythroid cell surface
markers (Coulombel et al, 1987; Koike et al, 1987; Suda et al, 1987; Yumura-Yagi et
al, 1992; Ito et al, 1995).

This indicates that the erythrocyte and megakaryocyte
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pathways may be closely related and that a common progenitor cell may exist
between the two lineages. The cell populations grown in these assays were also found
to show trisomy of chromosome 21 exclusively, suggesting a proliferative advantage
of the trisomie blast cells (Suda et al, 1987). Culturing of TAM blast cells also
produced phenotypically normal granulocytic and erythroid colonies, although these
were low in numbers compared with normal neonatal samples. This is in contrast to
the blast cells from acute leukaemia where normal differentiation of the cells is not
detected in these assays.

1.8.2

TAM vs congenital leukaemia

The morphological, cytochemical and clinical manifestations of TAM resemble acute
leukaemia and there is still conjecture over whether it is an overt leukaemia (Ghosh,
1992; Zipursky et al, 1992; Bhatt et al, 1995). The disorder has a number of unusual
characteristics with regards to overt leukaemia: The ratio of blast cells in the
peripheral blood can be greater than that detected in the bone marrow.

The

proliferating clone in TAM is generally not associated with additional cytogenetically
observable chromosome abnormalities. In vitro colony forming assays of TAM blast
cells produce differentiating and maturing cells alongside the abnormal blast colonies,
indicating that normal haematopoietic differentiation is not blocked (Suda et al,
1987).

Normal colonies have not been detected in cells cultured from acute

leukaemias (Denegri et al, 1981; Coulombel et al, 1987). Most importantly, TAM is
self-limiting and can only be confidently diagnosed as the disorder regresses.

However, arguments also stand for TAM being a transient overt leukaemia as
proliferation of blast cells is not detected in any disorder other than leukaemia. TAM
resembles a disorder known as congenital leukaemia. As with TAM, this disorder is
rare. It is believed to represent 0.5-1% of all childhood leukaemias although this
figure may be confounded by cases of TAM (McCoy and Overton, 1995; Mora et al,
2000). Spontaneous remission of congenital leukaemia has also been infrequently
reported.

As congenital leukaemia usually requires antileukaemic intervention,

McCoy and Overton (1995) suggested several ‘defining’ features of congenital
leukaemia in contrast to TAM: the presence of cutaneous leukaemic infiltrates
(leukaemia cutis) which appear as magenta coloured nodules over the body (and
differing from the skin rash occasionally seen in TAM); the prevalance of acute
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myelomonocytic or monocytic leukaemia; the infiltration of blast cells into extrahaematopoietic tissue and finally, an overall poor progress. The one factor that would
appear to distinguish congenital leukaemia and TAM is an absence of trisomy for
chromosome 21, either congenitally or in the haematopoietic system only. Further
work needs to be carried out on the comparison of these infrequent disorders, should
measurable differences actually exist, in order to provide an accurate diagnosis.

1.9

Chromosome 21 abnormalities in DS acute leukaemia and TAM

Chromosome 21 abnormalities, both structural and numerical are commonly found in
acute leukaemias, as detailed in the previous sections, but the mechanisms underlying
the relationship between an increased susceptibility and DS remain unclear as no
acquired chromosome abnormality has been associated with DS and acute
leukaemia/TAM.

In a study by Kempski et al (1997) Fluorescent In Situ

Hybridisation (FISH) was used with a panel of chromosome 21 locus specific probes
to analyse five DS AL cases, one DS pre-B ALL and four DS AMKL cases.
Structural abnormalities were detected on one copy of chromosome 21 in all samples
(Kempski et al, 1997). The maximum region of loss in the DS acute leukaemia cases
encompassed probes localised to 21q22-qter, specifically loci D21S65, D21S55,
D21S19 and D21 S I219/1220.

The minimal deletion region involved partial loss of

the probe spanning the D 2IS55 locus. The 3’ region of the RUNXl gene was deleted
on one copy of chromosome 21 in 4/5 of the cases analysed.

Similar work was

carried out on a phenotypically normal TAM case that was found to harbour +18 and
+21 in 90% of her metaphase cells during the TAM episode (Kempski et al, 1998).
The structural abnormalities of chromosome 21 were found to be more complex in
this case with cryptic deletions and inversion found for the region encompassing
D21S65 to D21S55. The 3’ region of the RUNXl gene was also relocated to a more
centromeric position in a number of the karyotypically abnormal cells. This work
suggested that a gene(s) on chromosome 21q may be important in the relationship
between DS and pre-leukaemic episodes and leukaemia.

1.10

Aims

Based on the work carried out by Kempski et al (1997, 1998) the aims of this study
were:
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1. To determine whether the interstitial deletions and rearrangements of chromosome
21 described by Kempski et al (1997) also occurred in other DS childhood leukaemia
patients and in neonates diagnosed with TAM and to further define the breakpoint
regions. The isolation of the clones used to investigate the extent of the breakpoints is
described in Chapter 3. The identification of the deletions and rearrangements in the
DS and non-DS patients that had haematological malignancies is described in Chapter
4.

2. To further investigate the structural abnormalities of chromosome 21 in the
phenotypically normal TAM case described by Kempski et al (1998) in order to
identify the paracentromeric breakpoint. This work is described in Chapter 4.

3. To use available up-to-date information and databases to identify the genes
localised to the chromosome 21 regions found to be abnormal in the DS and non-DS
AL and TAM cases analysed. This work is also described in Chapter 4.

The cases analysed were children admitted to Great Ormond Street Hospital during
the period 1997-2000. The investigations were limited to the amount and quality of
the material available for each patient as samples for diagnostic purposes took
precedence over that for research work. Chapter 2 details the materials and methods
used for the analysis of the patient samples.

For rapid, reproducible results, the

commercially available FISH probes detailed by Kempski et al (1997, 1998) were
initially used for analysis. To further delineate the abnormal regions in the patient
samples, clones were identified from existing physical maps and also isolated from a
human genomic PAC library. This work is described in Chapter 3. The FISH and
molecular analysis of chromosome 21 is described in Chapter 4. The final chapter
discusses the work in general and recent findings associated with leukaemia and TAM
arising in DS cases.
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Chapter 2
Materials and Methods
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The materials and methods used throughout this project are described in the following
sections. Where commercially available probes and kits were used the procedures
were carried out in accordance with the manufacturer’s instructions.

Any

modifications to the protocols are detailed.

2.1

Sample collection and Tissue Culture

The population analysed consisted of three groups: (A) TAM neonates with DS, (B)
TAM neonates without DS and (C) infants with DS and acute leukaemia. Control
samples consisted of peripheral blood or bone marrow samples from an unaffected
population, from DS infants and neonates and from cases (non-DS) diagnosed with
leukaemia.

Due to the young age of the DS AL and TAM patients, the control

samples from the unaffected population were not age matched. The other control
cases were age matched as far as possible with the patient samples. The National
Institute of Neurology Regional Cytogenetics Department provided the DS control
samples as fixed cells.

Patient samples were received from clinicians either as bone marrow aspirates or as
peripheral blood collected in 5ml lithium heparin tubes. The amount of tissue samples
retrieved was generally small due to the difficulty in aspirating DS children and to the
young age of the cases. Peripheral blood samples were acceptable for analysis due to
the high blast count resulting in spill-over into the peripheral blood system. Patient
samples were processed to produce large numbers of high quality metaphase cells, as
far as the sample allowed.

Where enough sample material was available, cells isolated from the tissue were
stimulated with phytohaemagglutanin (PHA) for constitutional chromosome analysis,
to serve as an internal control for the FISH studies.

2.1.1

Cell Culture

Patient peripheral blood and bone marrow samples were cultured in 10ml R PM I1640
Complete Medium (Dutch Modification) (Sigma-Aldrich, Dorset, UK) supplemented
with 10% (v/v) heat inactivated foetal bovine serum (FBS) (Invitrogen, Paisley, UK),
200mM gentamycin (10,000 lU/ml) and 200mM L-glutamine (Sigma, UK). For short
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term cultures the samples were incubated at 37°C in 5% CO2 for 24 hours. Direct
cultures were incubated for 1 hour. For constitutional chromosome analysis,
peripheral blood samples were cultured with 1% (v/v) phytohaemagglutinin (PHA)
(Sigma) a lymphocyte mitogen, and the sample incubated for 72 hours.

2.1.2

Harvesting and fixation of ceils

One hour prior to harvesting, 0.1 pi colcemid (Invitrogen) was introduced into the
culture to a final concentration of O.lpg/ml and the sample returned to the incubator
for a maximum of 50 minutes. Colcemid is a spindle inhibitor preventing anaphase
and allowing the cells to accumulate at metaphase.

The cultured sample was

centrifuged for 15 minutes at 1200 rpm in a Mistral MS 1000 centrifuge.

The

supernatant containing the serum and protein was removed, the cells resuspended in
0.075 M KCl hypotonic solution for 15 minutes at room temperature and pelleted for
10 minutes at 1200 rpm. The supernatant was removed and the cells resuspended in a
fresh fixative of 3 parts methanol: 1 part glacial acetic acid (Analar grade), ensuring a
single cell suspension. After 30 minutes at 4°C cells were centrifuged for 8 minutes,
the supernatant discarded and the pellet resuspended in fresh fixative. The sample
was stored at -20°C and washed with fresh fixative several times before preparing
slides.

2.2

Slide preparation

Prior to making slides of blood and bone marrow samples the slides were washed in
1% (v/v) Decon for 10 minutes, rinsed thoroughly in hot water for 1 hour and stored
in deionised water at 4°C. The washing procedure removes any debris from the slide
surface which may interfere with the adherence of cells to the slide or with the
hybridisation process by contributing to background signal.

2.2.1

Chromosome spread preparation

Patient blood/bone marrow samples were washed and resuspended in fresh fixative.
25 pi of the cell suspension were dropped on to wet slides and the slides baked for a
few seconds on a 60°C hot plate to encourage flattening and spreading of the cells.
Slides were thoroughly air-dried and stored covered at room temperature to prevent
build up of debris.

The slides were examined under phase contrast to check the
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density of cells. The Institute of Child Health Cytogenetic Department performed
GTG (Geimsa-Trypsin-Geimsa) banding and karyotypic analysis.

2.2.2

Slide pre-treatment and dénaturation prior to FISH

Pre-treatment of materials increases specific hybridisation by reducing background
noise caused by non-specific hybridisation.

Slides bearing cell preparations were

washed for 1 hour in 2xSSC at 37°C, dehydrated in 70% (v/v), 80% (v/v) and 100%
(v/v) ethanol for 3 minutes each and air-dried.

The alcohol series removes any

residue of pre-treatment fluid by dehydration. Slides were then denatured in 70%
(v/v) formamide (Sigma)/2xSSC at 70°C for 2 minutes. Dénaturation renders the
DNA single stranded and as such more accessible to the probe. The slides were
transferred back to the dehydration steps and air-dried.

2.3

Fluorescence in situ hybridisation (FISH)

Fluorescence in situ hybridisation (FISH) is a fast and effective technique for
identifying subtle structural instabilities of chromosomes, bridging the gap between
conventional cytogenetic and molecular genetic methods. FISH probes can be either
directly or indirectly labelled.

Indirectly labelled probes are pre-labelled with a

hapten such as biotin or digoxigenin and detected using an antibody raised to the
hapten conjugated to a fluorochrome.

A probe bound to digoxigenin requires only

one detection step utilising the anti-digoxigenin-rhodamine antibody to allow
detection of the probe, shown in Figure 2.1.

Biotinylated probes are detected by coupling to fluorescein avidin and then to
biotinylated anti-avidin D. The anti-avidin binds to avidin by two mechanisms, either
through coupling to the antigen binding sites of the antibody or by binding to multiple
biotin residues attached to the avidin. A second layer of fluorescein avidin D can be
added to provide further amplification of the biotin signal. The method is shown in
Figure 2.2. This layering method for indirectly labelled probes produces an intense
specific signal but is more time consuming due to the signal amplification steps and
the complex post hybridisation washes that are required.
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Avidin conjugated to a signal generating system,
binds to the biotinylated probe.

▲ A A A

The signal is amplified by adding
biotinylated anti-avidin antibody.

A second layer o f avidin is added. This is
conjugated to a signal-generating system.

y
Biotin incorporated onto
probe and hybridised to
target sequence

Figure 2.1

Avidin conjugated to
a signal generating system

X
Biotinylated anti-avidin
antibody

Signal detection of digoxigenin labelled probe.
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Anti-digoxigenin-rhodamine
antibody

Figure 2.2

Digoxigenin labelled probe
hybridised to target sequence

Indirectly labelled probe detection for Biotinylated probes using

the biotin-avidin signal detection method.

2.4

FISH probes

A wide variety of probes exist for use in FISH.

Locus-specific probes can be

generated from YACs, PACs and cosmids, and probes are commercially available for
specific regions on all chromosomes (Appligene Oncor, Co Durham, UK; Cambio,
Cambridge, UK; Vysis UK Ltd, Richmond, UK). Clones can also be isolated from
chromosome specific libraries now available for all human chromosomes.

2.4.1

Locus-Specific Identifier (LSI) Probes: Indirectly labelled

There are several commercially available locus-specific identifier (LSI) probes
available for the identification of unique sequences on chromosome 21. These can be
either directly or indirectly labelled. The manufacturer’s state that the LSI probes
have greater than 95% hybridisation efficiency calculated by the number of times the
probe was detected on both arms of metaphase chromosomes of normal control
samples. The probes used in this project are listed below.
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2.4.1.1 D21S65 and D21S55 loci
Chromosome 21 specific probe (Appligene Oncor) was biotin-labelled and identified
the locus D21S65 localised to chromosome 2 lq 2 1-22.1. Quint-Essential 21 specific
DNA probe (Appligene Oncor) hybridised specifically to the D21S55 locus on
21q22.2 and was digoxigenin labelled. No information on probe size was available
from the manufacturers.

The Quint-Essential 21 specific DNA probe used in this project was discontinued by
the manufacturer and was replaced with PloidySTAT Chromosome 13/21 Ploidy
Analysis DNA cocktail. This probe consisted of loci from chromosome 13, D13S585,
and chromosome 21, D21S55. The target size of the D13S585 locus was 1.5Mb and
for D21S55, 400Kb. The D21S55 probe DNA was digoxigenin labelled and required
treatment as the original probe. The D13S585 locus was alternatively labelled (Phox)
but was not detected.

2.4.1.2 D21S19 and D21S1219/D21S1220
The biotinylated Contig 21 Probe (Cambio) was prepared from two overlapping
cosmids spanning 55kb and localised to marker D21S19 (21q22.3). The Tel 21q
DNA probe (Appligene Oncor) detects loci D21S1219/D21S1220 localised to
21q22.3-qter.

The probe was labelled with digoxigenin and was derived from a

140Kb YAC clone spanning markers D21S1291 to D21Z9, incorporating part of the
telomere sequence of human chromosome 21q. The Tel 21q DNA probe was
discontinued by the manufacturer and was replaced with the directly labelled
TelVysion probe.

2.4.2

FISH procedure for indirectly labelled probes

The probes were treated in accordance with the manufacturer’s instructions. The
Chromosome 21 specific probe (D21S65), Quint-Essential 21 specific DNA probe.
Chromosome 13/21 Ploidy (D21S55) and the Tel 21q DNA probe (D21S1219/1220)
were incubated at 37°C for 5 minutes. The Contig 21 Probe (D21S19) was denatured
for 5 minutes at 70°C followed by 1 hour pre-annealing at 37°C.
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Slides were hybridised with a combination of biotin and digoxigenin labelled probes
in order to identify all copies of chromosome 21 and to allow comparison of signal
intensity and the relative position of both probes. The probes were combined after
pretreatment, and 15pl of the probe mixture were applied per 22x22 mm area of slide.
The coverslip was sealed with a rubber solution to prevent evaporation and the slides
hybridised at 37°C in a darkened humidified chamber for 18 hours.

After hybridisation, slides were washed three times in 50% (v/v) formamide/2xSSC
followed by three washes in 2xSSC at 42°C for 5 minutes each. A layered detection
method was utilised to increase signal intensity using the detection reagents detailed
below.

For each detection step, 200p.l detection reagent were applied per slide,

covered with a plastic coverslip and incubated at 37°C for 15 minutes in a humid
chamber.

After washing at room temperature in 4ST (4xS SC/0.05 % Tween 20, pH7) three
times for 3 minutes each, the biotinylated probe was incubated with fluorescein avidin
DSC (Vector labs, Peterborough, UK) at a 1:400 dilution in 4STB (4ST/3% Bovin
Serum Albumin (Sigma)). Further washing of the slides in 4ST was followed by
detection with biotinylated anti-avidin D (1:100 dilution in 4STB) (Vector Labs) and
the slides again incubated.

After repeating the washes the slides were finally

incubated with a layer of fluorescein avidin (1:400 dilution in 4STB) with the addition
of anti-digoxigenin-rhodamine (1:200 dilution) (Boehringer and Mannheim Ltd, East
Sussex, UK). The second reagent was required for the detection of the digoxigenin
labelled probes. The final wash in 4STB for 5 minutes was followed by mounting in
Citifluor antifade (Kent Scientific, Kent, UK) containing 2|ig/ml 4', 6-diamidino-2phenylindole (DAPI) (Sigma) to counterstain the chromosomes. Slides were stored at
+4°C in the dark.

2.4.3

Locus-Specific Identifier (LSI) probes: Directly labelled

Directly labelled probes were pre-conjugated to a fluorochrome. After a single
hybridisation the target sequence was fluorescently tagged. After hybridisation with a
directly labelled probe, the slides required post hybridisation washes to remove
unbound probe.
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2.4.3.1 T E L I A M L l Probe
TELIAMLl (Vysis Ltd) is a directly labelled dual coloured probe that hybridises to
TEL (12pl3), labelled in Spectrum Green, and AM Ll (21q22), labelled in Spectrum
Orange. The following information was provided by Vysis. The TEL probe begins
between exons 3 to 5 and extends to approximately 350kb towards the telomere on
chromosome 12. The AMLl probe is approximately 500kb in length and spans the
entire gene. The translocation t(12;21) is detected as orange and green signals in close
proximity (interphase) or as a fused yellow signal (interphase and metaphase) on the
derivative chromosome 21q.

Normal TEL and AMLl signals are also expected

although the non-translocated TEL signal may also be missing, indicating a deletion.
A small residual AMLl signal will also be detected.

2.4.3.2 TelVysion 21q
The TelVysion 21q directly labelled probe (Vysis Ltd) is 45kb in size and is specific
for chromosome 21. The probe hybridises to a locus estimated to be within 300kb of
the terminus of chromosome 21.

2.4.4

FISH procedure for Directly labelled probes

For the commercially available directly labelled probes, slides were treated as
described for the locus-specific probes, but dénaturation was performed at 73°C for 3
minutes. The probe mixture was prepared by combining Ipl of probe, 2jil purified
deionised H 2 O and 7pi of hybridisation buffer provided by the manufacturer. The
mixture was incubated at 73°C for 5 minutes and lOpl applied to a 22x22 mm target
area. The post-hybridisation washes were performed at 46°C. The slides were washed
three times for 10 minutes each in 50% (v/v) formamide/2xSSC, followed by a single
wash for 10 minutes in 2xSSC and a final wash for 5 minutes in 4ST. The slides were
counterstained as described previously.

2.5

Fluorescence microscopy and FISH Imaging

Probe signals were visualized by means of a charged coupled device (CCD) camera
(Photometries, Tucson, AZ, USA) attached to a Zeiss Axiophot fluorescence
microscope and connected to a Macintosh Quadra computer.
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Images for each

fluorochrome were captured using the appropriate excitation filter (DAPI, FTTC or
Texas Red), and merged into a coloured display on the computer. The unmodified
cell images were saved to files for further analysis. This was to ensure that the true
signals were recorded and stored. The images were viewed by the QuipsFISH
program (Vysis, UK Ltd). This software allowed visualisation of the hybridisation of
the fluorescein-labelled locus-specific probe to the interphase and metaphase cells.
The raw data were initially evaluated by visual assessment, and then further analysed
using QuipsFISH, which contained image processing tools. These enabled significant
enhancement of DAPI stained chromosomes and of hybridised signals. Colour adjust
was used to lower or increase signal intensity to accurately determine loss or partial
loss of target sequences. Adjust contrast resulted in a monochrome image of DAPI
banded chromosomes. The Graph polygon program was used to produce a graph that
allowed evaluation of the relative positions of paired probes with respect to each
other. This tool also allowed determination of the signal intensity of probes.

Signal

intensity was calculated by taking a linear measurement along the length of the
chromosome, from centromere to telomere, and through the centre of the unenhanced
probe signal. The measurements were converted into a graph where the DAPI signal,
and the biotin and digoxigenin probe intensities were displayed as peaks. The relative
positions of the peaks are displayed along the X-axis, with the signal intensity
measured along the Y-axis.

Measurements from each chromatid from each

chromosome of least 20 metaphase cells were analysed for each test and a mean
figure for signal intensity calculated.

For each sample analysed the ratio of the

normal, non-reduced signals remained constant to within a 10% value. Changes in
signal intensity were only regarded as significant when above this level.

The non-leukaemic/non pre-leukaemic cells from each patient served as an internal
control for hybridisation.

An external control from a non-leukaemic donor was

hybridised in tandem with the patient samples. In the control samples, no less than 50
metaphase cells were scored for each FISH probe combination.

For each sample,

cells with low or no background only were analysed, to prevent non-specific
hybridisation signals contributing towards a false positive result. For all FISH probes
used on patient blood and bone marrow samples, 50 metaphases were analysed if
possible. Due to differences in mitotic index and quality of sample obtained from the
patients this was not always possible.
50

2.5.1 Scoring the probe hybridisation pattern
The patient samples were scored ‘blind’, the metaphase slides were given arbitrary
numbers, hybridised and scored for presence, absence and the relative positions of the
probes. For the DS AL and non-DS TAM cases, the metaphase images were then
assessed by the cytogenetics department to determine which cells were clonal. To
determine the probe order along metaphase chromosomes in the control and patient
samples, two probes were hybridised simultaneously. The chromatids from randomly
selected metaphases were scored visually and by the use of the Graph polygon
program. The position of one probe relative to the other along a line parallel with the
long axis of the chromosome was scored as proximal, even or distal. ‘Even’ refers to
probe signals on top of each other or side by side (Trask et al, 1991). All controls and
patient samples were scored for hybridisation efficiency and for the position of each
locus specific probe on each chromatid. The results from the control samples are
shown in the appendix.

The position of the FISH probes used are shown in Figure
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Ideogram of chromosome 21 showing the positions of the FISH

probe loci used in this study.
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2.6

Clone isolation

In order to expand the regions of chromosome 21 analysed on patient tissue samples,
clones from different sources were identified and isolated. YAC and PAG clones
were used as probes to map regions of interest and to further define areas of structural
instability.

2.6.1

Yeast Artificial Chromosomes (YACs)

The Yeast Artificial Chromosome (YAC) vector system developed in 1987 is a high
capacity cloning

system transformed into a yeast host.

Saccharomyces cerevisiae is widely used.

Strain AB

1380

The YAC vector plus DNA insert is

maintained as an artificial chromosome within the cells which function independently
of the yeast genome. YAC technology allows cloning of large inserts of DNA up to
1Mb in size, over 10 fold longer than those accommodated by cosmid vectors. The
YAC vector contains selectable markers whereby yeast cells harbouring YACs can be
selected for by plating on uracil deficient media. Yeast without YACs will not grow.
YAC clones were identified from the established chromosome 21 YAC contig map
(Chumakov et al, 1990), available from CEPH.

2.6.2

YAC cultures

YAC colonies arrived as stab cultures in YAC broth agar. YACs were re-streaked on
to uracil-deficient agar plates to select for yeast host with YACs. The composition of
the media and plates are shown in Table 2.1. Plates were incubated for 48 hours at
30°C.

Single colonies were picked and re-streaked. 10ml of YAC broth were

inoculated with an isolated colony and incubated in an orbital shaker at 30°C
overnight.

Table 2.1

YAC broth media

Solution A:

Autoclaved
Casamino acids

28g

Glucose

40g

Adenine hemisulphate

200mg

Tyrosine

llOmg

dHzO

1869ml
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Table 2.1

YAC broth media (cent.)

Solution B:

Filter sterilized

Solution C:

1 3 jg

dHzO

200ml

Filter sterilized

Final YAC broth:

For Plates

Yeast nitrogen bases

Tryptophan

lOOmg

dHiO

100ml

Solution A

400ml

Solution B

40ml

Solution C

8ml

bacteriological agar

2%

2.6.2.1 Preparation of YAC DNA
Yeast cultures containing YACs were centrifuged at 2000rpm for 5 minutes. The
supernatant was discarded and the pellet resuspended in 500pl of IM Sorbitol/0.IM
EOT A in a microfuge tube. lOjil of 50mg/ml lysosome were added and incubated at
37°C for 60 minutes in order to degrade the yeast cell walls. The YAC DNA was
pelleted by centrifugation at 13,000rpm for 1 minute, the supernatant discarded and
the pellet resuspended in 500pl of 50mM Tris/20mM EDTA. 50|il 10% (w/v) SDS
were added and the mixture was vortexed and incubated at 65°C for 30 minutes. The
YAC DNA was incubated on ice for 60 minutes following addition of 200pl of 5M
KAc. The debris was pelleted for 5 minutes and the DNA containing supernatant
transferred to a fresh microfuge tube and precipitated with 1 volume isopropanol at
room temperature for 5 minutes. The DNA was briefly centrifuged, air dried and
resuspended in 300pl TE to which 15pl RNAse (Img/ml) (Sigma) were added and
incubated at 37°C for 30 minutes. The DNA was reprecipitated by adding 30pl 3M
NaAc (pH5.6) and 200|il isopropanol and incubating at room temperature for 5
minutes, centrifuged, air dried and resuspended in lOOpl TE.

53

2.7

Nick translation

The isolated clones were labelled with biotin for use as FISH probes. Nick translation
incorporates biotin haptens enzymatically using DNase I and Escherischia coli DNA
polymerase. DNase I nicks double stranded DNA exposing a 3' OH group. The DNA
polymerase has a 5' to 3' exonuclease activity that removes nucleotides one at a time
from the 5' end of the DNA strand. DNA polymerase also incorporates fluorochromelabelled dNTPs thereby synthesising a fluorescently labelled DNA strand.

Nick

translation is an effective method for the incorporation of modified nucleotides into
DNA. The method is shown diagrammatically in Figure 2.3.

IjXg of DNA was nick translated in the presence of biotin-14-dATP using a Bionick
kit (Boehringer Mannheim, UK). Ipg of DNA was processed in accordance with the
manufacturer's instructions. After completion of the labelling reaction, both E.coli
tRNA (50p.g/|xl) and sonicated herring sperm (SOpg/pl) were added to a final
concentration of Ipg.

These act as carriers for the precipitation of the biotinylated

probe and contribute towards the blocking of non-specific binding and repeat
sequences. To precipitate the probe, 2 volumes of chilled 100% ethanol and NaAc to a
final concentration of 0.3M were added and incubated for 2 hours at -20°C. The
precipitated probes were sedimented by centrifugation.

Unincorporated biotin

remained in the supernatant. The DNA was air-dried and resuspended in 50}xl TE.

Cot-I human DNA (Invitrogen) was introduced to a final concentration of 0.5|Xg in
order to suppress cross hybridisation to repetitive DNA sequences. Following a two
hour precipitation in 100% ethanol at -20°C the probes were centrifuged and
resuspended in 50pl hybridisation buffer consisting of 55% (v/v) deionised
formamide (Sigma)/10% (w/v) dextran sulphate (Sigma).
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Unlabelled dNTP
Fluorochrome labelled dNTP
e.g. digoxygenin, biotin

5

3’

’
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OH

DNase I introduces a single stranded break exposing a free 3 ’
OH group.

The 5 ’ to 3 ’ exonuclease activity o f DNA polymerase I
removes a single nucleotide at the 5 ’ end o f the break.

DNA polymerase activity catalyses the incorporation
of new dNTPs at the 3 ’ OH end.

Figure 2.4

2.8

Schematic representation of the nick translation procedure.

YAC DNA FISH

YAC DNA was nick translated as described in section 2.7.

Following the pre

treatment and dehydration of slides bearing cell spreads as described previously,
biotinylated YAC probes were denatured for 5 minutes at 70°C and pre-annealed for
1-2 hours at 37°C to allow adequate competing-out of repeat sequences within the
probe DNA. 15pl of probe, corresponding to approximately 300-500pg DNA, were
applied per 22x22 mm area of slides. The YACs were hybridised in tandem with a

55

digoxigenin-labelled probe. Post-hybridisation washes and signal detection were as
described.

2.9

FI-Derived Artificial Chromosomes (FACs)

PI-Derived Artificial Chromosome (PAC) clones are capable of stable propagation of
contiguous genomic DNA inserts in the range of 100-300kb, with a low level of
cloning artefacts. The PAC system also allows insert DNA to be separated from host
DNA by rapid alkaline extraction procedures. PACs have been used to bridge gaps in
YAC contigs and to convert YAC maps into higher resolution physical maps.

Panos lannou and Pieter de Jong constructed the PAC library commonly used. The
DNA source is from one individual, a normal male donor. The average DNA insert
size of the library is llOkb, and 25% of the clones lack inserts. The human
chromosome 21 PAC library was held at The Sanger Center, Wellcome Trust
Genome Campus (Cambridge) as clones and as low-density filters, and at the HGMP
(Human Genome Project, Hinxton, Cambridge). The HGMP PAC library consists of
high-density filters. Screening of the PAC library was a three stage process:

•

Pre-screening to identify the optimum temperature for each Sequence Tagged Site
(STS) primer pair.

•

Screening of primary pools, which contain DNA from each individual clone
present on the filters in 66 pools allowing identification of positive filters.

•

Hybridisation of filters with radiolabelled probes resulting in the identification of
positive PAC clones.

2.9.1

Polymerase chain reaction (FCR) and clone identification

The polymerase chain reaction (PCR) is a rapid and simple means of amplifying a
locus between two regions of known sequence from minute quantities (lO-lOOng) of
DNA. Oligonucleotide primers are short single stranded sequences usually 18-24bp
in length. The primers anneal to single stranded denatured template providing an
initial site for elongation of the new sequence, resulting in synthesis of a new strand
complementary to the template.

Although different primer pairs require different

cycling conditions for optimum results, all reactions follow the same basic protocol:
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•

Dénaturation of DNA to a single stranded template.

•

Annealing of oligonucleotides to the template.

•

Extension of the sequence from 5’ oligonucleotideto the 3’oligonucleotide
resulting in doubling of the target DNA sequencewithin one

PCR cycle.

Oligonucleotide extension is usually performed at the optimal temperature (72°C)
for heat stable DNA polymerase enzyme produced by Thermobacillus aquaticus
bacteria (Tag polymerase).

In general, 30-35 PCR reaction cycles are sufficient to enable a product to be
visualised by agarose gel electrophoresis.

2.9.2

PAC isolation by Sequence Tagged Site (STS) screening

Sequence Tag Sites (STSs) are short segments of DNA that have been sequenced.
These may represent contig clones, DNA fragments containing unusual restriction
sites, probes that identify polymorphisms, sequences that hybridise to particular
cytogenetic bands or fragments of genes (Expressed Sequence Tags, ESTs). STSs in
general act as landmarks that can identify segments of DNA.

The Polymerase Chain Reaction (PCR) is the fastest and most efficient method of
identifying individual positive PAC pools with STSs, the sequences of which were
obtained from the Genome Database (GDB) website (http://www.hgmp.mrc.ac.uk).
The initial screen involved identifying positive filters by amplification of DNA from
the 66 PAC pools. Each pool contained DNA from the 384 clones represented by one
filter. Filters from the Sanger Center were used for the initial isolation of the PAC
clones.

The Sixty-six filters represented one half of the entire PAC library, and

provided a 7-8 fold coverage of chromosome 21.

2.9.2.1 PCR pre-screen
For the PCR reaction 50ng genomic DNA were mixed with the following reagents;
1.5|il lOX NEBuffer 2 (New England Biologicals, UK); 5mM each dATP, dGTP,
dCTP, dTTP (Sigma); 0.5|il (5mg/ml) BSA; 0.2pl (0.5mg/ml) 2-mercaptoethanol;
0.12|Li1 (5U/|i1) (Sigma); Tag polymerase (Sigma); 5.4jil (0.0015%/25% w/v) Creosol
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red (Sigma) / sucrose; and 0.75|xl oligonuleotide mix consisting of forward and
reverse primers at a 100ng/|il working concentration. The reaction was performed in a
ISjil volume. To prevent evaporation, mineral oil (Sigma) was added to each well.
All reactions were carried out using an Omnigene Thermocycler with an initial
dénaturation step of 94°C for 5 minutes to render the DNA template single stranded.
Subsequent cycles were performed as follows:

Dénaturation:

93°C for 30 seconds

Annealing:

30 seconds at 55°C/60°C/65°C

Extension:

72°C for 30 seconds

For 35 cycles each and ending with 5 minutes at 72°C

2.9.2.2 Agarose gel electrophoresis
The PCR products were analysed by electrophoretic mobility on 1.2-2% (w/v) agarose
gels depending on the approximate size of the DNA anticipated. The gel solution was
prepared with IxTBE (89mM Tris base/89mM boric acid/2mM EDTA) containing
ethidium bromide to a final concentration of 0.2pg/ml. The product was visualized by
fluorescence under ultraviolet light conditions. The fragment sizes were confirmed by
comparison with a Ikb or lOObp ladder (Invitrogen). The positive band for each
primer was excised into lOOpl of TE for use as the template in probe labelling.

2.9.2.3 PAC DNA pool screening by PCR
To screen the PAC DNA pools, 50ng of DNA were transferred to a microtitre plate.
The solutions and volumes used for the PCR reaction are described above.

The

annealing temperature for each oligonuleotide was identified in the initial pre-screen.
All annealing temperatures are listed in the Appendix. A band of the expected size
for a PAC pool denoted the positive filter number.

2.9.3

Hybridisation

Filter hybridisation involved three steps: pre-hybridisation, hybridisation and
washing. The pre-hybridisation stage wets the membrane and prepares the filter for
hybridisation by minimising non-specific binding of radioactive probes. Church
buffer contains a blocking reagent (Denhardts' solution) and a concentration of salt
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which allows annealing of homologous sequences with minimum non-specific
binding. For hybridisation the filters were incubated with the radioactively labelled
probe.

The hybridisation solution was that used in pre-hybridisation and the

incubation was optimal for probe-target DNA labelling. In the post-hybridisation
stage the filters were washed.

The aim of washing the filters was to remove

unlabelled probe and non-specific binding while leaving the probe attached to the
specific target sequences.

2.9.3.1 Pre-hybridisation
Once the pools were screened using the STSs the minimum set of PAC filters were
selected for radioactive hybridisation.

PAC filters were placed in 40ml Church

hybridisation buffer, the composition of which is shown in Table 2.2. The filters were
fully submerged in the buffer in a small sandwich box. Filters were placed with the
DNA side uppermost, ensuring that they were soaked with the buffer and no bubbles
were present between the filters.

Bubbles prevent the hybridisation of the

radiolabelled probe to that area of the filter. The filters were covered with a layer of
plastic to prevent evaporation of the buffer and pre-hybridised for 1-3 hours at 65°C
in an orbital shaker to allow free circulation of the buffer between filters.

Table 2.2

Church hybridisation buffer

Ficoll

2%

Polyvinylpyrolidone (PVP)

2%

Bovine Serum Albumin

2%

"
►

lOOx Denhardts’ solution

^

Stock conc.

Final conc./volume

20xSSC

300ml

6x

lOOx Denhardts’ solution

200ml

20x

IM Tris pH7.5

50ml

50mM

20% N - lauroyl sarcosine

50ml

1%

50% Dextran sulphate

200ml

10%

dHiO

200ml

20%
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2.9.3.2 Oligolabelling
For oligolabelling the probe is rendered single stranded and labelled to allow
detection of the probe hybridised to homologous sequences immobilised on the
membrane. Probes were labelled using PCR to incorporate radioactive dCTP. The
PCR reactions were set up in 0.5)il microfuge tubes using the PCR reagents described
above. 5|xl of template and 0.6|il of the STS oligonucleotide pair (lOOng/ul) were
added to 1.5|il lOx NEBuffer 2; 5mM dATP, dTTP, dGTP; O.Sjil BSA; 0.2|il 2mercaptoethanol; 25|il TE and 0.2|xl AmpliTaq. The reaction mixture was overlaid
with mineral oil. 0.5|il of alpha ^^P dCTP (Amersham Pharmacia, Buckinghamshire,
UK) was introduced into the reaction.

The PCR was performed as described

previously but at a 55°C annealing temperature.

2.9.3.3 Competition and probe hybridisation
The effect of repetitive DNA elements could be reduced by competitive binding with
unlabelled DNA such as Cot I DNA (total human DNA enriched for repetitive
elements), poly(dA-dC)(dG.dT) and human placental DNA which all block non
specific binding as well as repeat sequences contained in the membrane bound DNA.
Successful results were obtained by adding 5|il (CA)n poly(dA-dC)(dG.dT) (1 mg/ml)
(Amersham Pharmacia), 125pl human placental DNA (9.9mg/ml) (Sigma), 125|il
20xSSC and dH20 to a total volume of SOOpl. The labelled probe was added to the
competition mixture, denatured at 100°C for 5 minutes and snap chilled on ice for 5
minutes. The filters were removed from the hybridisation buffer, the fluid discarded
and replaced with an equal volume with the addition of the labelled probe and the
competition mixture. The filters were replaced individually ensuring complete
submersion and incubated for 16 hours in an orbital shaker.

2.9.3.4 Filter Washes
The hybridisation solution was removed and filters washed at room temperature in
2xSSC for 5 minutes. The fluid was discarded, the filters rinsed in fresh 2xSSC and
washed twice for 30 minutes in an orbital shaker (65°C) in 0.5xSSC pre-heated to
65°C. The filters were rinsed twice with 0.2xSSC at room temperature.
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2.93.5 Autoradiography
Following the washes the filters were blotted on to 3MM Whatman paper to remove
excess fluid and covered with Saran Wrap. The filters were placed in an
autoradiograph cassette containing Stratagene 'glos' (Stratagene, UK) to allow
orientation of the X-ray film and accurate positioning of positive signals on to the
filter. The glos were exposed to white light for 10 seconds and Kodak X-ray film
(Sigma) was placed in the cassette for 16 hours at -70°C.

If the positives were faint

after the film was developed the exposure time was increased to enhance the image.
The plate addresses of the positive clones could be read directly from the filters and
requested from either The Sanger Center or the HGMP.

2.9 3.6 Stripping Filters
The radioactivity bound to the filters was either allowed to decay naturally, which
lengthens the life of the filters, or the radioactivity was stripped off the membranes by
stringent washing. The filters were immersed in 0.1% (v/v) N - lauroyl sarcosine
(Sigma), lOmM Tris-HCl (pH 7.4) for 30 minutes at 65°C, The wash was repeated
and the filters dried between sheets of 3MM Whatman paper after checking for
activity with a Geiger-Muller monitor (Mini-L, Mini Instruments Ltd, Essex, UK).

2.9.4

PAG colonies

The PACs arrived either as stabs or streaked on to LB agar plates. To obtain single
colonies the PACs were re-streaked on to LB agar (1% (w/v) Bacto-tryptone/0.5%
(w/v) Bacto-yeast extract/1 % (w/v) NaCl/2% (w/v) agar, pH7) with 25pg/ml
Kanamycin (Sigma) and incubated for 16 hours at 37°C. Colony PCR was performed
to check that the clones were positive for the identifying STSs. The PCR was set up
as described and a small amount of a single colony introduced. The remainder of the
colony was inoculated into 15ml L-broth (25mg/ml kanamycin) and incubated with
agitation at 37°C overnight.

1ml from this culture was used to prepare 25% (v/v)

glycerol stocks that were stored at -70°C.

2.9.4.1 PAC DNA extraction
PAC DNA extraction was performed as a mini prep by the standard alkaline lysis
method.

The PAC culture was centrifuged for 10 minutes at 3600rpm and the
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supernatant discarded. The following steps were performed on ice. The pellet was
resuspended in 2ml of a chilled solution containing 50mM Glucose/25mM
Tris/lOmM EDTA, mixed by vortexing and incubated for 10 minutes.

4ml of a

freshly made solution containing 1% (w/v) SDS/0.2M NaOH were added, mixed
gently and incubated for a further 10 minutes followed by the addition of 3M KAc
(final volume) and 12% (v/v) glacial acetic acid prepared in dH20. The reaction was
mixed and incubated on ice for 20 minutes.

The sample was centrifuged for 10

minutes (3600rpm) and transferred to 5ml isopropanol, taking care to avoid the
precipitate. The tubes were mixed by inverting and incubated at room temperature.
The DNA was centrifuged for 10 minutes and the isopropanol discarded. The pellet
was washed in 70% (v/v) ethanol and air-dried thoroughly.

The DNA was

resuspended in 50p.l TE to which 5p.l RNase A (20mg/ml) were added and incubated
at 37°C for 1 hour. After this a further 5p.l RNase A (20mg/ml) were introduced and
incubated for an hour to ensure removal of the majority of RNA. The DNA was
quantitated by spectrophotometer analysis at OD 2 6 0 .

2.9.4.2 Fluorescent labelling of PAC DNA
lp.g/|il of PAC DNA was labelled using the bionick method as described previously.
Biotin labelled PAC DNA was denatured for 5 minutes at 70°C and pre-annealed for
up to 2 hours at 37°C. 7.5p.l of the PAC DNA along with 7.5pl of a companion probe
labelled with a differing fluorochrome were hybridised on to a 22x22mm region of a
slide bearing the cell preparation. Post hybridisation washes, probe detection and
analysis were carried out as described previously.

2.9.5

Sequencing of FAC clones

The PAC clones dJ445P17 and dJ228I9 were sequenced by MWG Biotech (UK)
Limited (Milton Keynes, UK).

2pg of DNA were lyophilised by addition of 2.5

volumes of 100% ethanol and 0.3M (final concentration) of NaAc, and centrifuged for
15 minutes at 11,000 rpm in a bench top centrifuge. The supernatant was discarded,
the pellet washed in 70% (v/v) ethanol for 5 minutes at 11,000 rpm and air dried. The
DNA

was

sent

to

MWG

Biotech

and

sequenced

with

the

T7

primer

(CCCT AT AGTG AGT ATT A). The PACs were sequenced in triplicate and the results
sent via email as text.
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2.10

RT-PCR analysis of the T E L /A M L l fusion

The t(12;21) TEUAML-l gene fusion described in section 1.6, was investigated both
by FISH with a commercially available probe and through molecular analysis by
Reverse Transcriptase PCR (RT-PCR) to detect the gene fusion mRNA transcript.
mRNA samples were made available by the haematology and bone marrow diagnostic
laboratories from nine cases, including two DS AL, four DS TAM, the two non-DS
TAM neonates and a non-DS AL. The RNA was first transcribed into complementary
DNA (cDNA) for use as a PCR template.

This was achieved using reverse

transcriptase (RT), derived from Moloney murine leukaemia virus (M-MuLV). RT is
an RNA-directed DNA polymerase that uses single stranded RNA in the presence of a
primer to synthesis a cDNA strand. Copying RNA into cDNA begins from either a
site-specific oligonucleotide, or from random hexamers. The cDNA is amplified by
PCR with gene specific primers.

In order to prevent RNA degradation by

ribonucleases a ribonuclease inhibitor is introduced into the reaction to protect the
mRNA during cDNA synthesis.

2.10.1 First strand cDNA synthesis
First strand cDNA synthesis was carried out using the Superscript First Strand
Synthesis System for RT-PCR (Invitrogen).

Initially the RNA was treated with

DNase I to eliminate residual genomic DNA from the sample. l-2pg of RNA were
added to Ipl of lOX reaction buffer (200mM Tris-HCl, pH8.4/500mM KCl/20mM
MgCli), l|il amplification grade DNase I (Invitrogen) and diethylpyrocarbonate
(DEPC)-treated water (Ambion Inc, UK) to a final volume of 10|il. The reaction was
incubated at room temperature for 15 minutes and stopped by the addition of Ijil of
25mM EDTA.

The mixture was then incubated for 15 minutes at 65°C to heat

inactivate the DNase I, placed on ice for one minute and the reaction collected by
centrifugation.

The first strand cDNA synthesis was carried out using the oligo(dT) protocol as
described in the manufacturer’s instructions, using the lOjxl treated RNA reaction as
the template. Oligo(dT) hybridises to the 3’ poly(A) tails found on the majority of
eukaryotic RNA. Following the first strand cDNA synthesis, l|il of RNase H was

63

added and incubated for 20 minutes at 37°C. This treatment degraded the RNA
template.

2.10.2 RT-PCR
Primer sequences used for the detection of the TELIAMLl fusion transcript, are shown
in Figure 2.4, along with the expected size of the product. A 2pl aliquot from the
completed reverse transcriptase reaction was PCR amplified, the primer combination
used for each cDNA sample were: TEL-541F (forward) with AML1-77R (reverse),
TEL-964F with AML1-145R, TEL-964F with TEL 1340R, and finally TEL-541F with
TEL 1340R.

The cycling conditions for the RT-PCR reaction were as follows:

PCR cvcles
Initial dénaturation

94°C for 5 minutes

1 cycle

followed by:
Dénaturation

94°C for 1 minute

Annealing:

58°C for 1 minute

Extension:

72°C for 2 minutes

For 40 cycles each ending with 5 minutes at 72°C

As positive controls, cDNA samples from cases diagnosed with t(12;21) translocation
and bearing the gene fusion were used. The integrity of the reverse transcription and
PCR reaction was evaluated by amplification with p-actin primers of each sample.
Products were visualised by gel electrophoresis on a 2% (w/v) agarose gel.
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TEL cDNA

TEL-54 IF

TEL-964F

TEL-1191R

< -

5’

TEL-1340R

< -

f
Breakpoint

3’

AMLl CDNA

AML1-G4F

AML1-39F

5>

AML1-77R

f

AML1-145R

Ï

Breakpoint

Breakpoint

Primers

Product size

TEL-541F

CCT CGC ACC ATT GAA CTG TT

AML1-77R

GTG GAC GTC TCT AGA AGG AT

TEL-964F

TAG ATG AAC GAG ATG ATG GTG

AML1-145R
TEL-964F

AAG GGG TGG GTG ATG TTG G

530bp

175 or 136bp

TAG ATG AAG GAG ATG ATG GTG

TEL-1340R

TTT GTT GAT GGA GGT GGT GGG

p-Actin

GGTGGGGTTTGGGGGATGG
GGATGTTGATGAGGTAGTGAGTG

Figure 2.5

3’

377bp

500bp

Schematic representation of the TEL and A M L l primer positions

The figure shows the localisation of the TEL and AMLl primers, along with the
known breakpoints involved in the TELIAMLl fusion. The primer sequences are used
to evaluate the presence of the chimaeric transcription product and normal
unrearranged TEL.

The p-Actin primers were used as a control for the RT-PGR

reaction.
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2.11

Restriction fragment length polymorphism (RFLP) investigation of the

A M L l gene using Southern blotting

In order to analyse the AML\ gene using molecular methods, probes were obtained
from Professor Y. Groner of The Weizmann Institute (Rehovot, Israel). The cDNA
probes were specific for three regions of the gene, these are described further below
and their approximate positions are shown in Figure 2.6. In order to investigate these
regions, DNA from patients were digested with a restriction enzyme and changes to
the RFLP pattern identified. The protocol for digestion of the DNA and treatment of
the membrane was that supplied by The Weizmann Institute.
lOpg of patient DNA were digested with Bam\il (Promega, Southampton, UK) (final
concentration of 1 unit) in the presence of NEBuffer 2 (final concentration of Ix),
spermidine (Sigma) (final concentration of ImM) and bovine serum albumin (final
concentration of 20|ig) in a total volume of 200pl. The digested DNA was denatured
for 10 minutes at 65° to ensure that the samples were rendered single stranded and
visualized by gel electrophoresis on a 0.8% (w/v) agarose THE gel.

Southern blotting was carried out by capillary transfer of the DNA from the agarose
gel onto a nylon membrane using a high salt buffer to promote the binding of the
DNA to the membrane. The gel was rinsed in distilled water and placed in 0.25M
HCl on a shaker for 30 minutes resulting in partial depurination of the DNA
fragments. The gel was rinsed in distilled water and denatured in 1.5M NaCl/0.5M
NaOH for 20 minutes at room temperature, replacing with fresh solution and
denaturing for a further 20 minutes.

The gel was rinsed in water and neutralised in 1.5M NaCl/0.5M Tris.Cl, pH7, for 20
minutes. This was replaced with fresh solution and the gel was washed for a further
20 minutes. The aim of the neutralisation step was to lower the pH of the gel to
below pH9, as at a higher pH the DNA will not bind to the membrane.

Southern blotting was carried out using a standard capillary transfer method with
20xSSC as the high salt buffer (Ansubel et al, 2000), and Hybond N+ nylon
membrane (Amersham Pharmacia).

To immobilise the DNA the membrane was
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dried, covered with Saran Wrap, placed DNA side down on a transilluminator
(254nm wavelength) and irradiated for 30 seconds.

2.11.1 A M L \ probes
The cDNA probes were specific for three regions of the gene. The first probe spanned
the distal 5’ UTR (untranslated region), the second probe spanned part of the runt
domain and the third probe was specific for the 3’ end of AM Ll.

Further probe

information is shown below.
Probe

Size of probe

Size of genomic fragment
detected

5’ Distal UTR

Ikb

3.7kb

Runt domain probe

3.2kb

15.3kb

3’ region

0.87kb

1.58kb

Although these probes only spanned a relatively small region of the AMLl gene they
provided an indication of any rearrangements that may have affected these areas.

2.11.2 Random labelling of the AMLl probes
The Ready-to-go DNA labelling kit (Amersham Pharmacia) was used to label the
probe DNA. This used random oligomers to anneal to random sites on the DNA and
act as primers for DNA synthesis by DNA polymerase.

The reaction mixed is

lyophilized and contains dA-, dG-, and dTTP, Klenow fragment and random
oligonucleotides, primarily 9-mers. lOOng of each probe were resuspended in TE
(pH8) to a total volume of 25pl. The probe samples were denatures for 3 minutes and
snap chilled on ice. Each probe was labelled separately. The reaction mix from the
kit was reconstituted in 20|il dH2 0 , without mixing, and incubated on ice for 1 hour
before the addition of the denatured DNA and 50|iCi of alpha ^^P dCTP. The reaction
was incubated at 37°C for 1 hour 30 minutes and stopped by adding 5|il of 0.25M
EDTA. The labelling reaction was purified using the Amersham Probe Quant Kit
(Amersham Pharmacia), following the manufacturer’s instructions.0

Prior to the hybridisation reaction the membrane containing the digested DNA was
pre-hybridised in 5xSSC/5x Denhardts’ reagent/0.5% (w/v) SDS and 100|ig/ml
denatured salmon sperm (Sigma) for 30 minutes at 65°C.
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For the hybridisation

reaction the labelled probe was denatured for 10 minutes, incubated on ice for 10
minutes and added to fresh hybridisation solution described above. The membranes
were hybridised overnight at 65°C. The probes were hybridised separately to the
membranes before being combined in one final reaction.

The membranes were

washed in 2xSSC and exposed to a phosphoimager for several hours. The membranes
were washed at room temperature in 2xSSC/0.1% (w/v) SDS for 5 minutes, followed
by O.lxSSC/0.1% (w/v) SDS at 50°C for up to 1 hour before reusing.

Runt domain
9

5 ’ distal UTR

Figure 2.6

10

Runt domain probe

3 ’ region

The genomic organisation of the RUNXl gene.

The figure is based on Levanon et al (2001). The blank boxes represent the exons and
the striped boxes represent the UTRs.

The dashed lines show the approximate

positions of the probes.
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Chapter 3
Chromosome 21 specific clone isolation
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3.1

Introduction

The purpose of the work described in this chapter was to isolate human genomic
clones specific for chromosome 21. These clones were labelled as FISH probes and
those that produced specific signals were used to analyse the extent of the
intrachromosomal rearrangements in the DS and non-DS patients that had either acute
leukaemia or TAM.

The deletions and rearrangements of chromosome 21 described by Kempski et al in
DS acute leukaemia and a non-DS TAM case involved the 21q22-qter region as well
as a paracentromeric region, 2 1 q ll (Kempski et al, 1997; Kempski et al, 1998). In
order to investigate the rearrangement at 2 1 qll and to further define the extent of the
deleted regions in DS AL and TAM cases, clones were identified from a physical map
of chromosome 21 and were also isolated from a human genomic clone library
(Chumakov et al, 1992; loannou et al, 1994). The following sections describe the
identification of the YAC and bacterial clones and their localisation to chromosome
21 using FISH, and the problems encountered with using these clones as probes to
analyse patient samples.

3.2

Results

3.2.1

Chromosome 21 clone isolation

The identification and localisation of vector clones bearing genomic DNA inserts
provides a resource for investigation of the structure, function and organisation of the
genome. The method used in this project involved using a publicly available resource
for obtaining YACs, and also the isolation of PAC clones with mapped STSs
(Sequence-Tagged Sites). Using a characterised landmark such as an STS to identify
clones allows rapid positioning to the chromosome and reduces the likelihood of
identifying redundant clones.

The paracentromeric region at 2 1 q ll has been speculated to harbour a putative TAM
gene (Abe et al, 1989; Ohta et al 1996). In order to analyse this region in the TAM
cases clones were identified and labelled as FISH probes as described in Chapter 2.
As problems were encountered with obtaining commercially available probes
(D21S65, D21S55 and D21S1219/1220), clones were also isolated for these and other
regions on chromosome 21. Although YAC and PAC clones were identified for a
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number of loci, the actual clones used for analysis were limited to the 21qll-21q21
region due to restrictions on the amount of fixed cell material available from the
patients. The clones isolated were stored as a future resource for further investigation
of patient material.

3.2.2

Chromosome 21 localisation of YAC clones

YAC clones spanning the majority of chromosome 21 were available from the Centre
d'Etude du Polymorphisme Humain (CEPH).

The localisation of the clones on

chromosome 21 was published by Chumakov et al (1992). Nineteen YAC clones
were identified from the Chumakov map and biotin labelled for use as FISH probes.
These were initially hybridised to metaphases from normal control samples. The
expected localisation of the YACs based on the published map and the approximate
position of the FISH signals detected are shown in Table 3.1.

From the 19 YACs identified, eight (42.1%) were found to hybridise consistently to
chromosome 21. Of these clones, 4/8 gave signals specifically localised to 21q alone.
The remaining four clones showed either multiple signals on chromosome 21 as
demonstrated by YAC 834G10 which was found on 21 p and q, or were cross
hybridised with other chromosomes (781G5, 673B2 and 767D6). Although a further
3/19 (15.8%) clones labelled successfully, signals on chromosome 21 were ‘masked’
by a high level of background caused by non-specific binding. YAC clone 223G11
was not identified on chromosome 21 and 6/19 (31.6%) clones consistently failed to
give unequivocal FISH signals.

The clones were initially identified to allow analysis of the paracentromeric region of
chromosome 21 as well as providing a resource of clones for future analysis. The
YACs that showed specific signals beyond an elevated threshold produced
background that was likely to confound the FISH analysis of samples. Increasing the
amount of Cot I DNA was found to increase the specificity of the probes by reducing
the background noise, but the hybridisation efficiency was still found to be relatively
low at 60-70%. It was felt that using clones with smaller inserts would provide more
accurate hybridisation results and a greater hybridisation efficiency.
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Table 3.1

Localisation of YAC clones to chromosome 21 by FISH

YAC

Position on chromosome 21*

Localisation bv FISH

781G5

2 1 qll

2 1qll + cross hybrid.

73F6

2 1 qll

21qll

796F2

2 1 qll

failed to label

770B3

2 1 qll

21qll

834G10

21q22.W 21q22.2

21q+21p

285E9

21q22.2

failed to label

223G11

21q22.2

not on chromosome 21

72H9

21q22.2

failed to label

489B8

21q22.2

cross hybridisation

613E10

21q22.2

not on chromosome 21

809B11

21q22.2

cross hybridisation

745H11

21q22.2

cross hybridisation

171F10

21q22.2

21q distal

209B11

21q22.2

21q distal

673B2

21q22.2

21q distal + cross hybrid.

336G11

21q22.2

failed to label

512H12

21q22.2

failed to label

491D10

21q22.3

failed to label

767D6

21q22.3

21qtel + cross hybrid.

* Chumakov et al, (1992b)

3.2.3

Localisation of PAC clones isolated with STSs

By using mapped markers such as STSs to isolate PACs, all clones were
automatically assigned to a specific location on chromosome 21. FISH was used to
assess the labelling and hybridisation pattern of each clone before analysing patient
fixed cell samples.

Figure 3.1 briefly illustrates the steps involved in the

identification and labelling of the PACs.

Figure 3.2 demonstrates the type of

membrane used to isolate the PACs and how the position of the clone in the stock
plates was identified (the plate address gave the clone its name). An example of the
positive results obtained from screening the filters is shown in Figure 3.3.

In this

case the filters were screened with a pool of six chromosome 21 specific STSs
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(D21S370, D21S329, D21S65, ETS2, D21S231 and D21S234).

The five clones

identified on the filter were subsequently localised to two of the markers (D21S329
and D21S234).
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Chromosome 21 STS sequences identified
from the Genome Database (GDB)

▼
P-Radiolabelling of Primers

T

Primary Screen

Hybridisation to PAC filters 1-66
representing PAC colony plates 1582

Identification of PAC colony plate addresses
PAC clones grown and
cultured at 37°C
(LB + Kanamycin)

Secondary Screen
STSs PCRd against PAC pools 1-66
representing PAC filters 1-66

T

Individual PAG colonies
diluted in TE

Tertiary Screen

STSs screened against individual PAC
colonies isolated from hybridisation
Alkaline lysis DNA
extraction

Individual PAC clones anchored to
chromosome 21 by STSs
PAC DNA labelled
for FISH probes

Figure 3.1

Identification of PAC clones localised to chromosome 21
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Figure 3.2

Gridded array of the dejong PAC filters

The membranes are gridded in a 3 x 3 array. The annotations 1-24 and A-P represent the
position of the clone in a 96 well microtitre plate. Each dye spot represents the plate
number of the clone as illustrated in the diagram.
plate 5, well position A l.
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A positive signal at spot 5, represents
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Figure 3.3

Identification of PAC clones from hybridisation of the filter dJ41 with
combined STSs

Hybridisation of filter dJ41 with STSs: D21S286, D21S370, D21S329, D21S65,
D21S231 and D21S234 identified five PAG clones, dJ321D3, dJ327C7, dJ328I16,
dJ327J17 and dJ362Al 8. PCR screening of the PAC colonies localized four of the PACs
to D21S215, D21S329 and D21S234 as shown in Table 3.3. dJ328I16 was not identified
by any of the STSs.
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The STSs used to identify the PAC clones are shown in Table 3.2. The number of
clones identified for each STS ranged from zero (D21S231) to ten clones (D21S215),
excluding marker D21S286.

Screening the PAC filters with the thirteen markers

identified a total of 168 positive clones.

Table 3.2 FAC clones isolated with STSs and localised to chromosome 21
STS

Chromosome 21 Position

PACs isolated

D21S286

2 Iq 11-centromere

Majority of PACs positive by
hybridisation and PCR

D21S215

dJ445P17,462L8, 210P24, 22819

21qll

489K18, 39702, 435N1, 368E24,
487E22, 521018
D21S370

21qll*/21q22.1**

150C4, 150H10, 342P10***

D21S329

cent - 21q21

410M23,49E3, 113G18, 419H7,
121H2,211N1,327C7

D21S326

21q22

83M21, 122C7, 140K16, 373K1

D21S211

21q22

23H9, 169K17, 273K3, 287D15,
432E24

D21S65

21q22

479P23,448P13

ERG

21q22

247L7, 241M7, 242M7, 243M7

ETS2

21q22

487C2,484C20,441G8, 69A24
67A24

D21S231

21q22

no positives isolated

D21S234

21q22

158P13,278K15, 278L13,
302H11,321D3, 321J17,
326A18, 469A6, 503P2

D21S212

21q22

32819, 122C7, 257P18, 390D23

D21S19

21q22

368E24

** Positioned by GDB

* Positioned by Chumakov, et al (1992)
*** all clones were localised to 21q22
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Hybridising with STSs D21S215, D21S326, D21S211, ERG, D21S212 and D21S19
produced 40 positive signals from the 66 filters.

On further analysis using the

secondary and tertiary screens (Figure 3.1), 28/40 (70%) of the positive clones were
anchored to STSs, 10/40 (25%) were not localised to any of the markers but were
found to be in close proximity to the positive PACS. These clones were identified
because the radioactive hybridisation procedure produced large scattered signals,
which often encompassed neighbouring colonies spotted on to the filters. 2/40 (5%)
were false positives, that could not be accounted for by anchoring to the STSs or by
being situated close to a true positive.

Figure 3.4 demonstrates the result obtained

from a tertiary screen of the 40 PACs identified using D21S326. Four of the PACs
were localised to this marker.

The filters were then hybridised with the marker combination consisting of D21S286,
D21S370, D21S329, D21S65, ETS2, D21S231 and D21S234. This screen identified a
greater number of positive filters and clones than expected. In order to determine
whether this was a true result the PAC pools were screened by PCR using each STS
individually (secondary screen. Figure 3.1). Initially 128 clones were identified but
on further analysis only 26 (20.3%) were anchored to markers, 31 (24.2%) were found
to be clones in close proximity to positive hybridisation signals and 71 (55.4%)
appeared to be redundant. During the secondary screen (using each STS to screen the
PAC pools individually) it was found that D21S286 gave positive results for all but
three of the 66 PAC pools. As shown in Figure 3.5 only pool numbers 17, 32 and 47
were negative.

Physical mapping is prone to identify false positives, the rate of which is calculated
by dividing the total number of rejected hits from all STSs by the total number of hits.
The rate of false positives produced in the screens described here was 67.8%
(114/168). This is a high redundancy rate although 42.5% (71/168) appeared to have
been caused by one marker alone (D21S286).
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Figure 3.4

Tertiary screening of isolated PACs using D21S326

The hybridisation was performed using STSs D21S215, D21S326, D21S211, ERG,
D21S212, and D21S19. This screen isolated a total of 40 PACs which were anchored to
specific STSs based on a PCR screen.

D21S326 identified four positive PAC clones

(arrowed): dJ83M21, dJ122C7, dJ140K16 and dJ373Kl. The products were resolved on
a 2.5% IxTBE agarose gel along with a lOObp ladder. The expected size of the marker
was 202bp. Genomic DNA (50ng) was used as the positive control.
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Figure 3.5

PCR PAC pool screen with D21S286

The PAC pools contained DNA from all colonies represented on each filter. The pools
were used as a secondary screen after hybridisation with combined STSs, in order to
identify the filters unique to each STS. PCR analysis of D21S286 identified positives
from the majority of the PAC pools. Not all pools were positive, and the negative
control was uncontaminated. The products were resolved on a 2.5% agarose gel. The
expected size was 233bp.

Well 1-32, and 33-66 represent the corresponding filter numbers.
4- human genom ic positive control
- negative control

^ identifies the position of the lOObp ladder
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D21S215 was an important marker, particularly as this region had been implicated in
TAM. For this locus ten PACs were isolated and although all of the PACs produced
signals on 2 1 q ll, clones dJ445P17, dJ462L8 and dJ228I9 consistently produced
tightly localised signals with high hybridisation efficiency and low background noise
on both control and patient samples. Clones localised to the paracentromeric region
of chromosome 21 cross-hybridised with the homologous repeat sequences found on
chromosome 13.

Locus D21S370 identified three PACs, all of which mapped to distal 21q suggesting
that the GDB locus was the correct position for the marker. For the D21S329 locus
identified at the centromere—>21q21 region (GDB), 4/8 PACs produced unambiguous
results with low background hybridisation (dJ410M23, dJ49E3, dJ113G18 and
dJ327C7). The remaining four PACs produced high background fluorescence. Of the
PACs identified by D21S326 only 373K1 produced a localised signal, the remaining
clones cross-hybridised.

D21S211 identified five PACs, only two produced high

quality signals on 21q22 (dJ23H9, dJ432E24). Two of the remaining PACs failed to
label and the fifth clone produced a weak signal with high background. Two PACs
were isolated from the locus D21S65 (dJ479P23 and dJ448P13) and when hybridised
showed an intense signal on 21q22.

Although PAC clones were isolated for the other regions described Table 3.2,
including ERG and ETS2, the clones were not labelled and used for analysis due to the
limitations on the amount of patient material available.

3.3

Discussion

FISH is a highly efficient and rapid technique that has become an invaluable method
for positional cloning and for construction and validation of chromosome mapping.
FISH also provides a powerful tool for the detection of complex and subtle,
chromosome abnormalities that might otherwise be missed by conventional
cytogenetic techniques. It is a particularly advantageous technique to use where
patient cell samples are of low mitotic index and poor morphology, because unlike
conventional methods, dividing cells are not critical for analysis. With this method,
probes can be reliably mapped and rapid information obtained on the integrity of the
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probe(s), thereby allowing effective evaluation of their ‘informativeness’. The clones
labelled as FISH probes used in this work were identified from Y AC and PAG
genomic DNA resources.

Particular clones were then used to analyse the acute

leukaemia and TAM patient material, as described in Chapter 4.

3.3.1

Large Insert YAC clones

Cloning genomic DNA fragments into yeast artificial chromosomes (YACs) allows
for the mapping and analysis of large regions of the genome. The availability of such
libraries helped to bridge the gap between the insert capacity of existing vectors such
as cosmids (average insert size 45kb) and the ability to map large segments of
chromosomes. YAC clones can accommodate DNA fragments from lOOkb^lM b,
although inserts of 2Mb have been recorded (Chumakov, 1992b; Monaco and Larin,
1994). Due to the small size of chromosome 21 and its association with several
medical disorders, the chromosome represented a prototype model for the isolation
and physical mapping of chromosome specific YAC clones. Chumakov, et al (1992b)
published a YAC contig spanning 21q using STSs to identify and anchor the clones to
the chromosome. The YACs from this map were freely available from CEPH and as
such this resource was used to identify clones for use as FISH probes. Despite the
availability of the clones and their ability to cover large areas of chromosome 21,
several problems inherent with YAC clones became apparent and were reflected in
the attempt at isolation and localisation of probes for this project. The potential of
YAC clones is limited by frequent instability and as a consequence they are prone to
deleting the genomic DNA insert either partially or completely. In addition YACs are
susceptible to chimaerism where independent insertion events of the DNA fragments
occur, and also to recombination (Ried et al, 1995; Courseaux et al, 1997;
Schindelhauer, 1999). Monaco and Larin (1994) estimated that 40-60% of all YAC
clones were either chimaeric or had recombined. From the CEPH YACs used in this
study, approximately 40% were recorded to be chimaeric and 12% deleted
(Chumakov, et al 1992b). The results in the present study found that only one YAC
produced two distinct signals on 2 Ip and 21q. Other clones may have been chimaeric
or recombined but the background hybridisation was too great to identify them
unequivocally as such. There were several clones that also failed consistently to
produce any FISH results. This may have been due to the loss of the DNA insert.
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The instability of the YAC clones is believed to be the result of the repetitive
sequences contained within the large DNA insert and found ubiquitously in the
genome (Neil et al, 1990; Kohno et al, 1997; Schindelhauer, 1999). Frequent repeats
found in the genome include short or long interspersed repeat sequences (SINES and
LINES). The common SINES are the Alu DNA repeats which are approximately
300bp in size and are repeated 300,000 to 900,000 times in the genome. The common
LINES are the LI or Kpnl repeats which are approximately 6.4kb in size and are
repeated from 4,000 to 100,000 times (Korenberg and Rykowski, 1988). It has been
suggested that repeat sequences, particularly Alu elements, are susceptible to
rearrangements and recombination events (Papadopoulos et al, 1990; So et al, 1997;
Wiemels et al, 1999).

Alu and A-T rich regions appear to be common around

translocation breakpoints in subtypes of leukaemia (Papadopoulos et al, 1990; So et
al, 1997).

The cross hybridisation of such repetitive sequences to non-target

chromosomes produces high background signals, a problem that was cited by
Chumakov, et al (1992a) where probe signals from CEPH YACs produced a ‘more or
less even background hybridisation’ to other chromosomes. This was attributed to the
presence of homologous sequences between chromosomes as well as repetitive
elements. This background can be suppressed by including total human DNA or Cot
I, which is enriched for highly repetitive sequences, as a competitor in labelling
reactions (Landegent, 1987; Lichter et al, 1988). The amount of competitive DNA
required varies depending on the number of repetitive elements in the genomic
sequence, too little can result in a high background and too much weakens the probe
signal. As was found in this study, altering the amount of competitor DNA changed
the specificity of the signal. However, the hybridisation efficiency of the YAC probes
remained relatively poor.
3.3.2

Advantages of the PAC cloning system

PAC clones were developed as a cloning system to overcome the shortcomings of
small insert vectors and the YAC system. PAC vectors can incorporate DNA inserts
in the range of I00-300kb, and are also known to have a low level of chimaerism and
are more stable that YAC vectors (loannou, et al 1994). The de Jong PAC library
(loannou, et al 1994) used to isolate clones for regions of chromosome 21, consisted
of approximately 120,000 clones gridded on to filters. The average insert size was
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llOkb, and approximately 25% of clones contained vector sequences only. Each
genomic region in the PAC library used was represented on average 5-6 x although
some regions were under-represented. STSs were used to identify the PAC clones.
STSs are short segments of sequenced DNA derived from contiguous clones or
fragments of genes (Expressed Sequence Tags, ESTs), or represent DNA that
identifies unusual restriction sites and polymorphisms (Olson et al 1989). STSs act as
landmarks for the identification and anchoring of segments of DNA to chromosomes.
In one of the PAC screens performed using pooled STSs there was a high redundancy
of clones isolated.

False positive results can be expected as usually there are a

number of faint positive signals, which may represent hybridisation to homologous or
small repetitive regions that are not competed out.

However, the false positives

identified were likely to have resulted from the primer D21S286, since the majority of
PACs identified in the screen were positive when PCRd with this primer. D21S286
may have detected frequent repeats that are found in the genome such as SINES and
LINES, discussed above. PACs that localised to 21ql 1 were also found to identify the
centromeric region of chromosome 13. This was expected as chromosomes 13 and 21
contain an array of repeat units that have a 99.7% homology (Jorgensen, et al 1987).

The position of marker D21S370 differed depending on the physical map used.
Chumakov et al, (1992) localised the marker to 21qll whereas the genome database
situated it at 21q22.

The FISH results suggested that the GDB localisation was

correct. 21q22 does contain a region of duplication at 2 1 q ll (Dutriaux et al, 1994),
which may have explained the difference. The duplicated region was confirmed by
the human chromosome 21 sequencing consortium (Hattori et al, 2000).

The

proximal copy of the duplication was situated 188-377 kb from the centromere
(21qll) and the distal copy at 14796-15002 kb from the centromere (21q22).

The

sequencing map confirms the position of the D21S370 marker to 20347 - 20347 kb
from the centromere, several thousand kilobases distal to the duplicated region. The
original physical maps were prone to errors due to the nature of the materials
available. With advancing technology these are now being identified and rectified
due to the high resolution maps now being produced.
For the purpose of this study PACs were identified for a number of chromosome 21
loci and were intended to help bridge the gap between the commercial probes
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available and to allow further analysis of regions on 21q not yet available. PAC
clones were isolated for the loci ERG (v-ets avian erythroblastosis virus E26
oncogene related), localised to 21q22.2, and ETS2 (v-ets avian erythroblastosis virus
E2 oncogene homologue 2), localised to 21q22.3. Both are ETS family transcription
factors of which TEL, the gene involved in the t(12;21) translocation associated with
B-cell precursor ALL, is also a member. As ERG and ETS2 are related to TEL these
genes may warrant further analysis in the DS leukaemia/TAM cases.

3.3.3

Clone identification and the human chromosome 21 sequencing map

The identification of clones for this work was carried out in the two years prior to the
publication of the chromosome 21 sequencing map (Hattori et al, 2000).

The

published map provides a stated 99.7% coverage of 21q in 518 bacterial clones
(representing the minimum-tiling path). The human genome consortium used four
whole genomic libraries and nine chromosome specific libraries to physically map
chromosome 21. The PAC library used in the present work was not used by the
consortium (RPCZl-PAC) and as such there was no overlap of clones identified,
although the chromosome 21 map only records the minimum number of clones that
gives maximum coverage. As part of the work described in Chapter 4, two of the
PACs identified in the present project were sequenced (dJ228I9 and dJ445P17) and
BLAST searched against all sequences in the database. Both PACs were found to
share homology with clones identified for the sequencing map and were localised at
the expected position on 21 q ll.

The sequencing map renders physical maps almost

obsolete as it provides high resolution sequence information allowing specific regions
and genes to be targeted immediately for investigation in disorders such as leukaemia
and TAM.

3.4

Summary

The human genomic clones were isolated for the purpose of analysing a larger
number of chromosome 21 specific loci in the DS and non-DS patients with acute
leukaemia or TAM. The clones were labelled as FISH probes and were used to detect
intrachromosomal deletions and rearrangements beyond the regions spanned by the
commercially available probes.

The YACs were found to be problematic as on the

whole they did not produce clear, specific signals unlike the PAC clones identified
using chromosome 21 specific STSs. PACs were isolated for several regions on the
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long arm of chromosome 21, including 2 1 qll which is believed to be involved in
TAM. The results from the FISH analysis of the DS and non-DS acute leukaemia and
TAM cases using probes spanning 21ql l-21q21 are described in Chapter 4.
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Chapter 4
Analysis of intrachromosomal rearrangements of chromosome 21 in
DS and non-DS AL and TAM cases
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4.1

Introduction

The purpose of the work described in this chapter was to determine whether the
interstitial deletions and rearrangements described by Kempski et al (1997, 1998) also
occurred in further DS childhood leukaemia patients and in neonates diagnosed with
TAM and to further define the breakpoint regions. The cases were analysed in the
first instance by FISH using the panel of commercially available chromosome 21
locus specific probes described by Kempski et al (Kempski et al, 1997; Kempski et
al, 1998).

Where patient material allowed, cases were further investigated using

fluorescently labelled PAC probes isolated as described in chapter 3.

Case 14

(Kempski et al, 1998) was included in the present study in order to further define the
disrupted paracentromeric region.

Based on the information produced by the human

chromosome 21 sequencing consortium, the work described in this chapter also
attempted to identify the genes localised to the regions affected in the leukaemic and
TAM cases.

The patients described in this chapter were diagnosed with acute leukaemia or TAM
at Great Ormond Street Hospital for Sick Children during a three year period (19972000), except for Case 9, where fixed cells were a gift from Salisbury Hospital. Of
the 14 cases included in this investigation, five were diagnosed with AL and nine with
TAM. 11/14 (78.6%) of the patients had DS.

Cases 5, 13 and 14 were non-DS

children. Patient 5 was a phenotypically normal child whose sole karyotypic
abnormality was a tandem duplication of chromosome 21 and who developed ALL at
less than two years of age. As chromosome 21 is known to be closely associated with
acute leukaemia, the latter case presented the opportunity to investigate material gain
of a defined region of this chromosome and the possible link to the development of
leukaemia (Rowley et al, 1981; Robison et al, 1984; Fong and Brodeur, 1987;
Zipursky et al, 1992; Avet-Loiseau et al, 1995, Hasle et al, 2000). Cases 13 and 14
were both diagnosed with TAM, a disorder that predominantly occurs in DS neonates,
although it has been described infrequently in phenotypically normal infants.
Studying such rare cases may provide further insight in to the relationship between
the disorder and chromosome 21.
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4.2

Results

4.2.1

Clinical and Haematological Data

Clinical and haematological data were available for 12 of the 14 patients as shown in
Table 4.1. For cases 9 and 10, only cytogenetic information was available. Three of
the four DS acute leukaemia cases (1,2, and 3) were diagnosed with pre-B ALL and
the remaining patient (case 4) with AML. Both 2 and 4 were recorded to have had a
previous TAM episode but material was not available from this period for analysis.

Although there were few samples in the DS AL group, the average age at diagnosis
was 34.75 months (2.9 years), with a sex ratio of 3:1 males to females. For the DS
TAM group the mean age at diagnosis was 18.14 days, with case 9 diagnosed at 5
days and case 10 at 8 days of age. The mean age at diagnosis was 15.38 days when
the two phenotypically normal cases were included. The male:female ratio was 1:2.5
for the DS TAM cases and 1:3.5 overall for the TAM cases.

For the AL cases the haematological information in Table 4.1 shows that at least three
of the parameters measured were abnormal in 4/5 of the cases. The haemoglobin
concentration was decreased in cases 1 and 3 (normal range 9.4 - 13.8 g/dL), the
white blood cell count was decreased in the non-DS patient 5 and elevated in DS
cases 2 and 3 (normal range 6-17 x 10^/L). The platelet counts were significantly
decreased in four of the AL cases (normal range is generally accepted as 150-450 x
10^/L). Only the haematological data from the AML case (4) showed all counts to be
within acceptable limits.

Although the children in the TAM group were significantly younger than the AL
cases, the same haematological reference ranges were used to determine whether there
was an aberrant blood picture. Of the TAM cases, only 1/7 (case 8) was found to fall
within the normal range for all parameters. This was case 8, the normal blood picture
may be because this case was diagnosed at a later age than the other TAM cases. The
haemoglobin concentration was decreased in Case 7 and increased in cases 12 and 14.
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Table 4.1

Haematological data for the AL and TAM cases

Case number
Status

1

2

3

4

5

6

7

8

11

12

13

DS phenotype

DS

DS

DS

DS

non-DS

DS

DS

DS

DS

DS

non-DS non-DS

Diagnosis

pre-B pre-B pre-B AML pre-B

TAM TAM TAM TAM TAM TAM

TAM

Age at diagnosis*

2 y llm 3y4m 5y

14

4m

22m

17d

3d

3m

Id

3d

l id

12hr

16.4

12.4

19.1

Peripheral blood
Hb (g/dL)

8.3

9.6

7.2

9.7

10.4

12.3

8.0

11.3

11.5

WBC X 10^/L

16.3

50.7

23.4

5.9

1.9

24.8

85.7

17.5

188.6 13.26 34.97

33

Platelets x 10^/L

19

39

54

219

47

576

69

183

127

74

4827

175

91

96

90

43

100

60

63

90

90

20

15

40

Blasts
Percentage

Normal parameters for a peripheral blood count
Hb
WBC
Platelet

9 ,4 -1 3 .8 g/dL
6 -1 7 10®/L
150 - 450 10®/L

*y - years, m - months, d - days, hr - hours
Hb - haemoglobin, WBC - white blood cell
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The leukocyte count was increased in five cases, 6, 7, 13, 14 and particularly in case
11. The platelet count was decreased in three cases, 7,11 and 12 and increased in two
cases, 6 and 13. The count found in case 13, the phenotypically normal child, was
found to be significantly elevated at 4827 x 10^/L compared to the normal range of
150-450 X lO’/L.

4.2.2

Percentage of blast cells

The blast cell counts from the AL cases were from bone marrow aspirates and for the
TAM cases, from peripheral blood samples. The counts are shown in Table 4.1.
Comparison of the AL cases showed that the youngest child, case 4 diagnosed with
AML M7, had the lowest blast count at 43%. The pre-B ALL cases showed a bone
marrow blast count of 90% - 100%. The counts for the TAM cases ranged from 15%
to 90%.

4.2.3

Immunophenotypic Data

Immunophenotype data for the blast cells was available from all five of the AL cases
and 5/9 of the TAM cases. The data are shown in Table 4.2. Noticeable was the
strong positive staining for lymphoid markers in the three ALL cases.

CD 10 is

regarded as the conunon ALL antigen and is expressed on blasts of the majority of Blineage ALL. CD 19 is one of the earliest of the B-lineage restricted antigens to be
expressed, and is also found in the majority of B-cell ALL cases. The AML case was
positive for B and T cell as well as the myeloid markers. Of particular interest was
the reactivity of the blast cells with CD41/42 and CD61. These markers identify
megakaryocytes, megakaryoblasts and platelets and are indicative of a diagnosis of
AMKL (AML, M7).

Significant positivity for lymphoid markers, apart from CD7 and CD3, was not shown
for TAM cases 12, 13 and 14, but a noticeable reaction was detected for myeloid
markers. In four of the five TAM cases a significant proportion of the blasts were
positive for the megakaryocytic markers CD41/42/61.
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Table 4.2

Immunophenotypic data for the AL and TAM cases

Percentage of blast cells positive for lymphoid and myeloid cell surface markers
Cell Surface Marker
CD3

CD7

CDIO

CD19

TDT

CD13

CD33

CD41

CD42

CD61

T-lymph

T-lymph

B-lymph/

B-lymph

early

gran.

gran.

megak.

megakb

pit

lymph

mono

mono

pit

Case Diagnosis

T-lymph

1.

DS ALL

-

-

78

71

92

8

1

12

17

2

2.

DS ALL

-

95

94

50

1

1

-

-

-

-

3.

DS ALL

-

-

91

92

92

1

1

0

0

0

4.

DS AML

14

31

37

38

0

15

31

28

21

30

5.

ALL

-

-

93

97

92

0

72

-

-

-

7.

DS TAM

1

86

3

0

2

12

59

10

13

10

11. DS TAM

3

25

0

0

2

8

22

34

14

26

12. DS TAM

28

57

0

1

6

7

15

20

1

20

13.

TAM

58

82

11

7

1

10

17

41

-

64

14.

TAM

49

86

0

4

0

0

-

-

35

-

- = not done, lymph = lymphoid, gran = granulocyte, mono = monocyte, megak = megakaryocyte, megakb= megakaryoblast, pit = platelet

4.2.4

Cytogenetic data

The Cytogenetic Department at The Institute of Child Health provided karyotypes for
all patients except case 9. Information was obtained from Salisbury Hospital for this
case. The cytogenetic data are shown in Table 4.3. The figures in brackets indicate
the number of metaphase cells with the structural abnormality over the total number
of metaphase cells karyotyped.
Table 4.3

Clinical and cytogenetic data for all DS cases with acute leukaemia

Case

Sex

Diagnosis

GTG-band Karvotvpe

1

M

Pre-B ALL

47,XY,t(l;I9)(q23;pl3),+21c [2/20]

2

F

Pre-B ALL

48,XX,+X,+21c [25/30]

3

M

Pre-B ALL

48,XY,+X,+21c[7/20]

4

M

AML M7

47,XY,del(6)(ql5q21),del(13)(ql2q21.1),+21c [10/25]

5

M

Pre-B ALL

46,XY,dup(21)
(pter^q22::q 11 —>q22: :q 11 ->?q22::q 11 —>qter) [7/11]

6

F

TAM

47,XX,+21c [30/30]

7

M

TAM

47,XY,+21c [20/20]

8

M

TAM

47,XY,+21c [51/51]

9

F

TAM

47,XY,+21c [30/30]

10

F

TAM

47,XX,+21c [25/25]

11

F

TAM

47,XX,+21c [20/20]

12

F

TAM

47,XX,+21c [20/20]

13

F

TAM

46,XX,i(21)(qter—>q10: :q 10-^qter) [ 10/20]

14

F

TAM

48,XX,+18,+21 [18/20]

Of the four DS cases with AL, two patients were found to harbour structural changes
(1 and 4), whereas two cases showed only numerical abnormalities (2 and 3). The
t(l;19) rearrangement was found in the leukaemic cells from case 1. An additional X
chromosome was the sole abnormality in patients 2 and 3, both DS cases were of a
pre-B ALL phenotype.

Case 4, the child with DS and AML was found to have

complex karyotypic changes characterised by deletion of chromosomes 6 and 13 and
confined to the leukaemic cells. Case 5, the non-DS ALL patient was found to have a
tandem duplication of chromosome 21 which was found in the leukaemic clone.
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The simplicity of the karyotypes in the DS TAM cases was striking in comparison to
the AL and the non-DS TAM patients. The DS TAM cases showed only constitutional
trisomy for chromosome 21, whereas the two phenotypically normal TAM cases
revealed structural or numerical changes. Case 13 revealed an isochromosome 21,
whereas case 14 was found to have additional copies of both chromosome 18 and
chromosome 21 in a high proportion of metaphase cells. Skin fibroblast analysis from
neonate 14 detected only a normal karyotype of 46/XX. This confirmed that this
patient was phenotypically normal and that the abnormal cell line was clonal and
therefore disappeared as the TAM episode resolved.

4.2.5

RT-PCR analysis of the T E L fA M L l probe

The t(l;19) rearrangement detected in case 1 is associated with paediatric pre-B cell
ALL although is less likely to be found in DS cases compared with non-DS cases. As
the t(12;21) rearrangement is also frequently detected in pre-B cell ALL, the cases
were investigated for the TELIAMLl fusion which is the result of a cryptic
rearrangement often undetected by cytogenetic analysis alone. This was carried out
prior to investigating the samples with the TELIAMLl FISH probe. It was decided to
include all cases in the analysis where cDNA was available. Samples were available
from patients 1, 2, 3, 7, 8, 11, 12 and 13. cDNA was converted to RNA as described
in the materials and methods. Primers for p-actin were used as a control to determine
the efficiency of the RT-PCR reaction. Figure 4.1 revealed that no TELIAMLl fusion
product was present in the cases investigated.

95

Case] 2 3 7
(a)

8 1 1 12 13

+ + + -

p-actin control

(b) Upper samples - TEL5A1F : AML 1-77R
(c) Lower samples - TEL964F : AML1-145R

(d) TEL-964: TEL-1340

Figure 4.1

RT-PCR analysis of the TEL/AMLl probe fusion

The sample from case 1 failed to show a product with the P-actin control and with the
TEL-964:TEL-1340 primers indicating that no RNA was present.

Samples from cases 2,

3, 7, 8, 11, 12 and 13 were positive with both these sets of primers but failed to show the
TELIAMLl fusion product. Three control sample positive for the fusion are also shown.
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4.2.6

RFLP analysis of the A M L l gene

Abnormalities of the AM Ll gene have been described in acute leukaemia and in a
disorder with a predisposition to developing acute leukaemia. Prior to analysing this
gene by FISH the patient samples were investigated for rearrangements of the AM Ll
gene using RFLP and probes that detect specific regions of the gene. The cDNA
probes used to investigate rearrangements of the AMLl gene hybridised to the distal
5’ UTR, part of the runt domain and part of the 3’ region of the gene, as shown in
Figure 2.6 in Chapter 2. Southern blot analysis was used to search for rearrangements
in the genomic DNA rather than for analysis of the number of copies of the regions
investigated. It was felt that dosage analysis of the gene would not give accurate
results in the patient samples as the number of cells affected by deletions was likely to
have been masked by the large proportion of unaffected cells present.

DNA samples were available from two DS AL cases (1,3), four DS TAM cases (6, 7,
8 and 12) and a non-DS TAM case (13). No rearrangements were detected for any of
the three AM Ll regions in 6/7 (85.7%) of the cases analysed. The 5’ UTR probe and
the probe for part of the runt domain produced the expected bands of 3.7kb and
15.3kb in all of the cases.

Hybridisation with the 3’ AMLl probe produced the

expected wild type band of 1.58kb in all seven of the cases analysed, however as
shown in Figure 4.2, an extra band was detected in the DNA sample from Case 7. The
figure shows a distinctive lower band of approximately 0.9kb. The result suggests that
in case 7 a deletion or rearrangement had occurred in the 3’ region of the gene in a
proportion of cells leading to a change in restriction fragment length.

Differences

can result from base substitutions, additions, deletions or sequence rearrangements
with in the restriction enzyme recognition sequences.
RFLP image.
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i.58kb
0.90kb ►

”

i ’y ü
7

13
Non-DS
TAM

DS TAM

Figure 4.2

3
DS AL

RFLP analysis of AMLl using a 3’ probe

Analysis of AMLl using a probe specific for the 3’ region of the gene
detected the expected 1.58kb band in the seven cases analysed.

Case 7

showed rearrangement of the 3 ’ region as evidenced by an extra band of
approximately 0.9kb in size.

98

4.2.7

FISH analysis of the AL and TAM cases

Two regions of chromosome 21 were investigated for abnormalities using FISH.
These regions included the paracentromeric region 2 1 q ll and a distal area
encompassing 21q22-qter. A panel of commercial probes in addition to PAC probes
isolated as described previously, were used for analysis.

The FISH images were

scored according to strict criteria outlined in Chapter 2 and based on those described
by Trask et al (1991). The scoring method was similar to that used by Kempski et al
(1998, 1999), with the difference that only complete loss of probe signal was recorded
for the loci D21S65, D21S55, D21S19 and the subtelomeric probes. The AM Ll probe
was investigated for deletions, rearrangements and for reduction in signal intensity.
The latter was included as the probe spanned a large region that encompassed the
gene and was unlikely to be completely lost in the patient samples.

The results for the control samples are shown in the Appendix.

These samples

consisted of (A) normal peripheral blood samples, (B) non-leukaemic DS peripheral
blood samples and (C) peripheral blood/bone marrow from non-DS leukaemic
patients. All controls were scored for hybridisation efficiency and for the position of
each locus specific probe on each chromatid.

In over 93.3% of all metaphases

analysed the probes hybridised to the expected positions on both chromatids of
chromosome 21.

For the patient samples the FISH images were given arbitrary

numbers and converted to monochrome to enhance the DAPI banding.

The

Cytogenetic Department at ICH then identified the abnormal karyotypes.

The

cytogenetic information received was then scored against the FISH results to identify
which cells showed differences in the chromosome 21 probe hybridisation pattern.
The probe results for the patients were then compared to the control samples to
determine whether any aberrations detected fell within normal parameters.

The

patient samples were analysed for deletions of loci D21S65, D21S55, D21S19 and
D21S1219/1220 or the TelVysion probe on chromosome 21. A change in the probe
order that appeared to invert the position of the proximal and distal probes was also
observed.

These differences from the normal FISH pattern for each patient were

scored as a deletion or inversion of probe order where both chromatids of
chromosome 21 were affected. The percentage of cells detected with aberrations for
each patient sample are shown in Table 4.4.
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Table 4.4 (addendum) Total number of leukaemic/clonal cells detected vs the total number of metaphase cells analysed per case

No. of leukaemic/clonal cells detected
Total no. of metaphase cells analysed
Case no.

1*

2*

3*

5*

6t

7t

8t

9t

lo t

lit

12t

13t

14$

FISH probes
D21S65/
D21S55

0/15

30/37

23/65

34/80

20/50

69

61

60

50

36

32

65

28/56

n/d

AM Ll

0/20

46/55

18/60

20/51

20/50

50

60

50

40

n/d

47

52

27/51

74/80

D21S19/
D21S(1219/1220)/
Telvysion

0/20

50/60

65/100

24/58

20/50

43

52

65

34

33

42

53

30/60

n/d

0

82.9

47.1

41.3

40

-

-

-

-

-

-

-

50.9

92.5

% o f leukaemic/
clonal cells detected

*For the DS AL cases the number of leukaemic cells (identified by the chromosome abnormality)/total no. of metaphase cells analysed are
shown.
|T h e total number of metaphase cells showing the +21 trisomy are shown for the DS TAM cases (+21 was found in 100% of cells for these
cases). These patients had no other clonal abnormality as shown in the bottom row of the table.
JFor the phenotypically normal TAM cases the number of clonal cells (identified by the chromosome abnormality)/ the total number of
metaphases analysed are shown,
n/d = not done

Table 4.4

Percentage of metaphase cells observed with abnormalities for each chromosome 21 locus investigated
Case
2*

3.*

4.*

5.

6.

7.

8.

9.

10.

11.

12.

13.*

14.*

Del D21S65

-

47.8

23.5

-

30.4

18

20

10

16.7

12.5

13.8

10.7

n/d

Amp D21S65

-

-

-

40

-

-

-

-

-

-

-

-

n/d

ÎInvD21S65/D21S55-

-

4.4

8.8

-

17.4

10

8

-

-

3.1

9.2 ,

-

n/d

DelD21S55

-

34.8

64.7

-

8.7

18

20

18

11.1

12.5

12.3

10.7

-

Amp D21S55

-

-

-

40

-

-

-

-

-

-

-

-

-

Red AMLl

-

-

-

n/d

16

15

-

10

n/d

6.4

-

-

n/d®

Inv AM Ll

-

-

-

n/d

-

-

-

-

-

-

-

-

5.4

Del D21S19

50

38.5

-

-

25.6

15.4

14

-

-

-

-

6.7

n/d

AmpD21S19

-

-

-

40

-

-

-

-

-

-

-

-

n/d

-

1.5

-

-

4.5

-

20

-

-

-

-

-

n/d

20

38.5

34.9

23.1

14

35

27.3

28.6

5.5

6.7

n/d

1.*

tInvD21S19/D21S

-

(1219/1220)/Telvys
Del D21S(1219/
1220)/ Telvys
Del = deletion, Amp = amplification, Inv = inversion, Red = reduction in signal intensity, Telvys = Telvysion probe
* For these cases the percentages show are for the clonal cells identified by the chromosome abnormality.
® Case 14. was not analysed for reduction in signal intensity for the AM Ll probe, only for rearrangements.
Î As the chromosomes in the leukaemic samples were often o f poor quality and were highly condensed, inversion in the order of these particular FISH
probes were interpreted with caution.
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For the DS AL cases (1,2, 3, 4 and 5) and phenotypically normal TAM cases (13 and
14), Table 4.4 describes the percentage of clonal cells with aberrations observed for
each locus investigated.

The clonal cells were distinguished by the patient’s

chromosome abnormality. As the DS TAM cases have no karyotypic abnormalities.
Table 4.4 reflects the percentage of metaphase cells observed with aberrations for
each chromosome 21 locus analysed.

No abnormalities for the chromosome 21 probes investigated were found in the
metaphase cells from Case 1. Subsequent cytogenetic analysis carried out on the
FISH images did not identify any clonal cells. The results from this case appeared to
serve as an indicator that the scoring procedure used for analysing the patient samples
was reliable. Due to the type of abnormalities identified in the clonal cells from
patients 5 and 14, and because additional probes were used on both these cases the
results will be described in separate sections (sections 4.2.8 and 4.2.9 respectively).

4.2.7.1 Deletion of loci within 21q22-qter
Using the control cases to obtain a baseline for the percentage of ‘aberrations’ that
would be considered within the expected limits, deletion of D21S65, D21S55,
D21S19 and D21S(1219/1220)/TelVysion was detected in 2% or less of metaphase
cells.

Analysis found that with the exception of case 1, all cases showed a

significantly higher percentage of cells with rearrangements than was found in the
control samples.

In the three DS AL cases where clonal cells were identified, loss of signal for at least
two of the loci was found on one copy of chromosome 21. Deletions of D21S65 and
D21S55 were detected in the leukaemic cells from DS AL cases 3 (47.8% and 34.8%
of cells respectively) and DS AML cases 4 (23.5% and 64.7%), as shown in Figure
4.3. Deletions of the D21S19 and the subtelomeric region represented by
D21S(1219/1220) were identified on one copy of chromosome 21 in metaphase cells
from two of the DS AL cases, 2 (50% for D2IS 19 and 20% for D2IS 1219/1220) and
3 (38.5% of cells). Loss of probe signals for these patients are shown in Figure 4.3.
For Case 2, deletions were restricted to the D21S19 and D21S1219/1220 loci.
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All seven DS TAM cases and phenotypically normal TAM case 13, showed deletions
of at least three of the probes on one copy of chromosome 21. Cases 6, 7, 8 and 13
were found to have loss of all four loci investigated in a percentage of metaphase
cells, as shown in Figure 4.4 and Figure 4.5, while cases 9, 10, 11 and 12 showed loss
of signal for D21S65, D21S55 and D215(1219/1220)/TelVysion, but not for locus
D21S19, as shown in Figure 4.6.
The complete metaphase cells are not shown for any of the cases analysed due to the
size of the spreads and the number of images presented. The images were pseudo
coloured for the purpose of printing.
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Figure 4.3

Fish images showing the deletions detected in the karyotypically

abnormal cells from the DS AL cases

a(i).

Partial metaphase from case 2 showing the expected signals for the Contig 21

Probe (D21S19, yellow signal) and the Tel 21q DNA probe (D21S1219/1220, red
signal) on all three copies of chromosome 21.
a(ii).

Partial metaphase from case 2 showing the expected signals for D21S19

(yellow) and D2IS 1219/1220 (red) on two copies of chromosome 21 with loss of the
D21S19 signal on the third copy of the chromosome (arrowed).
a(iii). Graph polygon showing the relative positions of D21S19 (yellow) and
D21 S I219/1220 (red) on the normal copies of chromosome 21.
a(iv). Graph polygon demonstrating the loss of D21S19.
a(v).

Partial metaphase spread from case 2 showing the loss of the D21S1219/1220

(red signal) on one copy of chromosome 21 (arrowed).
a(vi). Graph polygon showing the loss of D21S1219/1220.

b(i).

Partial metaphase spread showing the expected signals for the Chromosome

21 specific probe (D21S65, yellow signal) and Quint-Essential 21 specific DNA
probe (D21S55, red signal) on all three copies of chromosome 21 in DS AL case 3.
b(ii).

Partial metaphase demonstrating the expected signals for D21S65 (yellow)

and D21S55 (red) on two copies of chromosome 21 in DS AL case 3. The third copy
of chromosome 21 has lost the signal for D21S65 (arrowed).
b(iii). Graph polygon showing the relative positions of D21S65 (yellow) and
D21S55 (red) on the normal copies of chromosome 21.
b(iv). Graph polygon showing the absence of D21S65 (yellow) with retention of
D21S55 (red).
b(v).

Partial metaphase showing the loss of D21S55 (red signal) on one copy of

chromosome 21 (arrowed) in DS AL case 3.
b(vi). Graph polygon showing the absence of D21S55 (red) with retention of
D21S65 (yellow).
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a(i)

a( i i i )

a( i v)

i
I

a(v)
a( vi )

b(i i i )

b(iv)

b(v)

b( v i )
!

I

Figure 4.3

Fish images showing the deletions detected in the karyotypically

abnormal cells from the DS AL cases (cont.)

c(i).

Partial metaphase cell from case 3 showing normal signals for D21S19

(yellow) and D21S1219/1220 (red) on all three copies of chromosome 21.
c(ii).

Partial metaphase cell from case 3 showing two copies of chromosome 21

with normal signals for D21S19 (yellow) and D21S1219/1220 (red).

The

chromosome that has lost the D21S19 signal is arrowed.
c(iii). Graph polygon showing the relative positions of D21S19 (yellow) and
D21 S I219/1220 (red) on the normal copies of chromosome 21.
c(iv). Graph polygon demonstrating the loss of D21S19.
c(v).

Partial metaphase cell from case 3 demonstrating the loss of signal for

D21S1219/1220 (red) on one copy of chromosome 21 (arrowed).
c(vi).

Graph polygon showing the absence of D21S1219/1220 and the retention of

D21S19.

d(i).

Partial metaphase cell from case 4 showing normal signals for D21S65

(yellow) and D21S55 (red) on all three copies of chromosome 21.
d(ii).

Partial metaphase from case 4 demonstrating the expected signals for D21S65

(yellow) and D21S55 (red) on two copies of chromosome 21. The third copy of
chromosome 21 has lost the signal for D21S65 (arrowed).
d(iii). Graph polygon showing the relative positions of D21S65 (yellow) and
D21S55 (red) on the normal copies of chromosome 21.
d(iv). Graph polygon showing the absence of D21S65 (yellow) with retention of
D21S55 (red).
d(v).

Partial metaphase showing the loss of D21S55 (red) on one copy of

chromosome 21 (arrowed) in DS AL case 4.
d(vi). Graph polygon showing the absence of D21S55 (red) and the retention of
D21S65 (yellow).
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c(i)

c(iii)

c(ii)

c(iv)
c(v

c(vi

d(ii
d(i i )

ry
I

»
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d(iv)

d(vi )

Figure 4.4

FISH images of the deletions detected in the cells from the DS

TAM cases

As eight of the TAM cases demonstrated deletions of various chromosome 21 loci,
the graph polygon images are not shown in order to limit the number of FISH pictures
for each case.

a(i).

Partial metaphase demonstrating the expected signals for the D21S65 probe

(yellow signal) and D21S55 probe (red signal) on all three copies of chromosome 21
in DS TAM case 6.
a(ii).

Partial metaphase demonstrating the expected signals for the D21S65 probe

(yellow signal) and D21S55 probe (red signal) on two copies of chromosome 21 in
DS TAM case 6. The third copy of chromosome 21 has lost the signal for D21S65
(arrowed).
a(iii). Partial metaphase showing the loss of D21S55 (red signal) on one copy of
chromosome 21 (arrowed) in DS AL case 6.
a(iv). Partial metaphase demonstrating the expected signals for D21S19 (yellow)
and D21S1219/1220 (red) on all three copies of chromosome 21 in DS TAM case 6.
a(v).

Partial metaphase from case 6 showing the expected signals for the D21S19

probe (yellow signal) and the D21S1219/1220 probe (red signal) on two copies of
chromosome 21 with loss of the D21S19 signal on the third copy of the chromosome
(arrowed).
a(vi). Partial metaphase spread from case 6 showing the loss of the D21S1219/1220
(red signal) on one copy of chromosome 21 (arrowed).

b(i).

The image demonstrates three copies of chromosome 21 with the expected

signals for D21S65 (yellow) and D21S55 (red) in DS TAM case 7.
b(ii).

Partial metaphase spread from case 7 showing the loss of the D21S65 probe

(yellow) on one copy of chromosome 21 (arrowed). Normal signals are shown for
D21S65 and D21S55 (red) on two copies of the chromosome.
b(iii). Partial metaphase from case 7 showing loss of D21S55 (red) on one copy of
chromosome 21 (arrowed).
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a(ii)

a(v)

a(iii)

Figure 4.4

FISH images of the deletions detected in the cells from the DS

TAM cases (cont.)

b(iv). The image demonstrates the expected signals for D21S19 (yellow) and
D21S1219/1220) (red) on all three copies of chromosome 21 from Case 7.
b(v).

Partial metaphase cell from case 7 showing two copies of chromosome 21

with normal signals for D21S19 (yellow) and D21S1219/1220 (red). The third copy
of the chromosome that has lost the D21S19 signal is arrowed.
b(vi). Partial metaphase cell from case 7 demonstrating the loss of signal for
D21S1219/1220 (red) on one copy of chromosome 21 (arrowed).

c(i).

Partial metaphase spread from case 8 showing the expected signals for

D21S65 (yellow) and D21S55 (red) on all three copies of chromosome 21.
c(ii).

Partial metaphase cell showing the loss of 0 2 1 S65 (yellow) on one copy of

chromosome 21 (arrowed) in the PB sample from case 8. D21S65 and D21S55 (red)
show normal signals on two copies of the chromosome.
c(iii). Partial metaphase showing loss of D21S55 (red) on one copy of chromosome
21 (arrowed) from case 8.
c(iv). The image from case 8 shows the expected signals for D21S19 (yellow) and
D2IS 1219/1220 (red) on all three copies of chromosome.
c(v).

Partial metaphase cell from case 8 showing two copies of chromosome 21

with normal signals for D21S19 (yellow) and D21S1219/1220 (red). The third copy
of the chromosome that has lost the D21S19 signal is arrowed.
c(vi). Partial metaphase cell from case 8 demonstrating the loss of signal for
D21S1219/1220 (red) on one copy of chromosome 21 (arrowed).
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b(iv)

c(ii )

c(iii)

c( iv )

c(v)

c(vi)

Figure 4.5

FISH images of the deletions detected in the cells from non-DS

TAM case 13

a(i).

Partial metaphase cell from case 13 showing the normal copy of chromosome

21 and the ioschromosome. All copies of chromosome 21q show the expected signals
for D21S65 (yellow) and D21S55 (red).
a(ii).

Partial metaphase cell showing the loss of D21S65 from one pair of the

duplicated long arms of the isochromosome 21 (arrowed) from case 13.
a(iii). Partial metaphase cell demonstrating the loss of the D21S55 (red) signal from
one pair of the long arms of the isochromosome in the same patient (arrowed).
a(iv). Partial metaphase cell from case 13 showing the expected signals for D21S19
(yellow) and D21S1219/1220 (red) on all three copies of the long arm of chromosome
21 .
a(v).

Partial metaphase cell from case 13 showing loss of the D21S19 (yellow)

signal from one pair of the long arms of the isochromosome (arrowed). The
D21S1219/1220 signal (red) was normal on all three copies of chromosome 21 in case
13.
a(vi). Partial metaphase from case 13 showing loss of the D21S1219/1220 (red)
signal from one pair of the long arms of the isochromosome. The D21S19 signal
(yellow) was normal on all three copies of chromosome 21q.
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a(iv)

a(vi)

Figure 4.6

FISH images of the deletions detected in the cells from the DS

TAM cases 9,10,11 and 12

a(i).

Partial metaphase spread from case 9 showing the expected signals for

D21S65 (yellow) and D21S55 (red) on all three copies of chromosome 21.
a(ii).

Partial metaphase demonstrating the expected signals for the D21S65 probe

(yellow signal) and D21S55 probe (red signal) on two copies of chromosome 21 in
DS TAM case 9. The third copy of chromosome 21 has lost the signal for D21S65
(arrowed).
a(iii). Partial metaphase from case 9 showing the loss of D21S55 (red signal) on one
copy of chromosome 21 (arrowed).
a(iv). Partial metaphase spread from case 9 showing the expected signals for
D21S19 (yellow) and D21S1219/1220 (red) on all three copies of chromosome 21.
a(v).

Partial metaphase from case 9 showing loss of the D21S1219/1220 (red)

signal on one copy of chromosome 21 (arrowed). The D21S19 signal (yellow) was
normal on all three copies of chromosome 21 in this case.

b(i).

Partial metaphase from case 10 showing normal signals for D21S65 (yellow)

and D21S55 (red) on all three copies of chromosome 21.
b(ii).

Partial metaphase spread from case 10 showing the loss of the D21S65 probe

(yellow) on one copy of chromosome 21 (arrowed). Normal signals are shown for
D21S65 and D21S55 (red) on two copies of the chromosome.
b(iii). Partial metaphase from case 10 showing loss of D21S55 (red) on one copy of
chromosome 21 (arrowed).
b(iv). Partial metaphase from case 10 showing normal signals for D21S19 (yellow)
and D21 S I219/1220 (red) on all three copies of chromosome 21.
b(v).

Partial metaphase demonstrating the loss of the D21S1219/1220 (red) signal

from case 10 (arrowed). The D21S19 signal (yellow) was normal on all three copies
of chromosome 21.
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Figure 4.6

FISH images of the deletions detected in the cells from the DS

TAM cases 9,10,11 and 12 (cont.)

c(i).

Partial metaphase demonstrating the expected signals for the D21S65 probe

(yellow signal) and D21S55 probe (red signal) on all three copies of chromosome 21
in DS TAM case 11.
c(ii).

Partial metaphase demonstrating the expected signals for the D21S65 (yellow)

and D21S55 (red) on two copies of chromosome 21 in DS TAM case 11. The third
copy of chromosome 21 has lost the signal for D21S65 (arrowed).
c(iii). Partial metaphase showing the loss of D21S55 (red signal) on one copy of
chromosome 21 (arrowed) in DS AL case 11.
c(iv). The image from case 11 shows normal signals for D21S19 (yellow) and
D21 S I219/1220 (red) on the three copies of chromosome 21.
c(v).

Partial metaphase showing loss of the D21S1219/1220 (red) signal from case

11. The D21S19 signal (yellow) was normal on all three copies of chromosome 21.

d(i).

Partial metaphase demonstrating the expected signals for the D21S65 probe

(yellow signal) and D21S55 probe (red signal) all three copies of chromosome 21 in
DS TAM case 12.
d(ii).

Partial metaphase demonstrating the expected signals for the D21S65 (yellow)

and D21S55 (red) on two copies of chromosome 21 in DS TAM case 12. The third
copy of chromosome 21 has lost the signal for D21S65 (arrowed).
d(iii). Partial metaphase showing the loss of D21S55 (red signal) on one copy of
chromosome 21 (arrowed) in case 12.
d(iv). Normal trisomie cell from case 12 showing the expected signals for D21S19
(yellow) and D21S1219/1220 (red) on all copies of chromosome 21.
d(v).

Partial metaphase showing loss of the D21S1219/1220 (red) signal from case

12. The D21S19 signal (yellow) was normal on all three copies of chromosome 21 in
this case.
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c(i)

d(iii)

c(ii)

c(iii)

4.2.T.2 Analysis of PHA stimulated samples with the locus specific chromosome
21 probes
Of the cases described here analysis of PHA stimulated cells was carried out on five
patient samples in order to determine whether the abnormalities were present in the
constitutional cells. These were DS TAM cases 8,7, 11 and 12 and the non-DS TAM
case 13. The PHA treated cells were used to investigate the constitutional phenotype
by stimulating B and T cells into division. The results are shown in Table 4.5.

Table 4.5

Abnormalities of the chromosome 21 loci in PHA stimulated

samples
no. metaphases
Case

Abnormality detected

abnormal (%)

7

deletion D21S55

2/20 (10%)

8

none

0/40 (0%)

11

deletion D21S65

1/27 (3.7%)

deletion D21S55
deletion D21S(1219/1220)

1/27 (3.7%)

12

deletion D21S65
deletion D21S(1219/1220)

13

none (no isochromosome detected)

2/32 (6.25%)
1/42 (2.4%)
1/30 (3.3%)
0/44 (0%)

No abnormalities were detected for the chromosome 21 loci in case 8. Deletion of
D21S55 was detected in 2/20 (10%) of metaphase cells from case 7. For case 11, loss
of D21S65 and D21S55 was detected in 1/27 (3.7%) of cells, and loss of signal for
D218(1219/1220) was found in 2/32 (6.25%) of metaphases.

Deletion of D21S65

was detected in 1/42 (2.4%) cells from patient 12 and deletion of D21S(1219/1220)
found in 1/30 (3.3%) cells. Interestingly, for neonate 13, PHA stimulation of the bone
marrow sample showed no isochromosome 21 in the metaphase cells analysed and no
abnormalities, whereas all the cells analysed in the unstimulated presentation sample
showed the isochromosome. As PHA stimulates B and T cells the number of cells
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affected by the abnormalities under investigation are likely to be lower.

This

indicated that the abnormal cells were derived from the leukaemia or TAM episode
and were not a constitutional abnormality.
4.2.7.3 Inversion of probe order
A relocation of probe order suggesting that the loci may have undergone inversion
was detected in the control cases and in the patient samples analysed. Inversions of
the probe signals on both chromatids of one copy of chromosome 21 were detected in
the controls at a frequency of 3.8% or less for D21S65/D21S55 and 4.1% or less for
D21S19/D218(1219/1220). Table 4.4 shows the percentage of metaphase cells with
inversion of D21S65/D21S55 and D21S 19/0218(1219/1220) in 12/14 cases. The
sample from case 1 did not show any clonal cells and case 5 was not analysed for
inversion due to the type of structural abnormality found. Case 14 was found to have
inversion of probe order but is discussed in detail in section 4.2.9.

Of the eleven

cases described in this section, 4/11 cases (2, 9, 10 and 13) showed no evidence of
inversion. 7/11 patients were found to have inversion of D21865 with D21855, D8
AL cases 3 (4.4%) and 4 (8.8%), and D8 TAM neonates 6 (17.4%), 7 (10%), 8 (8%),
11 (3.1%) and 12 (9.2%). However, the percentage of cells affected for patients 3 and
11 were not significantly different to that found in the control cases.

3/11 cases

showed relocation of D21819 with 0218(1219/1220), cases 3 (1.5%), 6 (4.5%), and 8
(20%).

In comparison with the frequency of cells found with inversion of these

probes in the control samples, only case 8 showed a significant proportion of cells to
be abnormal. Examples of inversion of the probe order for cases 4, 6, 7, 8 and 12 are
shown in Figure 4.7.
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4.7

Fish images illustrating the inversion of probe loci detected in the DS AL

and DS TAM cases

a(i).

Partial metaphase cell from case 4 showing two copies of chromosome 21

with signals for D21S65 (yellow) and D21S55 (red) in the expected positions. The
copy of chromosome 21 showing inversion of the probe order is arrowed.
a(ii).

Graph polygon showing relative positions of D21S65 (yellow) and D21S55

(red) on the normal chromosome 21s.
a(iii). Graph polygon showing the inversion of probe order.

b(i).

Partial metaphase cell from case 6 showing two copies of chromosome 21

with signals for D21S65 (yellow) and D21S55 (red) in the expected positions. The
copy of chromosome 21 showing the inversion of the probes is arrowed.
b(ii).

Graph polygon showing relative positions of D21S65 (yellow) and D21S55

(red) on the normal chromosome 21s.
b(iii). Graph polygon showing the inversion of probe order.

c(i).

Partial metaphase cell from case 7 showing two copies of chromosome 21

with signals for D21S65 (yellow) and D21S55 (red) in the expected positions. The
copy of chromosome 21 showing the inversion of the probes is arrowed.
c(ii).

Graph polygon showing relative positions of D21S65 (yellow) and D21S55

(red) on the normal chromosome 21s.
c(iii).

Graph polygon showing the inversion of probe order.
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4.7

Fish images illustrating the inversion of probe loci detected in the DS

TAM cases (cont.)

d(i).

Partial metaphase cell from case 8 showing two copies of chromosome 21

with signals for 0 2 1 S65 (yellow) and D21S55 (red) in the expected positions. The
copy of chromosome 21 showing the inversion of the probes is arrowed.
d(ii).

Graph polygon showing relative positions of D21S65 (yellow) and D21S55

(red) on the normal chromosome 21s.
d(iii). Graph polygon showing the inversion of probe order.
d(iv). The image from case 8 shows two copies of chromosome 21 with signals for
D21S19 (yellow) and D21S1219/1220 (red) in the expected positions. The copy of
chromosome one showing an inversion in the probe order is arrowed.
d(v).

Graph polygon image showing the relative positions of D21S19 (yellow) and

D21S1219/1220 (red) from a normal copy of chromosome 21.
d(vi). Graph polygon showing inversion of the probe order.

e(i).

Partial metaphase cell from case 12 showing two copies of chromosome 21

with signals for D21S65 (yellow) and D21S55 (red) in the expected positions. The
copy of chromosome 21 showing the inversion of the probes is arrowed.
e(ii).

Graph polygon showing relative positions of D21S65 (yellow) and D21S55

(red) on the normal chromosome 21s.
e(iii). Graph polygon showing the inversion of probe order.
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4.2.7.4 FISH analysis of AMLl
Thirteen of the fourteen AL and TAM cases were examined for abnormalities of the
AMLl gene. Case 5 was not investigated due to the type of structural abnormality
found. Case 1 was not found to have any clonal cells and for Case 10, no metaphase
cells were present on the slides.

10/11 cases analysed with the AMLl probe are

described in this section with case 14 described in section 4.2.9.

The AMLl locus was analysed visually and semi-quantitatively using the Graph
polygon program (described in Chapter 2) to detect changes in the signal intensity
between the three copies of chromosome 21. Analysis of the intensity of the probe
signal involved taking a Graph polygon reading for each chromatid signal in greater
than 20 metaphase cells and therefore took into account the normal pattern of signal
intensity for each patient sample.

The results for each case analysed are shown in

Table 4.4.

There was no significant difference in the signal intensity of the probe in any of the
copies of chromosome 21 in the DS AL cases, as shown in Table 4.4. In 4/7 of the
TAM case there was a change in the intensity on one copy of chromosome 21. Figure
4.8 shows the reduction in the AMLl probe signal as detected by the Graph polygon
readings, for cases 6 (16% of metaphases), 7 (15%), 9 (10%) and 11 (6.4%). In these
cases there was a loss of 35-50% of the signal intensity on one copy of chromosome
21 compared to an expected variation of 10% detected in the non-reduced signals.
This indicates that the difference in signal intensity between the abnormal and normal
chromosomes may not simply be due to variations in the hybridisation efficiency of
the probe.

An apparent combination of the TEL and AMLl probe signals was detected on one
copy of chromosome 21 in two of the DS TAM cases, 9 and 11. Figure 4.9 illustrates
both TEL and AM Ll signals on one copy of chromosome 21. As this anomaly only
occurred in one metaphase cell from each case and the RT-PCR results from case 11
detected no TELIAMLl fusion transcript, the combination of the probes was not
regarded as indicative of the gene fusion.
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4.8

FISH images demonstrating the reduction in signal intensity for the

AM Ll probe in four DS TAM cases

a(i).

Partial metaphase from case 6 showing three copies of chromosome 21 with

the expected signals for AMLl (red).
a(ii).

Partial metaphase cell from case 6 showing two copies of chromosome 21

with normal signals for AM Ll (red). The copy of the chromosome with reduced
signal intensity for this probe is arrowed.

The normal TEL signals (yellow) are

shown.
a(iii). Graph polygon demonstrating the intensity of the AMLl (red) signals on the
normal copies of chromosome 21.
a(iv). Graph polygon showing the reduction in the signal intensity for the third copy
of the AMLl probe (red).

b(i).

Partial metaphase cell from case 7 showing three copies of chromosome 21

with the expected signals for the AMLl probe (red).
b(ii).

Partial metaphase cell from case 7 showing two copies of chromosome 21

with normal signals for AMLl (red).

The copy of the chromosome with reduced

signal intensity for this probe is arrowed.
b(iii). Graph polygon demonstrating the intensity of the AMLl signals (red) on the
normal copies of chromosome 21.
b(iv). Graph polygon showing the reduction in the signal intensity for the third copy
of the AM Ll probe (red).
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4.8

FISH images demonstrating the reduction in signal intensity for the

AMLl probe in four DS TAM cases (cont.)

c(i).

Partial metaphase cell from case 9 showing three copies of chromosome 21

with the expected signals for the AMLl probe (red).
c(ii).

Partial metaphase cell from case 9 showing two copies of chromosome 21

with normal signals for AM Ll (red). The copy of the chromosome with reduced
signal intensity for this probe is arrowed. The normal TEL signals (yellow) are shown.
c(iii). Graph polygon demonstrating the intensity of the AMLl signals (red) on the
normal copies of chromosome 21.
c(iv). Graph polygon showing the reduction in the signal intensity for the third copy
of the AMLl probe (red).

d(i).

Partial metaphase cell from case 11 showing three copies of chromosome 21

with the expected signals for the AMLl probe (red).
d(ii)

Partial metaphase cell from case 11 showing two copies of chromosome 21

with normal signals for AMLl (red). The copy of the chromosome with reduced
signal intensity for this probe is arrowed. The normal TEL signals (yellow) are shown.
d(iii). Graph polygon demonstrating the intensity of the AMLl signals (red) on the
normal copies of chromosome 21.
d(iv). Graph polygon showing the reduction in the signal intensity for the third copy
of the AMLl probe (red).
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Figure 4.9

FISH images of the apparent combination of a T E L and A M L l

signal on one copy of chromosome 21 in Cases 9 and 11

a(i).

Partial metaphase cell showing three copies of the AM Ll (red) probe from

case 9.
a(ii).

The image shows the small TEL (yellow) signal detected on one copy of

chromosome 21 from this case.
a(iii). The graph polygon shows the TEL (yellow) signal underlying the AM Ll signal
(red).

b(i).

Partial metaphase cell showing three copies of the AM Ll (red) probe from

case 11.
b(ii).

The image shows the TEL (yellow) signal detected on one copy of

chromosome 21.
b(iii). The graph polygon demonstrates the TEL signal (yellow) underlying the
AM Ll signal (red).
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4.2.7.S Investigation of the paracentromeric region of chromosome 21
To determine whether the deletions detected were restricted to the 21q22-qter region
or also occurred at more proximal loci, PAC clones localised to 21qll-21q21
(described in chapter 3) were labelled as FISH probes.

FACs dJ462L8 (21qll),

dJ228I9 (21qll) and 410M23 (centromere-2lq21) were used to analyse DS ALL case
3 and DS TAM cases 6, 7, 8 and 11. For each case, between 30 and 65 metaphases
were analysed for each probe. There was no deletion or disruption of the region
spanned by these PAC clones in any of the five cases analysed. As no abnormalities
were found for these regions the FISH images are not shown.
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4.2.8

Structural abnormalities of the chromosome 21 loci in Case 5

Cytogenetic analysis of Case 5 showed tandem duplication of part of chromosome
21q. Analysis of metaphase cells with the panel of chromosome 21 probes found that
D21S65, D21S55 and D21S19 were tandemly amplified between four to six times on
the abnormal chromosome 21 in 40% of the metaphase cells (Table 4.4). Figure 4.10
show the multiple signals for these probes. These figures also show that the repeated
region did not extend to the area spanned by D21S(1219/1220). On further analysis
using PAC probes, it was determined that the amplified site did not extend to the
21qll-21q21 region. PAC clones dJ228I9, dJ462L8 and dJ410M23 were unaffected.
Figure 4.10 also show the FISH results from PAC clones dJ228I9 and dJ410M23,
dJ462L8 is not shown as it identifies a similar region to dJ228I9.
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Figure 4.10

FISH images showing the amplification of loci on chromosome 21q

in non-DS AL case AH

a(i).

The image shows a non-leukaemic metaphase cell with two normal copies of

chromosome 21. The expected positions for both the D21S65 probe (yellow) and
D21S55 probes (red) are demonstrated.
a(ii).

A leukaemic cell showing tandem duplication of 21q on one copy of

chromosome 21 along with an unaffected copy of the chromosome. The image shows
multiple copies of both the D21S65 (yellow) and D21S55 (red) probes (arrowed).
a(iii). The image demonstrates the D21S65 (yellow) probe only to highlight the
tandem duplication (arrowed).
a(iv). The image demonstrates the D21S55 (red) probe only to highlight the tandem
duplication of this region (arrowed).
a(v).

Black and white (DAPI-banded) images of a(i).

b(i).

Partial metaphase showing a non-leukaemic cell with two normal copies of

chromosome 21.

The expected positions for probes D21S19 (yellow) and

D21 S I219/1220 are shown.
b(ii).

Leukaemic metaphase cell showing the tandem duplication of one copy of

chromosome 21 with multiple signals for the D21S19 (yellow) probe and normal
signals for the D21S1219/1220 (red) telomeric probe (arrowed).
b(iii). The image demonstrates the normal signals for the D2IS 1219/1220 (red)
probe found on both copies of chromosome 21.
b(iv). Black and white (DAPl-band) image of b(i) clearly showing the abnormal
copy of chromosome 21 (arrowed).
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Figure 4.10

FISH images showing the amplification of loci on chromosome 21q

in non-DS AL case AH (cont.)

c.

A leukaemic cell demonstrating the tandem duplication of D21S55 (red) on

one copy of chromosome 21 and normal signals for the PAC probe dJ228I9 (yellow)
on both copies of the chromosome (arrowed).

d.

A leukaemic cell showing normal signals for the PAC probe dJ410M23

(yellow) on both copies of chromosmoe 21 (arrowed).

The tandem duplication of

D21S55 (red) is clearly shown on the abnormal copy of the chromosome.
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c.

4.2.9

Further investigation of the structural abnormalities of chromosome 21 in
non-DS TAM Case 14

A full study of the phenotypically normal TAM case 14 using commercially available
FISH probes was described by Kempski et al (1998). The purpose of including this
case in the present study was to further define the intrachromosomal rearrangement of
the AMLl region described in the paper and to identify the breakpoint region near to
the centromere.

In the diploid metaphase cells from this patient’s sample, one copy of chromosome 21
could be distinguished from the second copy by the presence of prominent satellites.
The trisomie cells appeared to show a duplication of this chromosome.

Where the

chromosome 21 morphology could be identified, the intrachromosomal instabilities
were restricted to one copy of this chromosome.

FISH analysis using a commercially available AMLl probe detected two signals on
one copy of chromosome 21 in a proportion of the karyotypically abnormal cells.
Figure 4.11 shows the AM Ll signal at the expected position on chromosome 21q22 as
well as a signal at the paracentromeric region. As shown in Table 4.4, the split signal
was detected in 5.4% (3/56) of clonal metaphase cells. It was not detected in the
normal diploid cells.

In order to identify the paracentromeric region disrupted in the intrachromosomal
rearrangement, PACs localised to 21qll-q21 were labelled as FISH probes and
analysed in combination with D21S55. The results are shown in Table 4.6 below.
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Table 4.6

FISH analysis of the paracentromeric region of chromosome 21 in
Case 14 using PAC clones

PAC clone

dJ445P17

STS

D21S190/

chromosome

Rearrangement

% of metaphase

location

detected

cells affected

2 1 q ll.l

none

0%

D21S215
dJ228I9

D21S215

2 1 q ll.l

split signal

6.2%

dJ410M23

D21S329

centromere-

none

0%

21q21

PAC clone dJ228I9 was the only clone to show a split signal on one copy of
chromosome 21 in 6.2% of clonal cells. Figure 4.11 shows a signal at the expected
21q22 loci, proximal to D21S55, and at the paracentromeric region. PAC dJ445P17
was also localised to 2 1 q ll and was isolated by the same STS as dJ228I9 (D21S215),
this clone was found to be normal in all metaphase cells analysed. Based on the
sequencing map the position of STS D21S215 is approximately 330kb from the
centomere and AM Ll is 21.8Mb from the centromere, therefore the distance between
the breakpoints involved in the inversion was approximately 21.5Mb.

4.2.9.1 Identification of candidate genes
PAC clones dJ445P17 and dJ228I9 were sequenced and analysed through a BLAST
search to identify genes localised to the paracentromeric region that may have been
disrupted by the intrachromosomal inversion detected in Case 14. Approximately
600bp of sequence were obtained for both clones (the sequence are shown in the
Appendix). A summary of the BLAST search results is shown below.
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Figure 4.11

FISH images of the rearrangement of AMLl and the paracentromeric

region 21qll.2, in the clonal cells from non-DS TAM Case 14

a.

Partial metaphase cell showing trisomy for chromosome 21 with the expected

signals for the AMLl (red) and TEL (yellow) probes.
b.

Partial metaphase cell showing the relocation of a small portion of the AMLl

(red) signal to a paracentromeric position on one of the three copies of chromosome 21
(arrowed). The AMLl signals are normal on the other two copies of the chromosome.
c.

Partial metaphase showing unaffected signals for the PAC probe dJ228I9

(yellow) on all three copies of chromosome 21. The partner probe, D21S55 (red) was
also unaffected.
d. Partial metaphase showing two signals for dJ228I9 (yellow) on one copy of
chromosome 21 (arrowed).

The second signal for this probe was detected in close

proximity to D21S55 (red).

The other two copies of chromosome 21 show normal

signals for both probes.
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Sequence

BLAST result

dJ445P17

Locus: HS21C002/HS127M18

(~600bp)

Identification of clone 127M18
Homo

sapiens chromosome 21

PAC

(Human Genome

sequencing project - Chromosome 21)
Accession no: ALl 63202

dJ228I9

Locus: HS21C003/HS16C2

(~600bp)

Identification of clone P704-16C2
Homo

sapiens chromosome 21

PAC

(Human Genome

sequencing project - Chromosome 21)
Accession no: ALl 53203
Identification of two pseudogenes 0R4K1 IP, OR4K12P

A BLAST search of the 600bp of sequence for dJ445P17 revealed homology to PAC
clone 127M18 isolated by the Human Chromosome 21 sequencing consortium. The
sequence matches to nucleotides 22881-23481 of 127M18. The published contig map
showed that this clone overlapped HS16C2 identified by dJ228I9 but was localised to
a more proximal position.

This would explain why both clones dJ445P17 and

dJ228I9 were isolated with STS D21S215 but only dJ228I9 was disrupted as
dJ445P17 spanned a more centromeric region of 21qll.

The sequence for dJ228I9 matched to clone HSI6C2 identified by the Chromosome
21 sequencing consortium. The bases searched matched to the 5’ region of HS16C2,
specifically nucleotides 22075 - 22695. The BLAST search identified two
pseudogenes, Olfactory Receptor Family 4 Subfamily K llP and 12P. Exons were
identified at various positions of HS16C2, including nucleotides 22044-2219 spanned
by part of the sequence of dJ228I9. Although the actual breakpoint found in dJ228I9
was not identified, it is possible that the inversion of AML l/dJ228I9 in TAM case 14
resulted in disruption of the pseudogenes.
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4.10

Summary

A summary of the chromosome 21 loci found to be altered in the DS and non-DS AL
and TAM cases analysed are shown diagrammatically in Figure 4.12.

DS ALL DS ALL
2
3

DS AML Non-DS ALL
4
5

D21S65

AM U
Signal present on all three copies o f
chromosome 21
Signal altered on one copy o f chromosome 21

D21S55

Probe locus not analysed
D 21S19

D 21S1210/
1219

DS TAM DS TAM
6
7

DS TAM DS TAM
8
9

DS TAM
10

DS TAM DS TAM
11
12

TAM
13

TAM
14

D21S65
AMU

D21S55

D21S19

D2 IS 1210/
1219

Figure 4.12

Alterations of the chromosome 21 specific loci detected on one

copy of chromosome 21 in the metaphase cells from the DS and non-DS AL and
TAM cases.

Abnormalities of chromosome 21q22-qter were detected in all but one of the cases
analysed. The case (1) that showed no alterations to the regions investigated was
found to have no clonal cells present in the metaphase spreads analysed. Deletion of
at least two of the loci under investigation was detected in 11/11 cases (3/3 DS/AL,
7/7 DS TAM and phenotypically normal TAM case 13) in a variable number of
metaphases. Inversion of loci was detected in a small percentage of cells from 2/3 DS
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AL and 5/7 DS TAM cases. The phenotypically normal TAM case 14 was found to
have inversion of AM Ll, this rearrangement was more striking than that found in the
other cases as the breakpoints were at least 20Mb apart. Genes that may have been
disrupted in the rearrangement found in this case were identified by BLAST searching
the sequence of the PACs used in the FISH analysis. Non-DS AL case 5 was
interesting as this patient was found to have amplification by tandem duplication, of
three of the loci under investigation.

Investigation of the promoter regions and the 3’ region of the AM Ll gene detected a
rearrangement in only one of the TAM cases analysed. DS TAM Case 7 was found to
have a rearrangement involving the 3’ region of the gene.

In two of the DS TAM

cases investigated (9 and 11), FISH analysis detected an apparent TEL!AMLl fusion
but only in one cell, this was recorded and an artefact at least for 11 as RT-PCR
analysis failed to detect the fusion products.
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4.3

Discussion

The present study detected submicroscopic aberrations on one copy of the long arm of
chromosome 21 in children with DS and acute leukaemia and in a non-DS TAM case
that had trisomy for 21q.

This case has not been previously described.

The

abnormalities were found to consist of deletions of 21q22-qter loci ranging from 45kb
in size to several hundred kilobases in size. Inversion of probe loci was also detected
in a small but significant proportion of cells in six of the cases analysed.

The

interstitial deletions found were similar to those described by Kempski et al
(1997,1998).

However, the present study did not find the deletions in all of the

malignant cells from the DS acute leukaemia cases as was described by Kempski et al
(1997). These findings, their consequences and the possible underlying mechanisms
involved will be discussed in the following sections. First, the more general findings
from the present study will be discussed, including how the age, haematological and
cytogenetic profiles of these cases compare with those found in previous reports.

4.3.1

Incidence of DS and AL

A recent study has shown that the distribution of cancer in DS is skewed towards
leukaemia, which constituted 95% of malignancy in DS compared with 34% in nonDS cases, whereas solid tumours were under represented (5% in DS vs 66% in nonDS patients) (Hasle et al, 2000).

The increased incidence of haematological

malignancies in DS suggests that trisomy 21 confers susceptibility and such cases
may serve as a model for investigations into the genes and underlying mechanisms
involved in the development of haematological disorders.

4.3.1.1 DS and ALL
The small cohort in the present study were on average younger than that expected in
the general population with a mean age range of around 3 years compared with over 4
years of age, however the study comprised of only four cases. All of the ALL cases
analysed in this small study were of the B-lineage phenotype which accounts for the
majority of ALL cases in the general population are of this phenotype, T-cell ALL
accounts for only 15-20% of cases (Baccichet et al, 1997; Horwitz, 1997).

The

proportion of B-lineage ALL is even higher in DS cases compared with non-DS cases,
with T-cell ALL accounting for only about 5% of cases (Levitt et al, 1990; Ragab et
al, 1991; Pui et al, 1993).
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4.3.1.2 DS ALL and response to therapy
ALL associated with DS show a significantly poorer outcome in response to treatment
compared with non-DS cases, although over the years the survival rate has increased
with improving treatments (Robison et al, 1984; Kalwinsky et al, 1990; Levitt et al,
1990; Pui et al 1993). The response of DS ALL cases to therapy has been suggested
to be due to the presence of an extra copy of chromosome 21 and in particular to an
increased dosage of the reduced folate carrier gene which is involved in methotrexate
transport. Methotrexate is a drug used in ALL treatment and it has been speculated
that there is enhanced uptake of the drug by all tissues leading to accumulation and
cytotoxicity (Belkov et al, 1999; Taub, 2001).

4.3.1.3 DS and AML
The leukaemic cells in AML are myeloid progenitors with the potential for
differentiation along megakaryocytic and erythroid lineage, with the blast cells in
AMKL also shown to possess features of lymphoid precursors (Pombo de Oliveira,
1987; Yumura-Yagi et al, 1992; Zipursky et al, 1992; Zipursky et al, 1994). This was
demonstrated by the immunophenotypic profile of case 4, the only AML/AMKL
patient analysed here.

The cells from this patient were positive for lymphoid

myeloid/megakaryoblastic and erythroid markers, suggesting the involvement of a
primitive cell capable of differentiating along multiple lineages. AML in non-DS
cases does not seem to involve the granulocytic lineage (Hasle, 2001).

4.3.1.4 DS AML and response to therapy
AML in DS responds remarkably well to therapy whereas in non-DS cases this
subtype of leukaemia has a poor prognosis (Ravindranath et al, 1992; Kojima et al,
1993; Lange et al, 2000). DS cases show a significantly better outcome with low
relapse rates although these cases do show a high rate of treatment related death due
to the toxicity of the drugs (Lange et al, 2000).

Taub (2001) suggested that the

increased sensitivity of the myeloid cells in the DS AML cases was directly related to
the extra copy of chromosome 21 and in particular the over expression of particular
genes. As AML associated with DS shows unique features, this subtype of leukaemia
may constitute a distinctive biological disorder in comparison to non-DS cases. AML
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found to occur in older DS patients may simply represent that found in the general
population, with similar causative factors and biological phenotype.

4.3.2

Karyotypic abnormalities found in DS with AL

An association between specific non-random chromosome abnormalities and
particular subtypes of acute leukaemia has been well established (Rowley, 1981;
Testa and Rowley 1980; Pui et al, 1993). The pattern of karyotypic abnormalities in
AL associated with DS is unusual compared with that found in leukaemia in the
general population.

The t(l;19) translocation detect in DS ALL case 1 is a

prognostically unfavourable rearrangement that is commonly associated with Blineage ALL in the general population, as are t(8;14), t(4 ;ll) and t(llq23). All such
rearrangements are rarely found DS ALL. Two of the DS ALL cases were found to
have an extra X chromosome in the leukaemic cells. An additional X chromosome as
the sole cytogenetic abnormality is commonly associated with DS ALL and is
uncommon in non-DS ALL (Pui et al, 1993).

The AML case investigated in the present study was found to have del(6)(ql5q21).
Deletions of chromosome 6 are frequently occurring non-random rearrangements in
lymphoproliferative disorders, although are associated with ALL rather than AML
(Barletta et al, 1987; Raimondi, 1993; Morelli et al, 1997). Kempski et al (1997)
described two cases of DS AMKL with deletions of the long arm of chromosome 6.
One of the cases showed the same breakpoint but was not the same patient analysed in
this study.

It is possible that deletion of 6q is more frequent in AMKL than

previously believed.

4.3.3

DS and TAM

DS infants are also susceptible to TAM, a disorder that has only rarely been described
in children without the morphological features of DS.

TAM is morphologically,

cytochemically and clinically similar to congenital leukaemia, however it is
characterised by spontaneous resolution of the blast cells without anti-leukaemic
intervention. As mentioned in Chapter 1, myeloid leukaemia develops between 1-3
years later in approximately 25% of infants who recovered from a TAM episode.
Risk factors for the subsequent development of overt leukaemia are as yet unknown
(Homans et al, 1993; Zipursky et al, 1997). There was a higher preponderance of
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female cases compared to male cases in the present study, with the male: female ratio
of the TAM cases being 1:4 and 1:3 for the DS TAM cases only. Previous reports
record the sex ratio to be between 1.6:1 and 2:1 (male: female) (Hayashi et al, 1988;
Iselius et al, 1990). The discrepancy in the present study may be due to the small
number of cases analysed.

4.3.3.1 Haematological profile of TAM
The haematological parameters of TAM vary between reports, from elevated or
decreased levels of haemoglobin, platelets and WBC to a clinically normal
haematological profile (Hayashi et al, 1988; Kurahashi et al, 1992; Zipurski et al,
1992). This variability was reflected in the TAM cases investigated here. The most
striking result from the TAM cases in this study was the elevated platelet count for
case 11 which was 10 fold greater than the normal range. In correlation with this,
case 11 had a high expression of CD61, a mature platelet marker. It is unknown
whether the inconsistencies in haematological profiles of TAM cases are of any
significance to the development and/or progression of the disorder.

4.3.3.2 Immunophenotyping of TAM blast cells
Cellular immunophenotyping of the blast cells in TAM show megakaryocytic and
erythroid characteristics (Hayashi et al, 1988; Avet-Loiseau et al, 1995; Zipursky et
al, 1997; Zipursky et al, 1999). However, a number of reports have described a more
complex phenotype with the expression of CD7 and CD3 cell surface markers, as
found for TAM cases 12, 14 and 13 (Yumari-Yaga et al, 1992; Kwong et al, 1993;
Zibizameta et al, 1995). CD7 and CD3 are markers normally associated with T-cells
but are also expressed on immature, uncommitted cells (Yumari-Yaga et al, 1992;
K itaet al, 1993).

4.3.4

Karyotypic abnormalities associated with TAM

Cytogenetic analysis of the DS TAM cases in the present study revealed no additional
karyotypic abnormalities other than the presence of constitutional trisomy for
chromosome 21. This is striking in comparison to the complex karyotypes recorded
in the DS AL cases where both numerical and structural abnormalities were found.
This lack of gross chromosomal abnormalities is a common finding in TAM (Iselius
et al, 1990; Barnett et al, 1990; Sartori et al, 1991; Doyle et al, 1995; Litz et al, 1995;
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Kounami et al, 1997; Zipursky et al, 1999). Cytogenetic changes in DS TAM have
only rarely been described, with additional abnormalities including t(X;8), +21 and
del(ll)(q23) (Honda et al, 1964; Lazarus et al, 1981; Shen et al, 1995; Grazen et al,
1998; Taketani et al, 2002). In all cases the clone diminished following spontaneous
remission of the TAM episode.

TAM can occur in the absence of constitutional

trisomy 21 as found in case 14. Cytogenetic analysis of cultures skin fibroblasts and
remission samples did not show trisomy for chromosome 21 or chromosome 18.
Constitutional mosaicism could not be ruled out for case 13.

The blast cells in TAM are believed to be monoclonal based on studies of
polymorphisms in the X-chromosome. This type of study is obviously restricted to
female cases. Kurahashi et al (1991) reported monoclonality in three DS TAM cases.
Of particular interest was a case that developed AMKL where the blast cells from
both the TAM episode and the overt leukaemia appeared to have the same
monoclonal pattern. Serial studies on a DS TAM neonate who subsequently
developed AML detected the same structural change in the leukaemia as was found in
the TAM phase, although with clonal evolution (Duflos-Delaplace et al, 1999).

4.3.5

Interstitial rearrangements of chromosome 21q

Kempski et al (1997) described interstitial deletions of chromosome 21q22-qter in
five DS AL cases and in a phenotypically normal TAM case (patient 14, who was
further analysed as described in Chapter 4) (Kempski et al, 1998).

The maximum

region of loss in the DS AL cases encompassed the full panel of chromosome 21
probes (D21S65, D21S55, D21S19 and D21S1219/1220) with the minimal deletion
region involving partial loss of the D21S55 region. This work suggested that gene(s)
on chromosome 21q may be important in the development or progression of
leukaemia in DS patients.

The purpose of the present study was to determine

whether further DS cases with leukaemia or a pre-leukaemic disorder (TAM) also
showed abnormalities of the same loci on chromosome 21. The present investigation
detected deletions and less frequently inversions, to a varying degree in 4/5 DS AL
cases and in 9/9 TAM cases (7/7 DS TAM and 2/2 non-DS TAM). Although no other
studies appear to have investigated submicroscopic rearrangements of chromosome
21 in DS cases with haematological disorders, cryptic chromosomal aberrations have
been detected in myeloid disorders (Mori et al, 2000; Xie et al, 2000; Sweetser et al,
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2001; Cuneo et al, 2002).

Allelotyping and FISH analysis have been used to

investigate deletions of various regions of the genome, including those frequently
found to be both structurally and numerically abnormal in myeloid disorders (Mori et
al, 2000; Xie et al, 2000; Sweetser et al, 2001).

A study by Mori et al, (2000)

detected loss of heterozygosity (LOH) of chromosome 21q regions in cases of MDS,
although deletion of an allele was more frequently found on chromosomes 6q, 7p,
lOp, l l q 14q and 20q. Sweetser et al (2001) investigated LOH in cases of childhood
de novo AML. This group reported 19 regions of allellic loss detected in over 30% of
the cases analysed, the regions of loss were found on chromosomes Iq, 3q, 7q, 9q,
lip , 12p, 13q, 16q, 19q and Y. There was no allelic loss for the RUNXl gene in any
of the cases analysed. The deleted regions were restricted to the blast cells in all cases
investigated.

It was unknown whether all the regions identified in these studies

harboured tumour suppressor genes. In a recent study by Cuneo et al (2002), FISH
analysis was used to identify cryptic chromosome deletions in patients with AML and
a normal karyotype.

Deletions of a few hundred kilobases in size were found in the

blast cells from elderly cases with AML and those with a preceding MDS phase. It
has been suggested that the cryptic chromosomal aberrations may occur during the
evolution of the preleukaemia into overt leukaemia and may also be associated with
exposure to genotoxic agents (Mori et al, 2000; Caneo et al, 2002). These sites may
simply represent ‘random background event’ or may indicate sites of biological
importance in the pathogenesis of the disorders (Sweetser et al, 2001). In the DS and
non-DS cases analysed in the present study, the deletions and inversions may
represent the accumulation of damage as the blast cells continue to expand and
proliferate.

In contrast to the results found by Kempski et al (1997), the deletions described in the
present study were not detected in all the cytogenetically abnormal cells found in the
DS acute leukaemia patient samples.

The discrepancy may be because a larger

number of cells were scored in the present study than that analysed by Kempski et al.
If a smaller number of metaphase cells had been scored in the present study they may
all have shown the submicroscopic deletions. A further explanation for the difference
may be because the study by Kempski et al (1997) described a reduction in signal
intensity indicating partial deletions of the loci under investigation, in all of the cases
analysed. The present study describes only complete deletion of a locus, with the
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exception of the AM L\ probe.

If this study also took into account the reduction in

signal intensity for all of the loci investigated, perhaps all of the karyotypically
abnormal cells would have shown abnormalities. However, in the study by Cuneo et
al (2002), although the majority of blast cells carried the chromosome deletions (46%96%) not all did, showing that there is great variability between patients.

It is possible that the submicroscopic deletions and rearrangements detected in the
cases described above and by Kempski et al (1997,1998), and those described in the
present study frequently occur in preleukaemias and acute leukaemias and affect
various chromosomal regions.

The presence of trisomy 21 appears to be a

predisposing factor to the development of a haematological disorder. The possible
reasons why chromosome 21 may be susceptible to interstitial aberrations in the DS
acute leukaemia cases and DS/non-DS TAM cases and which genes and underlying
mechanisms may be involved are discussed in the following sections.

4.3.6

Cause or Consequence?

Leukaemagenesis is a multistep process. It is a clonal disease evolving as a result of
the accumulation of mutations within a clone (Nowell, 1976). Faithful maintenance
and replication of DNA is necessary for preserving the integrity of the genome.
However, throughout life DNA is exposed to exogenous mutagens such as ionising
radiation, sunlight and genotoxic chemicals, and endogenous mutagens such as
oxygen free radical damage, polymerase errors and deamination reactions.

This can

result in progressive subtle changes in the DNA sequence of the cell (Cheng et al,
1993; Coleman and Tsongalis, 1999; Hoeijmakers, 2001; Martin, 2001). Mutation
results in genetic diversification, which may confer a selective growth advantage over
the other cells. Subsequent ‘targeted’ mutations and waves of clonal expansion can
lead to malignant transformation (Nowell, 1976). Recently progress has been made in
the identification of the mechanisms involved the development of chromosome
translocations. Studies have also detected aberrant double stranded break repair in
leukaemia and cancer predisposition syndromes.

The submicroscopic deletions

detected in the DS acute leukaemia/TAM patients, the underlying mechanisms
involved and the significance of the abnormalities will be discussed with relevance to
this recent work.
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Chromosome translocations, as with monosomies and partial deletions, are
consistently associated with particular leukaemia, lymphoma and tumour types and so
can be used for identification and characterisation of the disorder, and to provide
information on prognosis and outcome (Rabbitts, 1994; Pui, 1993; Pui, 1995; Barr,
1998). Evidence from studies identifying leukaemia related rearrangements in
neonatal blood spots suggests that chromosome translocations are initiating events in
childhood leukaemia (Ford et al, 1993; Gale et al 1997; Wiemels et al, 1999a;
Wiemels et al, 1999b; Ford et al, 2001).

An aberration that is considered to be an

initiating or early event in the transformation process would be expected to be found
in all subsequent clonal cells. From the cases analysed in the present study, the DS
AL and phenotypically normal TAM cases have marker chromosomes that allow the
leukaemic or abnormal (TAM) cells to be identified.

The +18, +21 abnormality

detected in Case 14 were directly related to the TAM episode as the karyotypic
abnormality disappeared after resolution of the disorder.

Of the DS AL cases

investigated, the chromosome 21 aberrations were restricted to the karyotypically
abnormal cells but were not detected in all of the leukaemic cells. This is also tme of
the phenotypically normal TAM cases where only 5-11% of the karyotypically
abnormal cells were affected. This finding is also likely to be relevant to the DS
TAM cases where no marker chromosome was present.

Based on the results from the DS cases with karyotypic markers, the submicroscopic
alterations were secondary to the clonal chromosomal changes as they were not
detected in all the clonal cells.

The conclusion was that the aberrations of

chromosome 21 detected in the DS AL and DS/non-DS TAM cases were secondary to
the karyotypic changes and not the initiating events that resulted in the disorder.
Although the deletions/inversions are therefore likely to be later events they may still
be of significance in the development or progression of the leukaemia or TAM
episode.

The deletions/inversion may provide and insight into the underlying

mechanisms involved in the haematological disorders or genes on chromosome 21
that are dismpted by the aberrations and that may be involved in the progress of the
disorder.
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4.3.7

Underlying mechanisms involved in the development of the aberrations

In the present study deletions and inversions were detected to a varying degree in a
number of DS AL cases and in a cohort of DS TAM cases similar to those described
by Kempski et al (1997, 1998). An intriguing question raised by these results is why
the DS acute leukaemia and TAM cases have a higher frequency of chromosome 21q
alterations compared with control cases (unaffected normals, DS controls and non-DS
acute leukaemia cases) and non-DS TAM cases.

There is evidence to suggest that cells with congenital trisomy for chromosome 21 are
susceptible to DNA damage.

Studies found that DS cells are more sensitive to

mutagens such as radiation and chemicals, and that the DNA damage is converted
more rapidly into chromosomal aberrations than normal cells treated in the same way
(Preston et al, 1981; Otsuka et al, 1985; Tarone et al, 1987; Sanford et al, 1993;
Sanford et al, 1995; Cano et al, 1995). A recent study that used a gel electrophoresis
method to assess DNA damage in single cells found an increase in DNA breakage in
lymphocytes from DS individuals (mean age 0.72+1.8 years) compared with normal
controls (Maluf et al, 2001). The study also found an increase in DNA breaks in
lymphocytes from cases with Fanconi anaemia (FA), a syndrome with significant
predisposition to malignancy, particularly to AML.

An increase in chromatid

aberration frequencies, representing unrepaired DNA breaks has also been described
in cells from individuals with xeroderma pigmentosum (XP) and ataxia telangiectasia
(A-T).

Both disorders involve defects in DNA repair mechanisms and are

characterised as cancer predisposition syndromes (Sanford et al, 1995; Wright, 1999;
Coleman and Tsongalis, 1999).

Ankathil et al (1997) compared the levels of spontaneous and constitutional
chromosome abnormalities, in the form of chromatid breaks, with abnormalities
resulting from in vitro exposure to mutagens, in lymphocytes from DS cases with and
without malignancies (AL, Hodgkin Disease and Wilms tumour).

The results

showed that the frequency of spontaneous mutation in DS and non-DS cases were
similar, but that the DS patients showed a hypersensitivity to induced breakage in
comparison to normal controls.

In response to mutagen induced damage the DS

patients with malignancy showed a significantly higher frequency of abnormalities in
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comparison to the DS cases without malignancy and the normal controls.
Interestingly, studies also found that in DS mosaic cases analysed after in vitro
exposure to mutagens, the trisomie cells showed an increase in chromosome damage
compared with the diploid cells from the same individual (Cano et al, 1995; Ankathil
et al, 1997).

One theory is that the sensitivity of DS cells to DNA breakage is due to the
triplication of all or part of chromosome 21, resulting in an increased dosage of genes
(Peled-Kamar et al, 1995; de Haan et al, 1997; Malfu et al, 2001). One gene that
might be involved in susceptibility to DNA damage is Cu/Zn superoxidase dismutase
(SOD localised to 21q22.1). Over-expression of this gene may disturb the balance of
enzymes responsible for the metabolism of DNA damaging oxygen radicals (Huang et
al, 1992; Maluf et al, 2001; Midorikawa et al, 2001). Reports have also suggested
that the trisomie condition itself rather than the increased copy number of specific
genes is responsible for heightened susceptibility to carcinogenic events, possibly
through defective DNA repair after mutagenic exposure (Sanford et al 1993; Ankathil
et al 1997; Maluf et al, 2001).

4.3.8

Double Stranded Break Repair

DNA damage is intrinsic to every day life because the integrity of DNA is under
constant attack from exogenous and endogenous agents. The accumulation of damage
can induce permanent changes that lead to cell death, growth arrest or to cancer
(Haber, 2000; Khanna and Jackson, 2001; van Gent et al, 2001; Greaves, 2001).
Double stranded breaks can result in chromosomal aberrations such as deletions,
inversions, duplications and insertions (Obe et al, 1992; Bryant, 1997; Khanna and
Jackson, 2001; van Gent et al, 2001; Elliot and Jasin, 2002). Liang et al (1998)
devised an in vivo assay where a plasmid was stably integrated into the mammalian
genome and a directed double stranded break induced in order to analyse the
mechanisms involved in producing translocations (Liang et al, 1998; Johnson et al,
1999; Richardson and Jasin 2000; Elliot and Jasin, 2002). Evidence from these studies
suggests that double stranded breaks are the causative lesions leading to
translocations. The deletions/inversions detected on one copy of chromosome 21 in
the cases analysed in the present study and from the investigations by Kempski et al
(1997, 1998) involved several hundred kilobases of DNA at the loci investigated. A
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double stranded break would have to occur in order to result in such alterations. It is
possible that these abnormalities arose through defective repair of double stranded
breaks.

The DNA repair process in mammalian cells is a complex multipathway mechanism
that protects cells from a plethora of DNA damaging agents.

Two distinct DNA

repair pathways, homologous recombination (HR) and non-homologous end joining
(NHEJ) control double stranded breaks and their consequences.

HR uses an

undamaged homologous template located on a homologous chromosome or sister
chromatid to copy sequences, and as such results in largely accurate repair (Kanaar
and Hoeijmakers, 1997; Johnston and Jasin, 2001; Khanna and Jackson, 2001; Pastink
et al, 2001; van Gent et al, 2001). NHEJ uses little or no homology to rejoin the
broken DNA ends and is considered to be an error prone repair pathway.

After

formation of a double stranded break, the break is recognised and the ends juxtaposed
and joined using specific NHEJ proteins such as Ku70, Ku86, DNA PKcs, Xrcc4 and
DNA ligase (Roth et al, 1985; Roth et al 1986; Haber, 2000; van Gent et al, 2001).
Recent evidence has shown that the ends are processed back to regions of
microhomology (1-lObp) resulting in duplications, inversions, insertions and more
commonly deletions (Chu, 1997; Elliot and Jasin, 2002; Gaymes et al, 2002a; Gaymes
et al, 2002b). In normal cells these deletions are smaller than 20bp in size. In ALL,
AML, CMLs and in a cancer predisposition syndrome (Blooms syndrome), the
deletions are more extensive (Gillert et al, 1999; Kolomietz et al, 2001; Elliot and
Jasin, 2002, Gaymes et al, 2002a; Gaymes et al, 2002b; Greaves, 2002). In these
studies the leukaemia or cancer predisposition syndrome was investigated using an in
vitro system which investigates the repair of a double stranded plasmid using protein
extracts from the cells, (North et al, 1990; Gaymes et al, 2002a; Gaymes et al, 2002b).
Sequence analysis of breakpoint junctions in several leukaemia associated
translocations involving RUNXl, ETO, MLL, AF9 and AF4 genes have also found
deletions and duplications as well as microhomology regions (Super et al, 1997; Atlas
et al, 1998; Reichel et al, 1998; Gillert et al, 1999; Kolomietz et al, 2001; Zhang et al,
2002). It has been suggested that the deletions found in the leukaemic cells result
from aberrant NHEJ after double stranded DNA breakage (Zhang et al, 2002, Gaymes
et al, 2002a; Gaymes et al, 2002b; Greaves et al, 2002).

The abnormal repair may

involve the recognition of distant sites of microhomology, possibly even at sites on a
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different chromosome lying in close proximity, resulting in large deletions as the
broken ends are degraded back to these sites prior to rejoining (Gaymes et al 2002b).
Grigorova and Natarajan (1998) speculated that the presence of three copies of
chromosome 21 would provide more opportunities to repair double stranded breaks
correctly by HR in comparison to cells with two copies of the chromosome. They
examined the repair of double stranded breaks induced by ionizing radiation in DS
cells and found that the dominant mechanism involved was likely to be the error
prone NHEJ pathway.

As mentioned previously, sensitivity to damage in the DS AL and DS TAM cases
may be a result of the congenital trisomy for chromosome 21. This could be regarded
as the first ‘hit’ in a multistep process (Scholl et al, 1982; Hasel, 2001). The trisomie
cells may be susceptible to damage that causes an underlying genetic instability that
given the correct circumstances, such as further mutations, can result in the leukaemic
or TAM episode. In the DS AL/TAM cases investigated, the proliferative challenge
caused by the haematological disorder may result in further damage, which is then
misrepaired because of aberrant DNA repair pathways and eventually manifests as the
alterations detected on chromosome 21. In the phenotypically normal TAM cases, the
acquisition of trisomy for chromosome 21 may be an early event required for the
expansion of the blast cells. The proliferative stress caused by the disorder may still
result in the aberrations detected on chromosome 21 but without further ‘targeted’
mutations the blast cells will undergo cell death and the disorder will resolve without
further intervention. Further mutations in the sensitised cells may result in malignant
transformation.

4.3.9

Sequences localised to the disrupted regions - A role in progression of the

disorder?
Deletions

detected

at

the

breakpoint junctions

of

common

chromosome

rearrangements associated with leukaemias were not only found to occur at small
regions of microhomology but were also found in the vicinity of repetitive DNA
sequences, particularly Alu repeat elements (So et al, 1997; Tvrdik et al, 1998; Huie
et al, 1999; Kolomietz et al, 2001). The deletions did not appear to be disease specific
as they were detected in CML, AML and ALL patient samples and so may have
arisen from the mechanisms that influence the development of the disorders (Jeffs et
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al, 1998; Huie et al, 1998; Kolomietz et al, 2001). Alu repeat sequences appear to be
abundant in regions that undergo recombination frequently (Elliot and Jasin, 2002).
The deletions detected in these studies and the present investigation were extensive
and the regions affected by the deletions may be involved in modifying aspects of the
disease phenotype.

For the DS AL and DS/non-DS TAM cases analysed in the present study, repeat
sequences and known or predicted genes that mapped to the approximate
deletion/inverted regions were identified. The actual breakpoints occurring in the
samples could not be identified without using smaller probes for analysis.

As the sequences of the commercial FISH probes were not available to us, the regions
surrounding the STS markers that the probes localised to (D21S65, D21S55, D21S19
and D21S1219/1220) were identified using the National Center for Biotechnology
Information (NCBI) (www.ncbi.nih.gov/Entrez/).

The genes localised to these

regions were identified from NCBI and the Max-Plank-Institut fur Molekular Genetik
(MPIMG) web site (chr21.rz-berlin.mpg.de). DNA sequences were also submitted to
the

repeat

identification

program.

Censor

(www.girinst.org/Censor_Server-

Data_Entry_Forms.html).

4.3.9.1 Identification of repeat elements and genes at the disrupted regions
The sequencing map for chromosome 21 was published in 2000 (Hattori et al, 2000)
and is constantly updated as the gaps are closed and new information is produced. To
date over 33.5Mb of chromosome 21q have been sequenced, revealing that the
sequence content of chromosome 21 consists of approximately 40.06% repetitive
elements with Alu elements accounting for 9.48% of the total sequence (Hattori et al,
2000).

Analysis has identified 127 known genes, 98 predicted genes and 59

pseudogenes (Hattori et al, 2000).

The genes localised to the disrupted regions

identified in the present study by FISH are shown in Figure 4.13 and brief
descriptions of their function, where known, are included below.
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Position of genes on chromosome 21

The position of genes localised to the deletion/inversion regions in the DS AL and
DS/non-DS TAM case are shown. The distance from the centromere is shown in
megabases.

The D21S65 probe was disrupted in 11/13 cases analysed in the present study (2/3 DS
AL, cases 5 and 8/8 TAM cases). Partial deletion of D21S65 indicated by a reduction
in signal intensity, was detected in 3/5 DS acute leukaemia cases and in TAM case 14
analysed by Kempski et al (1987, 1998). A region spanning 340kb was identified
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surrounding the D21S65 marker (NCBI sequence identification no. AP001720, the
STS D21S65 was positioned between nucleotides 308734 - 308925).

Interspersed

repeat elements accounted for approximately 39.5% of this sequence, with Alu
sequences representing 9.9% of the total sequence. Several genes and predicted genes
were identified within this 340kb sequence and one or more of these may have been
disrupted in the DS AL/TAM cases investigated.

The predicted genes were identified using programs that matched the sequences with
ESTs, open reading frames, cDNA and protein domains of known characterised
genes.

Two predicted genes, PRED3S and PRED39, mapped to the sequence

encompassing D21S65.

As shown in Figure 4.13, two novel genes were also

identified, CLICIL which is a putative gene with homology to chloride intra cellular
channel genes and C21orf52, a novel gene identified through matches with EST
sequences.

The genes KCNEl and DSCRl were also found within the sequence identified for
D21S65. Defects within KCNEl (Potassium voltage-gated channel, Isk-related
family, member 1) result in profound deafness and a form of heart disease. It has
been proposed that the DSCRl (Down syndrome candidate region 1) may play a role
in central nervous system development and may be involved in transcriptional
regulation and/or signal transduction.

The AMLl gene, now know as RUNXl, was investigated by FISH analysis using the
commercially available TEL!AMLl probe which spanned 500kb of the sequence
encompassing RUNXl. This gene is localised approximately 104.3kb distal to the
D2IS65 marker.

The sequence identified from the databases for RUNXl IAM Ll

(AP001721) consisted of 21.4% of repeat sequences, with Alu elements representing
6.4% of the total sequence. RUNXl is known to be mutated frequently in human
leukaemias and but not found to be disrupted in the DS AL cases investigated in the
present study. This result differs from that found by Kempski et al (1997) in that 4/5
of the DS acute leukaemia cases they studied were found to have deletions of RUNXl.
The patients described by Kempski et al (1997) were analysed with a much smaller
probe specific for the 3’ region of RUNXl. Using a larger probe, such as that used in
the present study, it is more difficult to detect the loss of only a small part of the gene.
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However, as the gene was found to be disrupted in 5/8 of the TAM cases investigated
in the present study using the larger probe, it is likely that the DS acute leukaemia
cases analysed had no abnormality of RUNXl detectable by FISH.

RUNXl forms a complex with CBFp and binds to a core sequence (TGT/cGGT),
activating the transcription of several haematopoietic specific genes including colony
stimulating factors G-CSF and GM-CSF, M-CSF receptor, T-cell receptors, and
myeloperoxidase (Nunchprayoon et al, 1994; Zhang et al, 1996; Downing et al 2000).
Studies have suggested that chimaeric proteins resulting from RUNXl translocations
and gene fusions act as transcriptional repressors (Lutterbach et al, 2000; Downing et
al, 2000). Recent studies have revealed that RUNXl can be altered by mechanisms
other than translocation.

Intragenic mutations have been described in myeloid

leukaemias and in a disorder that predisposes to AML (Song et al, 1999; Osato et al,
1999; Preudhomme et al, 2000, Buijs et al, 2001; Michaud et al, 2002, Walker et al,
2002).

Familial platelet disorder (FPD) is an autosomal dominant disorder

characterised by defects in platelet production and function (Song et al, 1999; Buijs et
al, 2001; Michaud et al, 2002). FPD was found to have linkage with the chromosome
region 21q22.1-q22.2 and predisposes towards AML. Pedigrees with FPD/AML were
characterised by intragenic point mutations and deletions of RUNXl, suggesting that
haploinsufficiency of the gene resulted in FPD and contributed towards
leukaemogenesis.

In the patients that developed AML, further karyotypic

abnormalities were detected indicating that mutation of the gene results in a
predisposition to developing leukaemia, but that further mutations are required to
cause the disorder (Song et al 1999; Downing et al, 2000; Michaud et al, 2002).

Mutations in the Runt domain of RUNXl have been identified in cases of
myelodysplasia (MDS). This is a pre-leukaemic state where progression to AML is
accompanied by the serial acquisition of genetic abnormalities associated with the
progression of the disease (Imai et al, 2000). Biallelic point mutations of the Runt
domain have been described in cases of myeloid leukaemia (Osato et al, 1999;
Preudhomme et al, 2000).

These studies found that in patients with myeloid

malignancies and acquired trisomy for chromosome 21, mutation of at least one of the
three alleles was observed. In a patient with tetrasomy for chromosome 21, mutation
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of the Runt domain was detected in three of the four copies of RUNXl. Analysis of
remission samples found that the biallelic mutations had disappeared, indicating that
they were directly associated with the leukaemia. The mutations of the Runt domain
affected complex formation between the Runt protein and CBFp and resulted in
impaired DNA binding. These studies suggest that there is at least one functional
copy of RUNXl within the malignant cells of the leukaemic cases and that the
mutated allele(s) may act to suppress the normal copy in a dominant negative fashion,
possibly by sequestering CBpp, causing an inhibitory effect (Song et al, 1999;
Downing et al, 2000; Imai et al, 2000; Preudhomme et al, 2000; Michaud et al, 2002).

The PloidySTAT Chromosome 13/21 DNA probe identified a 400kb region
surrounding the D21S55 locus. Hybridisation to this region was lost in 11/13 cases
analysed in the present study (2/3 DS AL, case 5 and 8/8 TAM cases) and the region
was found to be absent or partially deleted in 4/5 of the DS AL cases investigated
previously (Kempski et al, 1997). D21S55 was also rearranged in a small percentage
of cells from TAM case 14 (Kempski et al 1998). As the D21S55 marker was not
found on the chromosome 21 sequencing database (chr21.rz-berlin.mpg.de), genes in
close proximity were identified through BLAST searching the STS sequence.
Approximately 52.8% of the sequences identified comprised repetitive elements, with
Alu sequences accounting for around 19% of the total. Several known genes were
localised to this region and are shown in Figure 4.13. These include DYRKIA (dual
specificity tyrosine-Y-phosphorylation regulated kinase), KCNJ6 (human G protein
coupled inward rectifier potassium channel), DSCR4 (Down syndrome critical region
protein B) and KCNJ15 (inwardly rectifying potassium channel).

Two genes

belonging to the ETS family of transcription factors, ERG and ETS2 were also
localised to the region surrounding D21S55. Genes from the ETS family have been
implicated in the control of cellular proliferation and tumorigenesis and chromosome
translocations have been associated with various cancers and leukaemias, TEL is a
member of this family of genes (Scott et al, 1994; Muthusamy et al, 1995).
Rearrangements of ERG have been detected in Ewing’s sarcoma [t(21;22)] and in
AML [t(16;21)].
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The Contig 21 probe identified 150kb of sequence surrounding D21S19 and was
found to be deleted in 6/13 cases investigated in this study (2/3 DS AL, case 5 and 3/8
TAM cases).

Only 1/5 DS AL cases analysed by Kempski et al (1997) detected

deletion of D2IS 19. From the region identified for this marker (AP001746, D21S19
was localised between nucleotides 259013-259320), repeats covered 24.3% of the
sequence with Alu elements accounting for 13.4% of the total.

Figure 4.13 shows

that a predicted gene was identified from this sequence {PREDA6), as well as several
known genes. The 14CGI (ATP-binding cassette transporter) functions to transport
lipids from the blood system into macrophages.

Defects in this gene may affect

cholesterol levels.

A gene cluster was also found to localise to the region identified for D21S19. These
are the trefoil factor genes, TFFl, TFF2 and TFF3. The proteins from these genes
appear to function within the gastrointestinal tract, and have found to be disrupted in
human gastric cancers.

Partial deletion of D21S1219/1220 was detected in 1/5 DS AL cases analysed by
Kempski et al (1997) and the locus was found to be absent on one copy of
chromosome 21 in 2/3 DS AL cases analysed here and in 8/8 of the TAM cases. The
D21S1219/1220 locus could not be identified on any of the sequencing maps, nor
could any primer sequence be identified. Kempski et al (1997) estimated the distance
between D21S19 and D21S1219/1220 to be approximately 3Mb, positioning the
subtelomeric marker at 21q22.3 (approximately 32.4Mb from the centromere).
Within this region two genes were identified C0L18AI and SLC19AI.

C0L18AI

plays a major role in determining the structure of the retina as well as in closure of the
neural tube.

The C0L18AI protein is thought to have anti-angiogenic potential.

SLC19AI is a reduced folate carrier and mutations of this gene are a major factor in
the resistance to antifolate chemotherapy and may influence uptake of the
chemotherapeutic agent methotrexate.

From the genes identified in these regions the candidate most likely to be involved in
haematopoietic malignancies is RUNXl. The studies have implicated mutations of
RUNXl in disease progression in myeloid malignancies with acquired chromosome
21 trisomy. In the cases analysed in the present study only the TAM patients were
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found to have possible deletions of RUNX\ by FISH analysis.

Only one case was

found to have a rearrangement of the 3’ region (case 7) shown by Southern blotting
and RFLP analysis. Alterations of the 3’ region have been previously detected by
FISH analysis in DS AL cases as described above (Kempski et al, 1997).

It is

possible that there may be subtle mutations of this gene that the crude methods of
analysis used here would not detect.

However, a recent study of DS cases with

haematological malignancies (TAM, AML and MDS) found only one case (a TAM
patient) to have mutation of the Runt domain (Taketani et al, 2002). This case not
only showed constitutional trisomy for chromosome 21 but had also acquired a forth
copy of the chromosome in over half of the metaphase cells analysed.

It was

proposed that the gene mutation was associated with the acquired chromosome 21
rather than the constitutional trisomy.

Further investigations are required to define

the involvement of RUNXX in haematological malignancies in DS cases. It seems
possible that haploidy of RUNXl is sufficient for normal development of the
haematopoietic system but results in a predisposition to developing malignancy.
Additional genetic changes are likely to be required either in the wild type copy of the
gene or in other genes, for leukaemogenic transformation (Okuda et al, 1996; Wang et
al 1996; Michaud et al, 2002).

4.3.10 Possible consequences of the submicroscopic alterations of
chromosome 21
Consistent deletion of a specific chromosome region in a particular tumour type is
generally indicative of the presence of a tumour suppressor gene, the loss of function
of which is integral to the development or progression of malignancy (Soloman et al,
1991; Weinberg, 1991; Nowell, 1997). In cancers, tumour suppressor genes have
been located at sites that show loss of heterozygosity.

These are recessive genes

where both copies must be inactivated for malignant transformation (Soloman et al,
1991; Weinberg, 1991; Nowell, 1997). In the DS cases investigated in the present
study it is unlikely that the interstitial deletions/inversions expose a tumour supressor
gene. In these cases only one copy of chromosome 21 is affected whereas all three
copies of a tumour suppressor gene must be mutated/inactivated to drive the
transformation process.

It is possible that the deletions/inversions result in a

dominant negative mutation, where the single mutated allele negatively affects the
product of the wild type allele, as has been suggested for mutations of RUNXl
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(Nowell, 1997; Song et al, 1999; Downing et al, 2000; Imai et al, 2000; Preudhomme
et al, 2000; Michaud et al, 2002).

4.3.10.1 Disomie homozygosity
In the DS acute leukaemia and DS/non-DS TAM cases there is another mechanism
that may be involved in the development and progression of the disorders, namely
disomic homozygosity.

In the trisomie cells there is an extra paternal or maternal

copy of chromosome 21. Where an alteration has occurred on this extra copy of the
chromosome, allelic balance would be restored resulting in a restoration of the
disomic situation for the region affected. Loss of genetic material from the unique
parental chromosome will result in uniparental disomy and a reduction to
homozygosity for that particular chromosome region (Abe et al, 1989; Rogan et al,
1995; Lengauer et al, 1998). Loss of allelic variation can unmask a recessive mutant
allele which is unopposed by a normal copy of the gene. Abe et al (1989) described
disomic homozygosity on 21q in DS TAM cases. Fluorescent banding methods were
used to analyse heteromorphisms, inherited variability of sequences in the gene poor
regions of chromosomes, to determine the parental origin of chromosome 21 in each
case. Parental alleles were designated a, b and c. The trisomie cells of all TAM cases
had an ‘aab’ pattern, and two of the three copies of chromosome 21 showed an
identical heteromorphism.

This study and others revealed disomic homozygosty on

2 1 q ll, leading to speculation that a gene localised to this region was important in the
pathology of TAM (Abe et al, 1989; Niikawa et al, 1991; Shen, 1995; Cavani et al,
1998).

4.3.10.2 Inversion of probe order
A small number of metaphase cells in seven cases showed inversions of probe loci
(five DS TAM and case 14). This may lead to the inappropriate activation of genes
through gene fusion and activation of an oncogene, or may result in the production of
a chimaeric protein, similar to the effects caused by translocations. The inversion of
probe order may not in fact represent the relocation of sequences after double strand
breakage has occurred but may be an artefact of chromatin folding on an already
highly condensed chromosome. Early investigations into mapping by FISH indicated
that probes must be several megabases apart in order to be mapped with accuracy on
metaphase chromosomes (Lawrence et al, 1990; Trask et al, 1991).
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The commercial

probes analysed in this study were situated at a distance of 3-4Mb. In case 14 there
can be no question that an actual inversion has taken place as the regions involved
were at least 20Mb apart.

The effects of submicroscopic alterations of genes on chromosome 21 may not be as
dramatic as those described above.

It is possible that these subtle changes are

secondary events occurring during the progression of the disorder. As described
previously, DS cases are thought to be susceptible to DNA damage caused by the
constitutional trisomy for chromosome 21. This predisposition coupled with further
damage perhaps caused by for example rapid proliferation, the build up of toxins or
the failure to apoptose during the development/progression of the disorder, may result
in DNA breaks that are repaired defectively leading to loss of large tracts of
sequences. These deletions may not be random but may be found at specific sites
implicated in recombination events such as topoisomerase H, DNA cleavage sites,
DNAse I hypersensitive sites or repeat sequences. (Elliot and Jasin, 2002; Zhang et al,
2002). These are sites that have recently been identified at translocation breakpoints
in the RUNXl gene in leukaemia patients (Zhang et al, 2002).

4.3.10.3 Amplification of loci
Case 5 was a phenotypically normal infant diagnosed with pre-B ALL. A karyotypic
abnormality was detected in the form of a duplication of part of the long arm of one
copy of chromosome 21. This case differs from the others investigated here as this
was the marker chromosome that allowed the leukaemic cells to be identified. This
case was included as a prototype for the examination of abnormalities of chromosome
21. FISH analysis revealed that there was amplification of signals through tandem
duplication (four to six times) of the D2IS65-D21S19 region. The amplified region
did not extend to the paracentromeric loci and did not include the subtelomeric region.
Although not investigated due to lack of material, it is likely that the RUNXl region
(situated distal to D21S65 and proximal to D21S55) was also amplified between four
to six times.

Gene amplification frequently occurs in solid tumours and can be

associated with activation of an oncogene, but gene amplification is uncommon in
haematological malignancies.

Amplification of RUNXl has been described in a

number of childhood ALL cases but has not been detected in adult ALL (Niini et al,
2000; Dal Cin, 2001; Busson-Le Coniat et al, 2001; Mikhail et al, 2002; Penther et al,
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2002). Although it is still unknown what role the amplification of RUNXl may have
on leukaemogeneisis, mutation of the sequence has so far not been detected in these
cases. It is possible that enhanced expression of RUNXl could be an important factor
contributing to the pathogenesis and progression of childhood B-lineage ALL.
Should this be the case then this may have relevance in the DS AL/TAM cases where
there is either congenital or acquired, trisomy for chromosome 21.

The altered

expression of RUNXl and possibly other chromosome 21 genes may result in a
predisposition to developing a pre-leukaemic disorder/leukaemia, but further studies
are required to determine whether chromosome 21 genes show enhanced expression
and whether there is any effect on protein expression.

4.3.11 Intrachromosomal rearrangements of chromosome 21 in TAM case 14
FISH analysis of the phenotypically normal TAM case 14 was described in detail by
Kempski et al (1998), this case was further analysed here in an attempt to identify the
2 1qll regions involved in the rearrangement. This case was found to have cryptic
deletions and inversions of chromosome 21 on one copy of chromosome 21.
Rearrangements of D21S65, D21S55 and RUNXl were detected in a total of 9.3% of
metaphase cells showing the acquired karyotypic abnormality (4-18, 4-21).

The

karyotypic abnormality was involved specifically in the TAM episode. The RUNXl
region was investigated using a YAC probe, yC4C10, which spanned 240kb of the 3’
region of the gene.

Complete deletion of the probe was detected in 2.5% of

metaphase cells with inversion of the probe to a more proximal region, described in
5.1% of cells. Using a probe that identified the complete RUNXl region (the
TEL!AMLl probe), it was determined that only the 3’ region of the gene was affected
in the inversion, a split signal for the AMLl portion of the probe was detected in 5.4%
of metaphase cells analysed. Unlike the inversions detected in the other cases, the
breakpoints are approximately 20-21Mb apart. Along with the studies that described
disomic homozygosity at 2 1 q ll, the study by Kempski et al suggests that this region
may harbour a gene important in the development of TAM (Abe et al, 1989; Niikawa
et al, 1991; Shen, 1995; Cavani et al, 1998; Kempski et al, 1998).

The

paracentromeric region that may be involved in TAM was further defined by the
cloning of the 21qll.2-21q22 breakpoint detected in a DS TAM neonate (Ohta et al,
1996). The region involved was found to include the STS D21S215. This marker was
used as a basis for identifying further probes in the present study. Analysis of Case
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14 with the probes identified with D21S215 and subsequent sequencing identified two
genes within the breakpoint region at 21qll.2, 0R4K1 IP and OR4K12P. There is no
further information available concerning these genes. Inversion and relocation of the
RUNXl and OR4KP genes may result in inappropriate activation of either gene or in
the production of a chimaeric protein. Although at least two genes were disrupted in
the cryptic rearrangement detected in this case, the more important gene probably
being RUNXl, it is unlikely that the deletions/inversion were early events in the
development of the TAM episode as they were found in a small percentage cells.
These rearrangements appear to be secondary to the clonal chromosomal changes but
the consequences may be involved in the progression of the disorder.

4.3.12 Why the spontaneous resolution of TAM?
The TAM episode generally resolves without anti-leukaemic therapy between 1-3
months of age, although in around 25% of cases an acute leukaemia, usually AMKL,
develops later in life (between the ages of 1-3 years of age).

Although the

mechanisms underlying the development of TAM remain unknown, it is possible that
the abnormal clone originates in the liver or spleen, both sites of foetal
haematopoiesis. This extramedullary haematopoieis may explain why in TAM cases
there is a high number of blasts in the peripheral blood compared with that detected in
the bone marrow, and also the hepatosplenomegaly often recorded in TAM cases.
Transition of haematopoiesis from the liver and spleen to the bone marrow in late
foetal life may initiate the regression of the blasts (Miyauchi et al, 1992; Schwab et al,
1998).

As compelling evidence suggests that multiple ‘hits’ are required for the initiation of
leukaemia, this may also play a role in the self-limitation of TAM. A striking factor
repeatedly reported in TAM cases is the absence of cytogenetic abnormalities in the
majority of cases.

Regarding TAM as a multistep pathway that involves the

acquisition of genetic abnormalities, the failure to develop a karyotypic aberration or
a specific targeted mutation will not result in malignant transformation (Ma et al,
2001). However, the build up of damage within the cells, such as the submicroscopic
deletions detected here that may be caused by misrepair of double stranded breaks,
may eventually trigger cell death, as the cells cannot sustain such damage and
continue to proliferate.

After resolution of the TAM episode and the abnormal
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clone, further specific mutation events targeting the residual susceptible clones may
result in overt leukaemia.

4.3.13 Foetal Origins of acute leukaemia and TAM
It is of interest that the cases analysed in the present study were of a young age,
particularly the TAM cases where the median age at diagnosis was 15.38 days, the
youngest case analysed was 12 hours old at presentation.

The presentation samples

for all cases showed submicroscopic alterations which have been speculated here to
be later events in the development of the disorders, secondary to the clonal
chromosome abnormalities. With the DS and TAM cases being of a young age and
showing gross karyotypic abnormalities as well as submicroscopic aberrations, when
have the initiating events occurred?

Greaves and colleagues have investigated the natural history of paediatric leukaemia
through twin studies and retrospective analysis of neonatal blood spots for common
leukaemia specific markers such as the TEL/AMLl, MLLIAF4 and AMLIIETO gene
fusions (Super et al, 1994; Gale et al, 1997; Ford et al, 1998; Wiemels et al, 1999a;
Wiemels et al, 1999b; Wiemels et al, 2002).

These studies investigated

leukaemagenic fusions in identical twins diagnosed with acute leukaemia and found
that the breakpoints were identical (Wiemels et al, 1999a). The translocations were
also found to be specific to the leukaemia as they disappeared on remission. Analysis
of neonatal blood spots of children that developed acute leukaemia detected the
presence of the same translocation found in the leukaemic cells at diagnosis (Super et
al, 1994; Gale et al, 1997; Ford et al, 1998; Wiemels et al, 1999b; Wiemels et al,
2002). On the basis of these results, Greaves speculated that the leukaemic clone
originated prenatally but was present in a clinically silent form between initiation and
onset of the leukaemia, which may occur up to 14 years later (Gale et al, 1997; Ford
et al, 1998; Wiemels et al, 1999a; Wiemels et al, 1999b; Wiemels et al, 2002). This
work suggested that the initial event was the gene fusion and that further mutations
were required for the development of overt leukaemia. Should this be the case then
children predisposed to leukaemia may not go on to develop the disorder as the
secondary events have not occurred.

There is evidence to support this, Mori et al

randomly analysed normal cord blood samples for the TEL!AMLl gene fusion and
found that 1% of the samples were positive, representing approximately 100 times the
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frequency of overt leukaemia (Mori et al, 2002).

This would suggest that the

conversion rate of the initial fusion event to overt leukaemia is low and that further
‘hits’ are required post natally (Mori et la, 2002; Greaves et al, 2002).

Evidence for the foetal origins of TAM is less clear cut as there is no specific marker
to allow for identification of the TAM cells. Several groups have detected blast cells
in foetal blood samples leading to a tentative diagnosis of TAM (Zerres et al, 1990;
Gaedicke et al, 1990; Baschat et al, 1998). Unfortunately the diagnosis can only be
confirmed after the disorder has spontaneously resolved.

With the young age of the children investigated in the present study, it is conceivable
that the initiating events for the disorders occurred in utero for both the AL and TAM
patients. The presence of trisomy for chromosome 21 may itself be the predisposing
factor in these cases, with further mutations required for the development of TAM or
acute leukaemia.

167

Chapter 5

168

5.1

Deletions of 21q22-qter loci associated with DS and haematological

disorders
Down syndrome presents a unique model for the study of the underlying mechanisms
involved in the association between chromosome 21 and haematological disorders.
This relationship suggests the presence of a gene(s) on chromosome 21 that may be
important in the development and/or progression of haematological disorders.

Kempski et al described deletions of chromosome 21q22-qter loci in one of the three
copies of chromosome 21 in the leukaemic cells from five cases with DS and AL and
in the clonal cells from a phenotypically normal TAM patient (Kempski et al 1997;
Kempski et al 1998). The latter case also showed an inversion between 2 1 q ll and
21q22, where the former region is suspected to harbour a putative TAM gene (Abe et
al, 1989; Niikawa et al, 1991; Shen, 1995; Cavani et al, 1998; Kempski et al, 1998).
The emphasis of this project was to investigate whether intrachromosomal
abnormalities of chromosome 21 were a common occurrence in DS children with
haematological disorders, particularly neonates with TAM.

The additional cases

analysed were found also to have deletions in the 21q22-qter region and involving
only one of the three copies of chromosome 21. Furthermore, two related candidate
genes were identified at the 2 1qll.2 region in the phenotypically normal TAM case.
No abnormalities were detected in the proximal 21qll-21q21 region by FISH analysis
in any of the additional cases analysed.

Subtle deletions of 21q22-qter were not detected in the karyotypically normal cells
from any of the patients investigated

and were likewise notdetected in every

karyotypically abnormal cell from the DS AL and the non-DS TAM cases. This
suggests that the deletions were later events, secondary to the development and
expansion of the cytogenetic markers found in these cases.

That the loss of

chromosome 21 loci were later events in the development/progression of the
haematological disorders was proposed to be also tme of the DS TAM cases where no
cytogenetic abnormality was present to distinguish the blast cells.

5.2

Model for the development of TAM and acute leukaemia

Two classes of mutations are believed to be required for the transformation of cells,
one type that confers a proliferative or survival advantage to the cell and a second
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type that blocks differentiation (Gilliland and Tallman, 2002; Greaves, 2002; Kelly et
al, 2002). It is known that fusion proteins derived from translocations result in a
lineage specific block in cell differentiation, including those from the TEL!AMLl,
AMLHETO, BCR/ABL (ALL and CML) and PMLfRARA (APL) rearrangements
(Downing et al, 2000; Guidez and Zelent, 2001).

There is increasing evidence to

show that translocations occur prenatally and are the primary events in
leukaemogenesis in childhood, but can remain silent for a number of years. Work on
transgenic mice (‘knock-ins’) demonstrates that although such rearrangements are
critical factors, they alone are not sufficient to drive leukaemogenesis (Andreasson et
al, 2001; Yuan et al, 2001). Such studies suggest that further insults to the cells are
required for the development of overt leukaemia. Recently, Wechsler et al reported
acquired mutations of the GATAI gene (Xp 11.23) in the blast cells of DS AMKL
patients (Wechsler et al, 2002).

The mutations of GATAI were specifically

associated with this subtype of leukaemia in the DS cases and not found in any other
DS or non-DS acute leukaemia samples.

GATAI is involved in the normal

development of erythroid and megakaryocytic cells; the mutations found in the DS
AMKL samples resulted in a truncated protein that was suspected to disrupt the
differentiation of these cells.

It has been proposed that in DS, the presence of trisomy for chromosome 21
stimulates the abnormal proliferation of cells through the overexpression of a
particular gene or genes (Wechsler et al, 2002; Look, 2002). The addition of further
mutations that cause a blockage to cell differentiation would result in overt leukaemia.
RUNXl is an ideal candidate gene for involvement in the haematological disorders
associated with DS due to its’ leukaemogenic potential, this gene may interact with
mutations of GATAI. (Preudhomme et al, 2000; Taketani et al, 2002; Wechsler et al,
2002). Abnormalities of RUNXl have been detected in only a few DS cases with
haematological disorders (Preudhomme et al, 2000; Taketani et al, 2002, Wechsler et
al, 2002). The mutations are concentrated in the runt domain and result in decreased
or loss of function of the gene. In the DS acute leukaemia and TAM cases analysed in
the present study, RUNXl appeared to be disrupted in five of the TAM cases. It is
possible that subtle alterations were present in some or all of the patient samples
analysed but could not be detected by the methods used here. However, results have
suggested that mutations of RUNXl do not play a significant role in haematological
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disorders associated with DS, although amplification of the gene caused by the
trisomie state may be important (Wechsler et al, 2002).

If trisomy for chromosome 21 is all that is required to upset the balance of cell
proliferation and survival, why do not all DS children develop TAM or acute
leukaemia? Other factors must be involved to cause a transient or acute proliferation
of immature cells. Exposure to DNA damaging agents such as radiation, chemical
toxins and infections have been implicated (Greaves, 1988; Kinlen, 1995; Greaves
1997).

Greaves postulated that the development of ALL in children can result from

an infection occurring in a susceptible or unexposed individual (Greaves, 1988;
Greaves 1997). Exposure to an infection at a later stage in life than would commonly
be expected would result in an abnormal immune response. This may be relevant to
the development of TAM and acute leukaemia in DS individuals.

It could be

speculated that children affected with DS may be withheld from socialising until a
later stage and so are not exposed to common infections in very early life.

DS

individuals are also known to suffer from disorders of the immune system
(Korenberg, 1990).

The trisomie situation in DS causing a proliferative/survival

advantage coupled with further insults to the cells resulting from for example, an
abnormal response to a toxin or exposure to an infection while in utero, may result in
TAM.

If further mutational events do not occur then this episode resolves

spontaneously.

However, the susceptible cells may still be present in the bone

marrow and may acquire further mutations resulting in the development of an overt
leukaemia.

In the phenotypically normal TAM cases, mechanisms that drive the

acquisition of an extra copy of chromosome 21 must occur during the foetal stages as
not all cases appear to be mosaic for trisomy 21. Again, if these susceptible cells
remain in the bone marrow, further mutations are likely to result in acute leukaemia.

5.3

Trisomy 21 and DNA repair

The abnormalities detected in DS AL and DS/non-DS TAM cases were not likely to
be primary events in the development of the haematological disorders, therefore it is
suggested that the abnormalities reflect the accumulation of DNA damage. Studies
have indicated that the basal levels of DNA repair activity in subjects with DS is
significantly lower than that found in corresponding sex- and age- matched normal
controls (Raji and Rao, 1998). If, as suggested, trisomy for chromosome 21 increases
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susceptibility to damage or results in deficient repair processes, then further challenge
to the cells such as rapid proliferation, may result in the accumulation of damage and
the loss of tracts of DNA, such as those detected in the present study. The DS control
samples analysed had no evidence of haematological disorders, these samples were
found to have deletions of chromosome 21 loci at the same frequency as that of the
normal control samples. This would indicate that the abnormalities recorded in the
DS AL and DS/non-DS TAM cases were a consequence of the haematological
disorder and not simple due to the presence of an extra copy of chromosome 21 or to
the preparation of the sample for FISH analysis.

The investigations described in this work were limited to chromosome 21, but it is
unknown whether abnormalities also affect other chromosomes in the leukaemic/preleukaemic cells from these cases. Further analyses could be carried out to determine
how widespread the deletions were. To further analyse whether the deletions of loci
on one copy of chromosome 21 were restricted to subjects with either congenital or
acquired trisomy for chromosome 21; other disorders with a susceptibility to acute
leukaemia could be investigated.

Cockayne syndrome, Werners syndrome, AT and

Fanconi’s anaemia are all disorders with reduced DNA repair capacity, and all, apart
from FA, also exhibit signs of premature ageing which parallels that found in DS
(Warner and Price, 1989; Grompe and D’Andrea, 2001; Bohr, 2002). The fidelity of
DNA repair can also be analysed in DS control cases compared with DS cases with
haematological disorders using the method described by Gaymes et al (Gaymes et al,
2001a; Gaymes et al, 2001b).

This would give a representation of the extent of

misrepair occurring in these subjects and the influence of the DNA repair mechanism
in leukaemia or TAM in DS individuals. Mutational analysis could be carried out on
the GATAI gene, which would be particularly relevant to the TAM patients as a
proportion of them go on to develop AMKL. If mutations were not detected in the
blast cells from TAM patients, one could surmise that prospective acquisition of
mutations would be necessary in order to drive the cell population into abnormal
proliferation and overt leukaemia. If mutations were detected, this might suggest that
the mutations present were insufficient to fully transform the aberrant cells into
abnormal proliferation and leukaemia. ALL associated with DS is similar to ALL in
non-DS cases, therefore it is probable that the same rearrangements and genes are
involved in the leukaemogenic process in both DS and non-DS subjects.
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5.4

Conclusion

The results derived from this study suggest that the submicroscopic rearrangements
detected on chromosome 21 in the DS acute leukaemia and TAM cases and in the
non-DS TAM patients are a result of the progressive accumulation of mutations in the
blast cells.

The rearrangements may represent random background events occurring

as the cells continue to expand as the haematological disorder progresses.
Chromosome 21 is relatively gene poor, therefore if essential genes are not mutated,
the probability exists that cell cycle checkpoints are cleared and that a cell bearing
random mutations, perhaps involving low key genes, remains sustainable and will
continue to proliferate and accumulate further mutations. However, it is also possible
that the rearrangements found on chromosome 21 in these patient samples may
indicate sites of biological importance that contribute to the pathogenesis of the
haematological disorder.

The mutational events required for leukaemogenic

transformation and for the development and subsequent resolution of a clinically
silent TAM episode are still unclear. Emerging research is beginning to shed light on
the genes that are involved and their possible interaction with chromosome 21.
Hopefully this work will eventually lead to the identification of targets for therapeutic
intervention, perhaps through the stimulation of normal cell development such as the
treatments used for CML (STI-571) and APL (ATRA).
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Appendix I

Control samples

Reference Table A

Data from normal control cases for each probe used in the investigation of structural abnormalities of chromosome

21.
Test samples from 15 non-leukaemic non-DS donors: the overall number of abnormal cells is shown as a percentage figure for each control (the
overall mean percentage for all tests is displayed in the last column).

Probe

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Mean

(D21S65)

0.6

0.7

0.4

0.5

1.2

1.4

0.8

1.4

0.6

1.0

1.2

0.8

1.0

0.8

0.8

0.9

TEL/AM Ll

0.2

0.0

0.2

0.6

0.2

0.0

0.0

0.4

1.0

1.2

0.6

0.6

1.2

0.6

0.2

0.5

probe (D21S55)

1.0

1.2

0.4

0.0

0.8

0.4

0.6

0.2

1.2

0.6

0.8

0.2

0.2

0.0

1.0

0.6

Contig 21 probe (D21S19)

0.8

1.0

0.1

0.2

0.0

1.1

0.2

0.2

0.0

0.2

0.6

1.0

1.0

0.6

1.0

0.5

Telomere 21q probe

0.2

0.6

0.5

0.0

0.5

0.2

0.0

0.4

0.2

0.2

0.0

0.6

1.0

0.0

0.6

0.3

-

-

-

-

-

0.2

0.0

-

0.1

0.6

0.7

0.3

0.3

0.5

0.5

0.3

Chromosome 21 specific probe

Quint-Essential 21 DNA specifîc

(D21S1219/1220)
TelVysion probe

Total

210

0.5

0.6

0.6

0.6

0.6

0.9

0.4

0.7

Reference Table B

Data from non-leukaemic DS control cases for each probe used in the investigation of structural abnormalities of

chromosome 21.
Test samples from 11 non-leukaemic DS donors: the overall number of abnormal cells is shown as a percentage figure for each control (the
overall mean percentage for all tests is displayed in the last column).

1

2

3

4

5

6

7

8

9

10

11

Mean

21q22 (D21S65)

0.6

1.6

2.0

2.6

0.7

0.6

1.2

0.8

1.2

1.8

2.0

1.4

TELIAM Ll

0.2

0.4

1.2

1.2

0.2

1.0

0.8

0.2

0.2

0.6

0.8

0.6

Quint-Essential 21 DNA specific

0.0

1.6

2.0

2.6

1.4

0.4

0.0

0.6

1.4

0.8

1.2

1.1

Contig 21 probe (D21S19)

1.0

1.8

0.9

0.4

0.9

0.7

0.0

0.0

0.6

0.0

1.0

0.7

Telomere 21q probe

0.8

0.0

1.8

1.4

0.6

0.7

1.0

1.0

0.8

1.0

0.6

0.9

-

-

-

-

-

-

-

-

-

-

-

-

0.5

1.1

1.6

1.6

0.8

0.7

0.6

0.5

0.8

0.7

0.9

Probe
Chromosome 21 specific probe

probe (D21S55)

(D21S1219/D21S1220)
TelVysion probe
Total

211

Reference Table C data from non-DS leukaemic control cases for each probe used in the investigation of structural abnormalities of
chromosome 21.
Test samples from 20 non-DS leukaemic controls. The samples analysed did not show gross structural changes for chromosome 21. The overall
number of abnormal cells is shown as a percentage figure for each control (the overall mean percentage for all tests is displayed in the last
column).

Probe

Chromosome 21
specific probe
21q22 (D 21S65)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Mean

1.3

0

0

0

1.2

0

0

0

3.5

0

2.3

0

0

0

0

0

0

0

2.4

1.3

0.7

0

0

0

0

0

2.6

0

0

2.0

0

3.9

0

0

0

2.7

0

0

0

0

0

0.6

2.3

0

2.7

0

1.3

1.3

0

0

0

1.2

2.7

0

0

0

7.2

0

0

0

0

2.6

1.1

0

0

0

0

0

1.3

0

0

0

2.5

0

0

0

0

0

1.0

0

0

1.2

0

0.3

0

0

0

0

0

2.7

0

0

0

0

0

0

0

0

0

2.5

0

0

0

0

0.25

0.7

0

0.5

0

0.5

1.6

0

0

1.1

0.7

1.8

0

0

0

1.9

0.7

0

0

0.7

0.8

TELIAMLl

Quint-Essential 21
DNA Specific probe
(D 21S55)

Contig 21 probe
(D 21S19)

Telomere 21q probe
(D 2 IS 1219/1220)

Total

212

Additional information for control samples.
The probe order was scored on each chromatid in ten samples from each of the
controls (normal donors, non-leukaemic DS donors, and non-DS leukaemic donors).
The scoring was based on that used by Trask et al (1991). The information below
shows the mean percentage of chromatids found to have lost a probe signal or
showing inversion of probe signals.

Two colour metaphase mapping to determine probe presence and order
Total % of chromatids
Probe
Controls
Normal

Inverted

Absent on

Absent on

one chromatid both chromatids
0.2

D21S65

3.2

D21S55

3.2

0.64

-

D21S19
D21S1219/

3.5
3.5

0.6
0.6

1.3
1.1

D21S65

2.3

0.44

0.58

D21S55

2.3

0.73

-

D21S19

2.6

1.4

D21S1219/

2.6

0.28

0.42

D21S65

3.8

1.3

1.0

D21S55

3.8

1.7

1.2

D21S19

4.1

0.95

0.95

D21S1219/

4.1

1.7

0.5

-

1220
DS

-

1220
Acute leukaemia

1220
Dual hybridisation showed only one probe signal on less than 2% of chromatids in
total and complete absence of signal on less than 1.5% in total.
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Appendix II
Table

STSs Primers and cloning vectors
Primer sequences

Locus
D 21S215

D21S211

D 21S364

D 21S324

D 21S65

D 21S55

ERG

ETS2

D 21S19

Primer Sequence

Expected product sizefbp)

3’

GCTGACGTGACAGTTGTGAG

5’

TCTAAAACAGTGTGTCTAGC

3’

CTATTTTTATATGCATGGGTC

5’

ATATTTTCCAAGTTGAGCGC

3’

CAGCAGGAATGCGGCCAG

5’

CTGTTCATACACCTGCCTCT

3’

GCACATGGGTGGTTACTCA

5’

TTCTTCCCTCTCATAAGCTGC

3’

CCGAAAACTTACTGGAGAAC

5’

GATCATCCAGGAATCACCAA

3’

AGGCTCCTTCACCTCTTGAC

5’

CATCCTCTTTGCATTAGG

3’

TTTCCTTTGAGTCGCGAACG

5’

TCTTTGGCTGGCCGAGATCA

3’

TGTTAAGGGATTCTGAGAAC

5’

GCACAGCTAATTCTACTCAC

3’

AAACACATCTGTTTCATGGTGTAAGTTACT

5’

CCACATTAGCACAGGAAATATTGGTTGGTT

Annealing temp.

168-180

60°C

93-103

60°C

133-157

60°C

262

55°C

184-206

60°C

159

55°C

124-132

60°C

309

65°C

305

55°C
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Appendix El
Sequence for dJ445P17
GCCTCCGGAGTAGCTGGGACCACAGGCGCCCGCCACCACNTNNGGGTAAT
TTTTTGTATT TTTAGTAGAG ACAGGGTTTCACTGTGTTAGCCAGGATGGT
CTCGATCTCC

TGACCTCGTGATCCGCCTGCCTCTGCCTNCCAAAGTGNTG

GGATTACAGGCATGAGCCACCGCNCNGGGCCGATAATGTC AGTATTTTAC
TTGGTTTGTGTAGCCATTTACATTTAATGTCAATATTGGTATTTCGAATTAT
GCCTACCACTCTATNATGTATGTTTACTTTTTCTTCCCTTTGCTTTATTTTCT
GCTTCCCCTTCCCTGCCTTCTTTTGTTATTTGAACATTTTCACGTTTAACCA
AGTTTTGAGTTTTGCTGCTGCTACTTCTTTTATNTACTGCAGGCTTTGTATT
GTTTTACAGGACTGTTGCCTTGTGCTCAAAGGGGTGGNTGAAGTNCCACA
GATTNTTGGNTCCCTGNNCTTTGTTTTCTGTTTATTTTCCCTTACGGCTTNG
NCGATCCTACCTTTCAACCTTTNCAATAANTCTNCTGCCAAACCNGGCACT
TGNNAGCCAAGNNNGNGTCTCTCACNTTCCNATACT

Sequence for dJ228I9
GAGTTNTATACCCCTGACCAGAACAGTAAAGGTATATTTCCTGTAAAGGT
ATATTTACATTGNCAGCTGAAGGCAAATTGCTTCCAATGG ACAAGAATGG
AGAAAAAGGCATTTGCCAAGTTAATGGCTGCATGCAAGATACCAGCAGAC
GTGTTAATTTGCTCAAGTAATAAAACCACATCTGGTAGAGCTGCTGCAAT
TGGAGTCACCATTGGTTAAGCTTACAATAATCCACTGTCATTCTCCTAGAT
CCATCTGTCTTCCCCACAGGCCAATAGGACAGTTGAACAGGGATGTAGTG
GGAATCACCACTCCTGCATCTTTCAAGTCCTTAAGGGTGTCACTAATCTCT
GTAATCTTTCCACGGATGCAATATTGTTTTTGATTTATGATTTTTCTAGGTA
GAGGCAGGTCTAATGGCTTCCATTTGGCCCTTCTCACCATAATANCCCTCA
CCCTGCCAGTCAGAAAGCCAATGCGGGGGTTCTGCCANCTGTGAAGTATG
TCTATGCCAATTATGCATTNTGGCACTGAANAAATGACCACAGGATGACT
CTGGGAAACTCCTGGAGTTGTGTAAGTAGGGCCTGAGCTAAAA
CTGTATCAAT TCTGCCTCCA
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Appendix IV Stock solutions
10 X TBE (IL)

20 X SSC (IL)
NaCl

175.3g

Tri-Sodium Citrate 88.2g
To 1 litre with dH20

Tris Base

108g

Boric Acid
EDTA

9.3g

55g

To 1 litre with dH20

IM Tris Buffer, pH7.5-8.5 (500ml)

TE Buffer, pH 8.0 (IL)

Tris Base

0.5M EDTA, pH8.0

2ml

IM Tris, pH8.0

10ml

60.55g

pH with conc. HCl

To 1litre with dH20

Ethidium Bromide
lOOmg EthBr diluted in 10ml dH20
EthBr is light sensitive, store wrapped in foil

EDTA, pH8.0 (IL)
186.1 g ethylenediamineteraacitic acid (EDTA)
dissolved in 1litre dH2 0
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