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Review article

Mechanism, detection and significance
of some chromosomal rearrangements in chronic
myeloid leukaemia (CML) and acute lymphoblastic
leukaemia (ALL)

Dariusz EADON , Michat WITT
Institute of Human Genetics, Polish Academy of Sciences, Poznan, Poland

Abstract. Fluorescence in situ hybridization (FISH) allows detection of specific chro-
mosomal aberrations'in abnormal cells. In chronic myeloid leukaemia (CML) and acute
lymphoblastic leukaemia (ALL), chromosomal abnormalities have been found in
the bone marrow of children and adults. Detection of a number of malignant cells carry-
ing specific aberrations after bone marrow transplantation is of great importance. FISH
techniques with the use of specific probes for CML and ALL could detect a minimal re-
sidual disease and mixed chimerism after bone marrow transplantation.
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Introduction

Recently novel approaches to detection of specific nucleotide sequences In com-
plex genomes have been developed, non-isotopic in situ hybridization (NISH) in-
cluding. This technique makes possible efficient detection of various numerical
and structural chromosomal abnormalities (LICHTER et al. 1988, PINKEL et al.

1988, CREMER et al. 1990).
From the technical perspective two types of non-radioactive in situ hybridiza-

tion protocols are used.

—_—

Received: April 2000. Accepted: June 2000. .
Correspondence: D. LADON, Institute of Human Genetics, Polish Academy of Sciences,

Strzeszynska 32, 60-479 Poznan, Poland.



188 D. Ladon, M. Witt

— Direct procedure. The probes are labelled with nucleotides modified with
a reporter molecule, which can be directly detected after hybridizatjon,
This method is used when chromosome painting is performed and large chromo.
some regions are targeted.

— Indirect procedure. This is based on modified-labelled probes, which are de-
tected using sandwich techniques. The nucleotides used to label the probe are con-
jugated with biotin, digoxigenin, and acetylaminofluorene. When the probe is
labelled with biotin, the detection can be achieved through a reporter linked to an
antibody or avidin. The reporter groups include enzymes, like horseradish
peroxidase and alkaline phosphatase, and their respective insoluble substrates,
fluorescent molecules, such as fluorescein, rhodamine and colloidal gold parti-
cles. Due to higher detection sensitivity, widely used procedures are biotin-avidin
and digoxigenin-antidigoxigenin systems, combined with fluorochromes.

Because of the use of fluorescent system in NISH this method was named fluo-
rescence in situ hybridisation (FISH). The method has several important advan-
tages:

1) high signal resolution — the detection takes place exactly at the site where
the probe is hybridised:;

2) possibility of amplification of signal intensity by using an immunological
method;

3) potential to combine several different fluorochromes for simultaneous de-
tection of different target regions;

4) short duration of the whole procedure.

The sensitivity of the FISH method allows for detection of specific chromo-
somal aberrations and for their quantitative assessment in cells at the stage of mi-
totic metaphase and also in interphase nuclei (CREMER et al. 1988). Double
interphase FISH is of special interest in detecting structural chromosomal aberra-
tions, particularly when the quality of metaphase spreads is not sufficient for clas-

sical cytogenetic analysis of banding patterns (e.g. in cancer cytogenetics)
(ARNOLDUS et al. 1990)

Chronic myeloid leukaemia (CML)

CML is a clonal bone marrow disease with incidence of 1 case per 100,000 people
per year. Chromosomal abnormality occurring in the bone marrow cells in 90%
of CML adult and children patients is a reciprocal translocation between chromo-
somes 9 and 22 t(9;22)(q34;q11). NOWELL and HUNGERFORD (1960) first de-
scribed this chromosomal abnormality in 1960. They observed an abnormally
small chromosome in peripheral blood cells from two patients with CML. It was
recognised that this chromosome named the Philadelphia chromosome (Ph), was
a translocated chromosome containing the small chromosome 22. In 1973, with
the development of chromosome banding techniques (RASKIND et al. 1998),
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Ph chromosome was finally recognised as a translocation between chromosomes
9 and 22. This chromosomal abnormality results in the fusion of a part of
the Abelson oncogene (4BL) from 9q34 with the breakpoint cluster region (BCR)
at22q11.2 (WESTBROOK et al. 1992). The origin of this fusion is described below.
The fusion creates a tumour-specific marker and results functionally in an in-
creased tyrosine kinase activity (RABBITS 1994).

With the progress of the disease, additional chromosomal aberrations can oc-
cur. These changes sometimes cause haematological and clinical manifestations
of advanced phases of the disease with increased malignancy, and thus may serve
as valuable prognostic indicators.

In the pathways of cytogenetic evolution in the blast crisis of CML, terms "ma-
jor" (70% of blast crisis) and "minor" (30%) routes are used. Additional changes
in the "major route" occur in the excess of the Ph chromosome (15% of CML
cases), trisomy 8 (11%), trisomy 19 (1%), and/or the formation of an i1(17q)
(12%).The most common changes in "minor route" are trisomy 21 (7%) in combi-
nation with one or more "major route" abnormalities, and - Y (loss of the Y chro-
mosome) (5% of CML cases) (MITELMAN 1994). The type and number of
secondary aberrations seem to be correlated with the phenotypic features that
dominate during blast crisis. Screening for these secondary chromosomal aberra-
tions is of particular prognostic significance, and for this purpose the fast and sen-
sitive FISH method is currently being used.

Translocation (9;22) resulting in BCR/ABL fusion

Analysis of the most frequent aberration t(9;22)(q34;q11), causing the BCR-ABL
gene fusion in about 50% of patients with ALL, shows that the breakpoint is lo-
cated in the M-BCR region (Major BCR). In the other 50% the breakpoint is in an-
other region of the BCR, called m-BCR (minor BCR) (RODENHUIS et al. 1985).
~ The same translocation occurs in neutrophilic-CML but in a different breakpoint
region called u-BCR. This suggests that the particular location of the breakpoint in

BCR (and in ABL), and thus the composition of the fusion BCR/ABL protein, may
- determine the disease phenotype (PANE et al. 1996).

The breakpoint in the ABL gene can occur anywhere within an over 300-kb
long segment at the 5 end of the gene, upstream of the first alternative exon I',
between exons I b and I a, or downstream of exon I a (MELO 1996). In the majority
of CML patients and in one third of ALL cases the breakpoint in the BCR gene 1s
found within a 5.8-kb region known as the major breakpoint cluster region
(M-BCR) spanning five exons from 12 to 16 of the BCR gene, named bl to bS5.
Processing of the primary BCR/ABL transcript usually results in hybrid B CR/ABL
mRNA molecules with a b3a2 and/or b2a2 junction encoding a p21 0BRABL fiision
protein. In very rare cases of CML and one third of ALLs, the breakpoint in BCR
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Figure 1. Translation products (chimeric proteins) of different fusion types occurring in CML

and ALL (white=functional domains of ABL gene; black=functional domains of BCR gene;
grey=fragments with no function assigned).

falls further upstream, in the long 54.4-kb intron between the two alternative
exons €2’ and e2, known as the minor BCR (m-BCR). In this event, exons el’
and €2’ are removed by splicing, and the hybrid BCR/ABL transcript contains an
ela2 junction, and is responsible for translating into a smaller 190-kD BCR/ABL
protein (p190°“R/ABL) (Figure 1). Many researchers reported different BCR and

Table 1. Variable BCR-ABL transcripts in CML and ALL

Disease M-BCR MR h-BCR
fusion fusion fusion
Chronic myeloid leukaemia b3a2 ela2 el9a2
(CML) b2a2
b3a3
b2a3
Acute lymphoblastic leukaemia b3a2 ela2
(ALL) b2a2 ela3
b3a3
b2a3 S
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ABL breakpoints, which resulted in various BCR/ABL transcripts in CML and
ALL. In Table 1 different BCR/ABL transcripts present in ALL and CML are

shown.

Acute lymphoblastic leukaemia (ALL)

ALL is a clonal malignant disease restricted to the lymphoid compartment.
The incidence 1s 3.6 per 100,000 children under the age of 15 per year and it is di-
agnosed most frequently in children between 2 and 7 years of age with the fre-
quency of 7 per 100,000.

In this malignancy the translocation t(9;22)(q34;q11), the same as in CML,
was identified and considered a genetic marker of leukaemic cells. It occurs in
15-35% adults and in 2-10% of children with ALL (SURYANARAYAN etal. 1991).
While an abnormal karyotype can be detected in the bone marrow and peripheral
blood of the majority of children with ALL, in some of them no numerical
and structural aberrations can be identified: a normal karyotype can be detected
in about 20-30% of cases. A possible explanation for normal karyotype in ALL 1s
the existence of some submicroscopic aberrations (HARBOTT 1998).

The most common translocations in leukaemic cells of children with ALL are
t(1;19), t(4;11), t(8;14), and previously described t(9;22) and t(12;21). Other aber-
rations found in ALL are abnormalities of chromosome 14, with a breakpoint at
ql1, including translocations with various partner chromosomes as well as inver-
sions and deletions. All these aberrations are specific for ALL (although some
of them can also be present in AML) and have been found in the bone marrow
cells of children and adults. The most common abnormalities attributing to immu-
nological subtypes of ALL are shown in Table 2.

Table 2. Chromosomal abnormalities that attribute to the immunological subtype of ALL

B-lineage ALL T-lineage ALL
Pro-B common Pre-B B-ALL
CD19 CD10 cylgM SigM
t(4; 11) Hyperdiploidy > 50 t(1;19) t(8;14) 14q11 aberrations
t(9;22) deletion TAL-1 (1p32)
. t(12;21)

Almost all patients with childhood ALL have chromosomal abnormalities,
half of which are translocations. These translocations are nearly equaly divided
between random and nonrandom rearrangements. Nonrandom chromosomal ab-
normalities have been correlated with leukaemic cell lineage, the degree of cell
differentiation and the specific gene involved at the molecular level (Table 3.).
For, clinical purposes such as a proper diagnosis and classification of the patients,
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Table 3. Gene rearrangements and chromosome abnormalities in ALL

Abnormality Gene rearrangements Diagnosis of ALL
del(1)(p32) SIL/TALI T-ALL
t(1;13)(p12;p21) TAL1/-- T-ALL
t(1;7)(p32;q35) TALI/TCRb T-ALL
t(1;7)(p34; 34) LCK/TCRb T-ALL
t(1;14)(p32;q11) TALI/TCRd T-ALL
t(1;11)(p32;923) MLL/AF1p pro-B ALL
t(1;19)(q23;p13) PBX1/E24 pre-B ALL
t(4;11)(q21;q23) MLL/AF4 pro-B ALL
t(5;14)(q31;932) IL-3/IgH pre-B/c-ALL
t(7;9)(q34;q32) TCRb/TAN T-ALL
t(7;10)(q34;924) .TCRb/HOX11 T-ALL
t(7;19)(q34;p13) TCRb/LYLI T-ALL
t(8;14)(q24;q11) MYC/TCRa T-ALL
t(8;14)(q24;q11) PVT1/TCRd T-ALL
t(8;14)(q24;q32) MYC/IgH B-ALL
1(9;22)(q34;q11) BCR/ABL pre-B/c ALL
t(10;14)(q24;q11) HOXI1/TCRd T-ALL
t(11;14)(p13;q11) TTG2/TCRd T-ALL
t(11;14)(p15;q11) TTGI1/TCRd T-ALL
t(11;19)(q23;p13.3) MLL/ENL pro-B ALL
t(12;21)(p13;922) TEL/AMLI pre-B/c ALL

it is important to identify the specific chromosomal abnormalities and gene rear-
rangements in ALL. For many years, classical cytogenetic methods were the only
techniques to identify chromosomal aberrations — this approach is still of great di-

agnostic importance but within the last decade the FISH technique became
a routine procedure in this kind of analysis.

Detection of chromosomal aberrations in CML and ALL

The major aim of genetic testing in CML and ALL patients is an early detection
of minimal residual disease and disease relapse following chemotherapy or bone
marrow transplantation. The term minimal residual disease refers to the presence
of detectable malignant cells in patients who are in conventional remission. Defi-
nitions of haematological remission include the presence of less than 5% of blasts
in the bone marrow, with a normal peripheral blood count. Cytogenetic remission
is defined as the finding of a normal karyotype in at least 20 bone marrow
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metaphases for these patients in whom specific chromosomal abnormalities were
identified (LIN, CROSS 1995)

Classical cytogenetics

Classical cytogenetic methods can be used to identify most of the chromosomal
translocations occurring in bone marrow and peripheral blood cells in patients
with ALL and CML. The detection of chromosomal changes has went through the
evolution pathway from a simple description of abnormalities to the level of de-
tection of important clinical markers; especially in childhood ALL it has
an important clinical significance. The standard cytogenetic procedures are
widely used for monitoring of the therapeutic response in Ph-positive patients.

Cytogenetic analysis is not feasible in some patients treated with interferon
a(IFN-a) due to an inaspirable marrow and in 20-30% of patients with ALL due to
an insufficient quality of metaphase spreads. Moreover, approximately 5%
of CML patients harbour a BCR/ABL fusion gene that is undetectable by conven-
tional cytogenetics, namely Ph-negative, BCR/ABL — positive CML (HAGE-
MEIER 1987). The response to a therapy in these patients may be evaluated either
by the still very useful and important standard cytogenetic techniques or by mo-
lecular cytogenetic methods for detection of leukaemic cells, such as fluorescence
in situ hybridisation (TKACHUK et al. 1990). In CML patients the Ph chromosome
became a marker of the malignant clone, enabling its detection and consequently
monitoring of the course of the disease (AMIEL et al. 1994).

Fluorescent in situ hybridisation (FISH)

FISH is a sensitive quantitative method for detection of specific numerical
and structural chromosomal aberrations, not only in cells arresied at
the metaphase, but in the interphase nuclei as well. FISH using specific probes for
leukaemia-related rearrangements may be used to analyse minimal residual dis-
ease (CAMPANA, PUI 1995). The FISH technique can be used in patients in whom
chromosomal analysis by conventional cytogenetic methods is not available be-
cause of lack of cells undergoing metaphase due to technical problems such as
lack of spreading or poor quality of banding. BARTRAM et al. (1983) described the
first application of in situ hybridisation with the use of the ABL specific probe for
detection of the translocation of ABL to the Ph-chromosome in CML.

A convenient method for detection of minimal residual is interphase FISH.
Philadelphia chromosome detection by interphase FISH can also be used to moni-
tor CML patients after allogeneic bone marrow transplantation for residual
leukaemic cells. An advantage of this method is a possibility to analyse a large
humber of cells at the same time. |

Potentially, FISH could accurately establish the presence or absence of cells
with a Ph chromosome and detect cells with more than one Ph chromosome.
This information would have an important diagnostic and prognostic value in
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the characterization of patients suspected of having a Ph chromosome, becayse
metaphases with multiple Ph chromosomes have been associated with the more
aggressive stages of CML: blast crisis and acceleration phase (DEWALD et 3]
1998).

Use of two colour probes (red and green) of the BCR and ABL sequences for
FISH allows detection of the t(9;22)(q34;q11) translocation in CML leukaemic
cells at a frequency above 1% (ARNOLDUS et al. 1990, TKACHUK et al. 1990)
(Figures 2a,b,c). -

For detection of mixed chimerism after sex-mismatched bone marrow trans-
plantation, X and Y-chromosome specific probes can be applied. Simultaneous
use of the X and Y probes in the same cell can extremely reduce the number
of false-positive and false-negative results (WESSMAN et al. 1993, JUNGERMANN
et al. 1998). The studies confirm that FISH can detect host cells
in sex-mismatched transplanted patients in Ph-negative CML with BCR/4BL rear-

rangement when disease-specific probes are used (PALKA et al. 1996, TKACHUK
et al. 1990).

FISH on different specimens (bone marrow cells and/or peripheral blood cells)

In many early reports, FISH analyses were carried out on cultured and uncultured
bone marrow (BM) cells of CML patients (BUNO et al. 1998, BENTZ et al. 1994).
However, the use of various specimens depends on the stage of disease and has to
be correlated with medical examination performed at the same time. Usually at
the beginning of the therapeutic process a bone marrow aspirate is available as
a specimen to be studied; afterwards peripheral blood can be drawn during regular
haematological check-ups.

Some reports have shown a very good correlation between results obtained_
from BM and PB (peripheral blood) specimens, with a higher percentage of
BCR/ABL fusion-positive cells in BM than in PB (BENTZ et al. 1994). This obser-
vation indicates that almost all of the circulating mature T lymphocytes in CML
were derived from Philadelphia negative normal stem cells prior to the transform-
ing event resulting in CML (NITTA et al. 1985, AMIEL et al. 1994). FISH experi-
ments were carried out on BM and PB smears and samples as well. A good
correlation between FISH results obtained for interphase cells of BM and PB sam-
ples and PB smears was confirmed (DIEZ-MARTIN et al. 1998), which demon-

strated the usefulness of this kind of specimens for detection of Ph chromosome
in leukaemic cells.

False-positive and false-negative results in interphase FISH

The possibility of a false-positive result due to a random colocalization of the ABL
and BCR signals in normal cells (used as a negative control applied for each analy-
s1s) is low, considering that the size of the signals is small compared to the siz¢
of the cell. Colocalization of the signal was shown in 0.5% to 2% of normal cells
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depending on the technique applied (BENTZ et al. 1994, AMIEL et al. 1994,
DEWALD et al. 1998). The problem of false-negative results could be minimised
with optimisation of the FISH procedure and of the detection system (BUNO et al.
1998, DEWALD et al. 1998).

Conclusions

The crucial pathogenetic consequence of the translocations occurring in ALL
and CML patients is the creation of a novel chimeric gene. For a long time classi-
cal cytogenetic evaluation was the only method used for, detection and monitor-
ng of patient’s response to, therapy applied. At present faster, more convenient
and more sensitive molecular methods, such as FISH, are widely used as well.
Their combination with other molecular screening methods, such as PCR
and RT-PCR (not described in this article), give a detailed picture of disease diag-
nosis and progression, and could lead to a better, risk adapted therapy for the pa-
tients with CML and ALL.
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