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Molecular pathogenesis of chronic myelogenous leukaemia
R. ANKATHIL, M. KRISHNAN NAIR.

ABSTRACT
Chronic myelogenous leukaemia is a clonal neoplasm of the
pluripotent haematopoietic stem cell which is characterized
in most patients by a consistent cytogenetic abnormality
known as the Philadelphia chromosome. This chromosome
occurs as a consequence of a reciprocal translocation between
the long arms of chromosomes 9 and 22 which results in the
creation of a new gene comprising sequences from the c-abl
gene on chromosome 9 and the ber gene on chromosome 22.
The protein encoded by this structurally altered hybrid gene
differs from the normal c-abl gene product in both molecular
weight and in tyrosine kinase activity. It is likely that these
alterations in the c-abl gene product playa central role in the
pathogenesis of this leukaemia.

INTRODUCTION
Chronic myelogenous leukaemia (CML) is characterized by
the proliferation and accumulation of myeloid cells and their
progenitors resulting in increased granulocytes in the blood
and bone marrow. Other cell lineages including monocytes,
macrophages, red blood cells and platelets are also involved.'
Even though the disease is acquired, precisely why or how
CML develops is not known.

It was the first neoplastic disease to be associated with a
specific chromosomal abnormality, namely, the Philadelphia
or Ph' chromosome identified by Nowell and Hungerford
in 1960.2 This chromosome is present in 90% to 95% of cases
of typical CML. 3-5 Through the application of chromosome
banding and molecular genetic techniques, major advances
have been made in the understanding of CML.

THE Ph' CHROMOSOME
Studies on the Ph' chromosome in CML can be divided into
three major phases. The first was the discovery and confirma-
tion? of the Ph' chromosome as a specific chromosomal
change which was thought to be a deleted chromosome 2l.
The second was the discovery, using banding techniques,
that the Ph' chromosome was formed not by a deletion but
by a translocation between chromosomes 9 and 22, i.e.
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(t9;22) (q34;qll).6 Variant translocations not involving
chromosome 9 emphasized the importance of chromosome
22 to the development of CML. In the third phase, the rela-
tion between the translocation 9;22 and c-abl oncogene has
been revealed by molecular genetic analysis.!,7-10 This
oncogene was found to be located on chromosome 9 and
translocated to chromosome 22. Thus, a new definition
was given to the Ph' chromosome with each of the above
mentioned discoveries (Fig. 1).

However, variant translocations involving more than 2 or
3 chromosomes are seen in at least 8% of patients with
CML.1l-20 In such translocations, virtually every chromo-
some has been involved, chromosome 17 being the most
frequently affected. In some of the variant translocations, a
large piece of chromosomal material is translocated to the
abnormal chromosome 22 producing a chromosome that is
longer than normal, obscuring the identification of the Ph'
chromosome. This has been termed a 'masked' or 'hidden'
Ph' chromosome.s' Such cases have been erroneously
classified as Ph' negative CML.
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FIG 1. Chromosomal translocation in chronic myeloid
leukaemia. Dotted lines on the normal chromosomes
indicate the site of break. A part of the abl gene is
translocated from chromosome 9 to chromosome 22 adjacent
to the ber gene. A portion of the abl gene remains on
chromosome 9 and a part of the ber gene from chromosome
22 is moved next to it. The translocated chromosomes are
labelled as 9q+ and 22q
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MOLECULAR CONSEQUENCES OF Ph'
TRANSLOCATION
The exchange of genetic material between chromosomes
9 and 22 results in the transfer of a part of the c-abl gene
(the human homologue of the transforming element of the
Abelson murine leukaemia virus v-abllO) from chromosome
9q34 to chromosome 22qll where it forms a chimeric or
fusion gene with part of the 'breakpoint cluster region' (ber)
gene situated normally on chromosome 22. The break in
most cases of CML occurs in a very small 5.8 kb segment of
the gene. The ber gene is relatively large being about 130 kb
long. Breakpoints occur in ber between exons 12 and 15. The,
bcr-abl gene fusion leads to an 8.5 kb chimeric mRNA (larger
than normal), consisting of 5' ber and 3' abl sequences. This
is translated into a larger chimeric abl protein (210 kD) with
increased tyrosine kinase activity known as the P210 form of
the fusion gene product.22-28 The P210 protein contains
either 927 or 902 aminoacids (depending on whether or not
the bcr exon 3 is included) encoded by ber in the hybrid
protein and 1096 residues of abl.29

The function of the normal ber gene product in regulating
cell behaviour is unknown. It has been suggested that it plays
an important role in the regulation of the proliferation and
differentiation of early haematopoietic progenitor cells. 30

The abl protein normally functions as a cell membrane
associated tyrosine kinase. Its role in the regulation of cell
behaviour is not completely understood. It is not clear
whether c-abl activation is required to transform myeloid-
erythroid stem cells because of their state of differentiation
or whether it is commonly present in these cells because the
structure of their chromatin makes a c-abl-bcr arrangement
more likely. Recent data" suggest that abl, normally
regarded as a cytoplasmic protein, may partly localize in the
nucleus. Its tyrosine kinase activity is increased by diverse
alterations including deletions or mutations in the SH3
domain, loss of myristylation of N-terminal sequences and
mutations within the kinase domain. These alterations can
occur singly or in combination. Translocation of abl into ber
activates several of these mechanisms. Another possibility is
that ber interacts with abl blocking the binding site in the SH2
domain of a putative abl inhibitor. Because ber is a kinase, it
may activate abl by phosphorylating it.

In CML-specific bcr-abl proteins, substitution of about
900 aminoacids from the bcr gene for the normal abl amino
terminal has been reported to activate the abl kinase thereby
freeing it from normal regulatory control mechanisms.29,32 In
vitro cell transformation studies= and marrow transplanta-
tion experiments, with marrow cells containing a bcr-abl
fusion gene in their genome ,34,35 have provided evidence that
the enhanced tyrosine kinase activity of the bcr-abl fusion
protein appears to be central to the pathogenesis of the
disease. Thus, the bcr-abl gene, through the activity of its
P210 gene product appears to be capable of altering cell
behaviour in vitro and of producing a CML-like syndrome
in vivo.

The Ph' chromosome, which is characteristic of CML,
is also present in about 25% of adult patients with acute
lymphoblastic leukaemia (ALL). Some patients with Ph'
positive ALL show the same chromosome 22 and chromo-
some 9 breakpoints as those seen in CML, while others show
different chromosome 22 breakpoints that are still within the
bcr gene but upstream (5') of ber. In these patients, a smaller
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mRNA (7 kb) and smaller fusion protein (190 kD) are
, produced. 36

Ph' NEGATIVE CML
The morphological picture of Ph' negative CML is similar to
that of Ph' positive CML, except for the absence of the Ph'
chromosome or its variants. Thirty to fifty per cent of patients
with Ph' negative CML have the molecular abnormalities of
Ph' positive disease including the ber rearrangement and
expression of the mRNA and protein messages.x The bcr
rearrangement in Ph' negative CML has already identified'?
a subset of patients with a clinico-pathological picture and
prognosis similar to Ph' positive CML. It is possible that Ph'
negative CML without the ber rearrangement is still affected
by secondary molecular events which have bypassed the
primary process related to ber rearrangement. 37

DISEASE PROGRESSION
There are three clinical phases of CML---<hronic, accelerated
and terminal or blastic. The chronic phase is a preleukaemia
caused by abnormal expression of the chimeric bcr-abl gene
encoding a 210 kD abl-related tyrosine kinase. After a
stable phase of months or years, CML generally progresses
to an accelerated phase with increasing dedifferentiation,
falling haemoglobin and platelet count, and increasing
difficulty in therapeutic control. The presence of the bcr-abl
fusion gene alone cannot account for the progression of CML
to a blast crisis and therefore further genetic changes,
perhaps involving other cellular oncogenes, occur during the
progression of the disease. 38 Typically, when CML progresses
through its accelerated and terminal phases, the neoplastic
population is overgrown by one or more subclones having
additional karyotypic changes which may be (i) a second Ph'
chromosome, (ii) an extra chromosome 8, or (iii) an
isochromosome for the long arm of chromosome 17 (17q)
replacing the normal one.l? Though these abnormalities are
associated with disease progression, a direct causative effect
has not been demonstrated. The non-random loss or addition
of chromosomes in the acute phase of CML implies that
genes located on these chromosomes might playa major role
in the progression of CML. 40

The recent demonstration of abnormalities in the P53 gene
located on the short arm of chromosome 17 during the blast
phase of CML suggests the involvement of this gene. 41,42 The
pathway for progression of the disease in 20% of cases has
been reported to be homozygous inactivation of P53. This
occurs when one allele is lost through the formation of an
isochromosome 17 and the second allele is mutated or
rearranged.P Trisomy 8 and iso (17q) are also commonly
observed in acute myeloid leukaemia.f suggesting that the
clinical progression of CML may involve some molecular
genetic mechanisms which contribute to acute leukaemias
that arise de novo.39 This information permits the construc-
tion of a stepwise model of oncogenesis based on the natural
evolution of CML. 30,44,45

DIAGNOSTIC AND THERAPEUTIC USE OF
THE Ph' CHROMOSOME
The diagnosis of CML is usually straightforward and
demonstration of the Ph' chromosome usually confirmatory.
The Ph' or the bcr-abl fusion gene or its products detected in
the bone marrow or peripheral blood provide confirmatory
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evidence of the presence of a leukaemic clone. The presence
of the Ph' chromosome is also a good prognostic factor-Ph'
positive patients having a more favourable prognosis than
Ph' negative ones.46-51

The presence or absence of the Ph' chromosome after
bone marrow transplantation can be used to monitor the
success and survival of the engraftment.P Further detailed
analysis of the structure of Ph' chromosome translocation,
the bcr-abl fusion gene transcripts and the fusion protein
itself can influence therapeutic decisions such as the early use
of marrow transplantation in certain patients.

The identification of the bcr-abl fusion transcripts by
the polymerase chain reaction has provided a means to
detect a small number of cells in two situations. Firstly, it
helps in the diagnosis by making it possible to amplify the
bcr-abl gene rearrrangement from a small number of cells,
thus allowing detection of malignant cells containing the bcr-
abl rearrangement at a level of approximately lout of
100 000.53,54Secondly, it has helped to find cells containing
the bcr-abl gene rearrangement persisting in many patients
after apparently successful bone marrow transplantation. 55
According to Cannistra.P these cells may represent true
malignant stem cells (in which case the patient may be liable
to future relapse) 01: they may represent quiescent, non-
clonogenic tumour cells that will eventually become extinct
with longer periods of observation. This ability to detect
minimal residual disease in a highly sensitive and specific
fashion may eventually prove to have important prognostic
and possibly therapeutic significance.

Cytogenetic studies, linked to molecular techniques, have
finally begun to unravel the intracellular lesions that con-
tribute to clinical and biological tumour progression. With
the elucidation of the molecular mechanisms involved in the
genesis of CML and its evolution to accelerated phases, it is
likely that the biological disturbances in other malignant
disorders will follow similar patterns. The knowledge, under-
standing and management strategies developed from the
study of oncogenesis of CML are likely to be applicable to
other malignancies.
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Obituaries
Many doctors in India practise medicine in difficult areas under trying cir-
cumstances and resist the attractions of better prospects in western countries
and in the Middle East. They die without their contributions to our country
being acknowledged.

The National Medical Journal of India wishes to recognize the efforts of
these doctors in a new section 'Obituaries'. We invite short accounts of the
life and work of a recently deceased colleague by a friend, student or relative.
The account in about 500 to 1000 words should describe his education and
training and highlight the achievements as well as the disappointments. A
photograph should accompany this article.

-Editor


