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Abstract. Since it was first recognized, chronic myeloid
leukemia (CML) has always represented a unique model
to understand the molecular mechanisms underlying the
onset and progression of a leukemic process. CML was
the first recognized form of cancer to have a strong asso-
ciation with a recurrent chromosomal abnormality, the
t(9;22) translocation, which generates the so-called
Philadelphia (Ph)-chromosome. Twenty years later, this
abnormality was shown to cover a specific molecular de-
fect, a hybrid BCR-ABL gene, strongly implicated in the

pathogenesis of the disease through the production of a
protein with a constitutive tyrosine-kinase activity. Al-
though we still lack a complete definition of all the trans-
formation pathways activated by Ber-Abl, the recent
introduction into clinical practice of tyrosine kinase in-
hibitor represents a major breakthrough to the manage-
ment of CML and, furthermore, promises to usher in mol-
ecularly targeted therapy for other types of leukemia,
lymphoma and cancer.
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Introduction

Tyrosine kinases (TKs) are a group of ~100 proteins
which act to transfer phosphate from ATP to tyrosine
residues on specific cellular proteins and which are
deeply involved in controlling important cellular func-
tions, including proliferation and the differentiation
processes [1]. Due to the key role played in these vital
routes, TKs are generally tightly controlled by various
physiological mechanisms. However, alterations of the
function of TKs are among the most frequent findings in
human cancer, and at least three general mechanisms
have been described by which TKs may become constitu-
tively activated and lead to development of neoplastic
diseases: overexpression, activating mutations and chro-
mosomal translocations.

Concerning the understanding of the latter mechanism,
certainly a pivotal role has been played by the study of the
Philadelphia chromosome (Ph-chromosome) transloca-
tion and of its molecular consequences, activation of the
Abl TK, which represents a primary event in the genesis
of chronic myelogenous leukemia (CML) and of other
types of human leukemias.

* Corresponding author.

Indeed, since it was first recognized as a specific disease
more than 150 years ago [2], CML has always been re-
garded as an ideal model to study the pathogenesis of the
leukemia processes in humans and the ways by which we
can try to cure them.

CML is a myeloproliferative disease, initially character-
ized by abnormal expansion of a clonal hematopoiesis
still capable of achieving terminal differentiation [3].
CML exhibits a characterististic biphasic clinical course:
the initial chronic phase, which can last for some years,
originates as an indolent disease but is ineluctably
followed by an acute leukemia, termed blast crisis, that
is marked by the emergence within the clonal
hematopoiesis of fully transformed cell clones arrested at
an early stage of differentiation, either myeloid or lym-
phoid.

The presence of a Ph-chromosome in the cells of the
CML patients has for many years been the only cytoge-
netic abnormality known to be associated with a specific
malignant disease in humans [4]. Later it was recognized
that the Ph-chromosome is the result of a reciprocal
translocation between the long arms of chromosome 9
and 22, t(9;22)(q34;ql1) [5]; finally, in the 1980s, the
molecular defect associated with this cytogenetic abnor-
mality was identified, and it was established that the Ph-
chromosome results in the juxtaposition of parts of the



2898 G. Saglio and D. Cilloni

BCR and ABL genes, which are normally located respec-
tively on chromosome 22 and chromosome 9, to form a
new hybrid BCR-ABL gene [6, 7]. The corresponding
chimeric protein (P210) [8] has a causative role in the
neoplastic transformation of the pluripotent stem cells,
giving origin to the enormous expansion of the myeloid
compartment which characterizes the chronic phase of
the disease. However, in spite of the fact that the struc-
tural organization and molecular biology of the BCR-ABL
gene as well as that of the normal ABL and BCR genes
have been subjects of intensive investigation in the last 20
years, many questions concerning the mechanisms by
which the hybrid gene is formed and transforms the he-
mopoietic stem cells still remain unanswered. Moreover,
a further degree of complexity is represented by the fact
that the Ph-chromosome may also be found in leukemias
other than CML and associated with a wide spectrum of
hematological phenotypes, ranging from that of appar-
ently ‘de novo’ acute lymphoblastic leukemia to indolent
chronic myeloproliferative disorders [9, 10].

In the late 1980s, the data accumulated on the role of
BCR-ABL in the onset and in the progression of CML
showed BCR-ABL to be most attractive target for molec-
ularly targeted therapy. Therefore, attempts to decrease
the amount of the BCR-ABL transcripts and/or to inhibit
the TK activity of the oncoprotein were initiated, and this
process finally ended with the discovery and develop-
ment of imatinib mesylate [11]. This small chemical
compound, which that, at micromolar concentrations in-
hibits the kinase activity of Ber-Abl by competing with
ATP for its binding site, was shown to inhibit cellular
growth and to induce apoptosis of the leukemic cells both
in vitro and in vivo [12]. The importance of imatinib goes
beyond the exceptional therapeutic results obtained with
its use in CML and in other Ph-positive leukemias and
represents the real starting point of the so-called molecu-
larly targeted therapy.

The purpose of this review is to summarize the most re-
cent advances and problems still open concerning the
mechanisms leading to the Abl TK activation in human
leukemias. As the recognition of these mechanisms is
having a major impact on the clinical arena, even diag-
nostic and therapy aspects will be considered.

Structure and function of normal c-ABL

The proto-oncogene c-ABL belongs to the family of the
non-receptor TKs and was originally identified for its ho-
mology with v-ABL, a component of oncogenic viruses
able to induce an acute neoplastic transformation in the
mouse [13].

The c-ABL gene is expressed ubiquitously in cells of var-
ious tissues, and the c-Abl protein may be found both at
the cytoplasmic and nuclear level [14]. The pattern of ex-
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pression and the endocellular localization of the c-Abl
protein suggest that this molecule may play a key role in
cellular biology and exert multiple functions in various
cell compartments, but the exact role of Abl still needs
further clarification.

Studies on the transgenic mouse have led to the discovery
that in the homozygous deletion of the ABL gene, the ab-
sence of the c-Abl protein is incompatible with the nor-
mal development of the animal: mice die in the prenatal
period with a serious growth delay, hypoplasia of the lym-
phoid organ and adrenal failure [15].

c-Abl kinase has been implicated as both a negative and a
positive regulator of cell growth, depending on the cellu-
lar compartments (cytoplasmic or nuclear), on its phos-
phorylation state and perhaps, also on the level of ex-
pression.

Several studies suggest a positive role of c-Abl in cell cy-
cle regulation. In quiescent cells, nuclear c-Abl is kept in
an inactive state by binding to the retinoblastoma protein
(pRB) [16]. Phosphorylation of pRB by cyclin D disrupts
this complex and results in activation of c-Abl TK in S-
phase, during which c-Abl is able to stimulate the tran-
scriptional activity of factors such as CREB and E2F-1
and to promote the activity of RNA polymerase II [17].
Therefore, it appears probable that the ABL protein is
part of the general mechanism of regulation of gene tran-
scription during the cell cycle. This is consistent with the
observation that fibroblasts derived from c-Abl knockout
mice exibit a consistent delay in S-phase entry in re-
sponse to a platelet derived growth factor (PDGF) stimu-
lus [18].

c-Abl plays a key function in the signalling pathways reg-
ulating growth factor-induced proliferation also at cyto-
plasmic level. The existence of a TK signalling cascade
involving receptor (PDGFR) and non-receptor TKs (c-
Src/c-Abl) important for mitogenesis and growth factor-
induced c-Myc expression was recently described [19].
Along this pathway c-Abl is situated downstream of Src
and contributes to transmitting the mitogenic signal acti-
vating c-Myc directly or through the Ras/Erk pathway
(see below).

Within this context, a complex functional interdepen-
dence between c-Abl and lipid signalling pathways in-
volving phospholipase C-y1 (PLC-y1) has been discov-
ered [20]. PLC-y is important in cell migration, mem-
brane ruffling and also mitogenesis [21]. PLC-y1 is also
critically important in cytoskeletal reorganization and
cell adhesion and, similarly to c-Abl, localizes to mem-
brane ruffles and translocates to the plasma membrane af-
ter growth factor stimulation [21]. The bidirectional link
between PLC-yl1 and the c-Abl recently uncovered shows
that PLC-y1 is required for c-Abl activation by PDGFR
and Src and that c-Abl functions downstream of PLC-y1,
as c-Abl inactivation blocks PLC-y1 function. PLC-yl
and c-Abl form a complex that is enhanced by PDGF
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stimulation, but after activation c-Abl phosphorylates
PLC-y1 and, in turn, negatively modulates its function
[20, 22].

In contrast to the previously described positive role in
stimulating proliferation, overexpression of wild-type c-
Abl in fibroblasts has been shown to be able to induce cell
cycle arrest in the G1 phase of the cell cycle [23]. The
growth inhibitory effect of c-Abl requires nuclear local-
ization of the c-Abl protein and its TK activity and is
likely to relate to the ability of c-Abl to induce apoptosis
in response to genotoxic stress as that due to ionizing ra-
diation, which is known to activate c-Abl [24]. Activation
of the c-Abl kinase by DNA damage has been shown to
require ATM, which regulates cell cycle checkpoints,
DNA repair and apoptosis in response to DNA damage
[24]. Cells lacking c-Abl can activate cell cycle check-
points and DNA repair, but show defects in apoptosis.
This c-Abl function is dependent on the presence of wild-
type p53, Rb and p73 (a functional homologue of the p53
tumor suppressor) proteins, although a proapoptotic ac-
tivity of c-Abl independent of the presence of these fac-
tors has also been reported [25]. Therefore, multiple and
different signalling pathways may contribute to the in-
duction of apoptosis through activation of c-Abl under
cellular stress conditions, but the complete scenario still
lacks definition.

In order to understand the possible functions of c-Abl at
both the cytoplasmic and nuclear level, it is also impor-
tant to consider the different domains present in the c-Abl
protein, as shown in Figure 1, which represent the basis
for its interaction with other proteins.

As in other non-receptor TKs, the Abl protein possesses
at the N-terminal extremity the SH3 and SH2 domains
(from SRC homology region 3 and 2), which are the
docking sites of proteins that contain, respectively, pro-
line-rich sequences interacting with the SH3 region and
phosphotyrosine residues interacting with the SH2 region
[26]. Molecules such as SOS, which are capable of con-
verting G proteins (e.g. Ras, Rho, Rac) from the inactive
form, linked to GDP, into the active form linked to GTP,
belong to the first group. Molecules such as She, Crkl,
Nck, Bp-1 and Grb2, which lack enzyme activity but pos-
sess both phosphotyrosine and SH3 and SH2 sequences,
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Figure 1 Functional domains of ABL coding sequences: Myr,
myristilation site; SH3 and SH2, Src Homology Domain 3 and 2;
Tyr-kinase, tyrosine kinase domain; NLS, nuclear localization se-
quence; NES, Nuclear export sequence; PxxP, praline-rich regions.

Multi-author Review Article 2899

belong to the second group; these proteins probably play
arole of ‘adaptors’, allowing the formation of complexes
capable of putting enzymes and specific substrates in
contact with each other. On the basis of these domains, it
is deducible that c-Abl, like its oncogenic counterpart Ber-
Abl, is capable of activating the transduction of a myto-
genic signal through a pathway that involves the activation
of Ras and that, in sequence, includes the activation of
Raf, Mek1 and Mek2, and Erk [27]. The latter kinase is ca-
pable of phosphorylating transcription factors such as Fos
and Jun, both triggering cellular proliferation [28].

The C-terminal extremity of the c-Abl protein contains a
domain of interaction with F-actin [29], through which
the c-Abl protein certainly plays a key role in the physi-
ology of the cytoskeleton. The homozygous deletion of
this region in the transgenic mouse is incompatible with
life, resulting in a phenotype overlapping that induced by
the deletion of the entire ABL gene [30]. The exact func-
tion of this interaction is unknown; several data, however,
suggest an important role of c-Abl in the mechanisms
which regulate the variations of the cellular morphology
and the intercellular adhesion [31]. In addition, c-Abl has
also been shown to inhibit migration of fibroblasts
through the regulation of the Crk/CAS complexes. c-Abl
phosphorylates Crk, which results in disruption of Crk-
CAS complexes [32].

The c-Abl protein is the only non-receptor TK to possess
a DNA binding domain in the C-terminal region of the
molecule [33]. It also contains specific sequences which
allow the nuclear localization of the protein (NLS) and its
nuclear extrusion (NE) [34]. These structural data are in
agreement both with the nuclear localization of c-Abl and
with continuous shuttling between the nucleus and the cy-
toplasm. The possible function of the c-Abl protein at the
nuclear level has been previously discussed.

Mechanisms leading to the t(9;22) translocation
which gives rise to the Ph-chromosome

Although we know that leukemogenesis in humans is
caused by a number of recurrent chromosomal transloca-
tions, we still lack any substantial information on the gen-
esis of these translocations.

Concerning the t(9;22)(q34;ql1) translocation which
gives rise to the Ph-chromosome, we know that radiations
may play a role, since accidental exposure to radiation has
been demonstrated to be significantly associated with an
increased risk of developing a Ph-positive CML [35], and
high-dose irradiation of myeloid cell lines in vitro has
been shown to be able to induce the expression of BCR-
ABL fusion transcripts like those present in CML [36]. In
addition, t(9;22) translocation and BCR-ABL fusion is
probably a very frequent event that only very sporadically
leads to the development of a leukemia phenotype, as
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suggested by the finding that small amounts of BCR-ABL
transcripts can be found in a high percentage of adult nor-
mal subjects [37]. However, at present, no clear molecu-
lar basis favoring the rearrangement between the BCR
and ABL genes has been identified, and only hypothetical
mechanisms have been proposed. The close proximity of
the BCR and ABL genes in hematopoietic cells in inter-
phase has been suggested to be a potential mechanism
that may favor translocations between the two genes [38].
In addition, a 76-kDa duplicon on chromosome 9 near to
the ABL gene and on chromosome 22 near the BCR has
been recently identified [39]. Duplicons are chromo-
some-specific duplications, ranging from a few to 200 kb
in length, which have been implicated in the formation of
new genes over evolutionary time and which, due to mis-
alignment during meiosis, can be responsible for genetic
diseases known as genomic disorders [40]. At present, the
possible role of duplicons in triggering mitotic changes in
somatic cells, finally leading to the genesis of recurrent
chromosomal translocations such as those present in hu-
man leukemias, is purely speculative. The duplicon iden-
tified on chromosomes 9 and 22 could have a role in the
initial step of the t(9;22) translocation process, simply by
drawing together the specific chromosomal regions con-
taining the BCR and the 4ABL genes and favoring ex-
changes between them. Very sporadically, this exchange
could result directly in the formation of a functional BCR-
ABL rearrangement, able to lead to the synthesis of a suf-
ficient enough amount of Bcer-Abl protein to confer a
growth advantage to the Ph-positive clone and finally
ending in its expansion. However, the finding of variant
translocations also involving other chromosomes in addi-
tion to chromosome 9 and 22 and the presence of spo-
radic cases with aberrant BCR-ABL transcripts showing
the presence of sequences of different origin interposed
between the BCR and ABL exons suggest that the genesis
of the Ph-chromosome and that of the consequent BCR-
ABL rearrangement can sometimes represent the final re-
sult of a complex and multistep event [41].

BCR/ABL rearrangement

Although the presence of a Ph-chromosome translocation
always parallels the presence of a BCR-ABL rearrange-
ment, there is variability at the molecular level concern-
ing the type of rearrangement between BCR and ABL. As
a consequence, BCR-ABL hybrid genes can generate dif-
ferent types of fusion transcripts and proteins, which
show a preferential but not exclusive association with dif-
ferent leukemia phenotypes [9, 10].

All BCR-ABL fusion genes contain a 5" portion derived
from BCR sequences and a 3’ portion which, with very
few exceptions, includes the entire ABL gene sequence
with the exclusion of the first 26 codons, corresponding
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to the two alternative 5" exons, that normally generate two
variant protein products denoted as type la and Ib. The
type Ib variant contains a consensus sequence for N-ter-
minal myristylation [42].

In CML, the breakpoints on chromosome 22 are re-
stricted to a central region of the BCR gene called mBCR
(major breakpoint cluster region), which contains five ex-
ons originally numbered from 1 to 5 and corresponding to
BCR exons 10 to 14; two different types of BCR/ABL
junction may be present [6, 7]. In the first BCR exon 13
is joined to ABL exon 2 (el3a2 junction, previously
b2a2), whereas in the second, BCR exon 14 is spliced to
ABL exon 2 (el4a2 junction, previously b3a2) [43]. The
two chimeric messenger RNAs (mRNAs) differ by the
presence of the BCR exon 14 sequences [75 bp), and the
corresponding P210 proteins differ by 25 amino acids.
The Ph-chromosome may also be present in a consistent
percentage of ‘de novo’ acute lymphoblastic leukemia
(ALL), particularly in elderly patients [44]. In ~70% of
these cases, a shorter Ber-Abl hybrid protein (P190] is de-
tected [45]. In these cases the breakpoint is located in the
first intron of the BCR gene joining the first BCR exon to
ABL exon 2 (ela2 junction) [46]. Both in vivo and in vitro
studies suggest that P190 is characterized by a higher
transforming activity than P210, and this may explain
why P190 is preferentially associated with an acute
leukemia phenotype [47].

However, the relationship existing between the type of
Ber-Abl fusion protein and the leukemia phenotype is an
intriguing question which, at present, remains largely un-
solved. Actually, although the P190 fusion protein is al-
most exclusively associated with an acute leukemia phe-
notype, mainly lymphoid (Ph-positive ALL), there are
also rare chronic phase CML cases which instead of P210
express exclusively P190 [10]. These P190 CMLs appear
frequently to have a chronic myelomonocytic leukemia-
like (CMML) phenotype [48]. The discovery that at diag-
nosis all CML patients express a variable amount of tran-
scripts with an ela2 junction (that leading to the P190
protein) as a consequence of alternative splicing between
BCR exon 1 and ABL exon 2 within the original el13a2 or
el4a2 transcripts leading to P210 makes the question
more complex [49].

Finally, a longer type of BCR-ABL transcript in which the
breakpoint takes place at the very 3” end of the BCR gene
and joins BCR exon 19 with ABL exon 2 (e19a2) was
originally described some years ago [50]; this transcript
contains the same portion of ABL sequences as the other
more common types of BCR-ABL transcripts, but in-
cludes almost all the BCR coding sequences and results in
a fusion protein of 230 Kda in molecular weight (P230)
[50]. Interestingly enough, this type of BCR-ABL re-
arrangement has been often associated with a very mild
form of CML, denominated Ph-positive neutrophilic
CML (Ph+ N-CML), showing clinical and hematological
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features overlapping those of classical CML and chronic
neutrophilic leukemia (CNL) [51]. However, cases asso-
ciated with a classical CML phenotype or even an acute
leukaemia phenotype also have been described. More-
over, other rare types of BCR-ABL transcript have been
occasionally described in CML patients, but their com-
mon denominator is that all the fusions found are able to
maintain the 4ABL portion in the correct reading frame,
even through the interposition of anomalous sequences
extraneous to the BCR and ABL coding regions [39]. In
conclusion, an exclusive association between the type of
BCR-ABL rearrangement and the leukemia phenotype
cannot be established; however, there is a clear associa-
tion between certain types of BCR-ABL transcripts and
the leukemia phenotype. In addition, in the cases in which
the same fusion is associated with different types of
leukemia (i.e. p210 in CML and in ALL, p190 in ALL
and in CML), other still unknown factors, such as differ-
ent level of expression, could be implicated [9, 10].

Mechanisms of activation of the c-ABL
proto-oncogene

The presence of a Ber-Abl fusion protein certainly plays
a key role in the mechanism of neoplastic transformation
of Ph-chromosome-positive cells. The definitive evi-
dence of this assumption derives from transfection stud-
ies of normal hemopoietic bone marrow progenitors of
mice, with retroviral vectors allowing the expression of
the P210-type BCR-ABL transcripts. In this manner, Da-
ley et al. [52] were able to reproduce a CML-like disease,
which frequently and rapidly switched into an acute lym-
phoid leukemia, thus mimicking the characteristic bipha-
sic course of the human disease. However, the molecular
pathways by which the Ber-Abl proteins are able to in-
duce transformation still remain in part elusive in spite of
the large body of data accumulated in recent years.

A substantial increase TK activity, compared to that of
normal Abl, is the leading feature of all known forms of
rearranged Abl proteins endowed with transforming
properties, both in humans and in mice. Moreover, there
is a direct relationship between the level of TK activity
observed and the transforming potential, suggesting that
Abl enzymatic activity is the key factor in inducing and
maintaining the neoplastic phenotype [47].

In past years, considerable effort has been devoted to un-
derstanding the critical sequences of the ABL gene,
whose mutations, deletions or rearrangements might in-
fluence enzymatic activity and consequently trigger its
oncogenic potential [53]. The leukemogenic activity of
Ber-Abl proteins is due to the fact that the normally reg-
ulated TK activity of the Abl protein is constitutively ac-
tivated by the junction with the N-terminal portion coded
by the BCR gene. Ber acts by causing dimerization of the
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Ber-Abl proteins and in this way promoting a transphos-
phorylation process [54]. The uncontrolled kinase activ-
ity of Ber-Abl mimics the functions of normal Abl by in-
teracting with effector proteins and finally determines an
uncontrolled cellular proliferation, decreased adherence
of the leukemia cells to the bone marrow stroma and re-
duced sensitivity to apoptotic stimuli.

Clearly, however, to consider Ber-Abl only a constitu-
tively activated form of normal Abl is too simplistic: Ber-
Abl may have different binding properties with respect to
its normal counterpart. Ber-Abl may, for example, also
bind directly to Grb2. Because this association involves
the Ber portion of the protein, which is absent in Abl, this
connection is unique to the human oncogene [55].

The kinase domain of Ber-Abl is also differently regu-
lated with respect to c-Abl, which is indeed tightly regu-
lated in vivo [56].

The lack of Abl oncogenic activity, even following over-
expression, reveals the presence of mechanisms of inhi-
bition able to restrain constitutive activation of Abl. Both
intra- and intermolecular interactions are implicated in
this process and regulate the physiological activity of Abl.
A very important domain in the regulation of Abl activity
is the SH3. Deletions or mutation of the SH3 domain
stimulate Abl kinase activity in vivo, and several candi-
date inhibitors of Abl kinase activity that bind to the Abl
SH3 domain and inhibit kinase activity in vivo have been
identified, such as Pag/Msp23, AAP1 and the Abi adap-
tors [57-59]. In the nucleus, the retinoblastoma protein
(RDb) binds to Abl during the G1 phase of the cell cycle. In
particular, Rb binds to the ATP-binding portion of the Abl
kinase domain, and this interaction inhibits Abl kinase ac-
tivity [16]. Moreover, intramolecular interactions be-
tween the SH3 domain and the region connecting the SH2
and catalytic domains of Abl have been shown to be
important in negative regulation of Abl kinase activity
[60, 61]. Finally, Abl kinase activity is also regulated by
phosphorylation of specific residues in the activation
loop [62].

On the other hand, activated Abl is rapidly downregulated
by the ubiquitin-dependent proteasome machinery, and
this mechanism prevents high levels of momentarily acti-
vated Abl kinase activity from persisting in cells, thereby
causing the harmful consequences of deregulated Abl ki-
nase activity [63].

The situation is quite different in human BCR-ABL fusion
transcripts, where only the first 26 ABL codons are re-
placed by BCR sequences and no other mutations are usu-
ally detectable in the ABL coding sequence. Thus, most of
the SH3 region is intact, suggesting that the mechanism
operating to induce the increased TK activity observed is
mainly due to the dimerization properties of the Ber por-
tion [54]. However, data also show that AAPI fails to
bind to the SH3 region of the Ber-Abl proteins, suggest-
ing that the N-terminal Bcr sequences may interfere with
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AAPI binding to SH3, perhaps altering the spatial con-
figuration of the molecule [64]. This is in keeping with
the observation that rare CML cases carrying BCR-ABL
transcripts in which the SH3 domain is absent because of
an unusual breakpoint position within the 4ABL gene do
not differ significantly in the leukemia phenotype with
respect to the cases carrying the usual type of transcripts
[65]. However, even the rearrangement with genes other
than BCR may be able to induce an increased TK activity
in the fusion protein; Golub et al. [66] reported a rare case
of TEL-ABL rearrangement in a patient carrying an un-
differentiated type of acute leukemia, showing multiple
cytogenetic abnormalities; the corresponding hybrid pro-
tein was constitutively phosphorylated and endowed with
very high TK activity. As in all the classical forms of
BCR-ABL rearrangements, only the first 26 ABL codons
were removed in the 7TEL-ABL chimeric transcripts,
therefore leaving intact the SH3 region; in vitro studies
have documented that the HLH (helix-loop-helix) do-
main of the 7EL gene included in the hybrid protein has
a critical role in increasing Abl TK activity. This could oc-
cur through the formation of oligomers which, in turn,
might interfere with the SH3 binding of inhibitory pro-
teins [67].

Mechanisms of transformation activated
by BCR/ABL proteins

Despite of the large body of data accumulated in recent
years the molecular pathways by which Ber-Abl proteins
induce transformation still remain in part elusive; as we
have previously seen, this is in part a consequence of the
incomplete knowledge that we have on the physiological
function of the ABL proto-oncogene product. Neverthe-
less, it is progressively becoming evident that a multi-
plicity of molecular interactions is implicated in the
transforming activity of Ber-Abl hybrid proteins, induc-
ing perturbations of various molecular pathways at dif-
ferent levels, from membrane to nucleus.

Effects of BCR/ABL on signal transduction

One of the critical signalling pathways constitutively ac-
tivated in CML hematopoiesis is that controlled by Ras
proteins and their relatives [68]. TK activity of P210
maintains p21 Ras in an active state, bound to GTP. Ras
activation results from interaction of P210 with other cy-
toplasmic proteins, which function as adaptor molecules,
to create multiprotein signalling complexes. The amino-
terminal BCR-encoded sequences of Ber-Abl contain a
tyrosine-phosphorylated site that binds the SH2 domain
of the adaptor protein Grb2 [55]. The P210-Grb2 ligand
recruits Sos, a Ras-guanine nucleotide-releasing-protein
(GNRP), which is constitutively associated with the Grb2
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SH3 domain [68]. In turn, the Bcr-Abl-Grb2-Sos com-
plex stimulates conversion of the inactive GDP-bound
form of Ras to its active GTP-bound state [68]. Moreover,
the RAS-controlled pathway is enhanced by the phospho-
rylation of the Shc gene products p46 and p52, which, to-
gether with the induction of a Shc-Grb2 complex, has the
potential to further activate RAS-mediated signalling
[69]. The critical role of intermediate adaptor proteins,
consisting of SH2/SH3 domains, but lacking a catalytic
domain, as potential substrates for P210 Bcer-Abl TK-ac-
tivity is substantiated by heavy phosphorylation of the
Crkl product, the most prominent tyrosine-phosphory-
lated protein in Ph-positive cells, which functions as spe-
cific ligand binding for Abl and, in CML cells, may link
P210 to the Phospo-inositol-3-phosphate (PI-3) kinase
pathway [70-72].

Finally, the P210-activated pathways, through p21 Ras,
activate Raf, Mek1 and Mek2 and Erk kinases and elicit
early nuclear events, transactivating transcriptional genes
such as FOS and JUN [73].

The importance of the activation of the Ras signalling
pathway in CML has been pointed out by several in vitro
studies showing that blocking the RAS function sup-
presses the transforming properties of Ber-Abl fusion
proteins [74]. This is in agreement with the low incidence
of RAS mutations encountered in CML [75], whereas a
high incidence of RAS mutations is usually detected in
BCR-ABL-negative acute and chronic myeloproliferative
disorders [76].

Another postulated nuclear ‘target’ of the transforming
activity of the P210 protein is represented by the proto-
oncogene MYC, which is expressed at a high level in
CML cells. MYC activation, however, seems to be inde-
pendent of activation of the RAS pathway; in fact, in vitro
complementation study seems to reveal that the ABL SH2
region is probably directly involved in the mechanism of
MYC upregulation [77].

Activation of the transcription factor NF-kB/Rel by Ber-
ADl has also been demonstrated, but the mechanisms re-
main obscure. Ber-Abl induces NF-kB/Rel nuclear
translocation, which is at least partially due to increased
IkBa degradation [78].

STATI and STATS are constitutively activated in BCR-
ABL-positive cell lines from CML patients and in pri-
mary cell samples from CML patients [79]. This finding
led to the attractive model that constitutive activation of
Stats by Ber-Abl confers the cytokine independence char-
acteristic of BCR-ABL-positive cells. In normal cells, nu-
clear translocation of Stats occurs only after cytokine
binding to receptors and is mediated by activation of the
receptor-associated Jak kinases. Ber-Abl does not acti-
vate Stats by a Jak-dependent pathway as Jak kinases are
not consistently activated in BCR-ABL-positive cells
[80]. It has been recently suggested that Stat activation by
Ber-Abl may be mediated by direct association of Stat
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SH2 domains with phosphorylated tyrosines on Ber-Abl,
but there is no proof of this [79].

All reported activated signalling pathways converge into
a unique terminal point: loss of control of proliferation
and expansion of the hematopoietic progenitors clonally
derived from the primitive Ph-positive stem cell. In addi-
tion, all the above-mentioned activities may be implicated
in deregulating the balance between the proliferation and
differentiation processes of Ph-positive cells.

Impaired adhesion of Ph-positive cells

to bone marrow stroma induced by BCR/ABL

An increasing set of data suggests the well known defec-
tive adhesion capacity of the CML cells is also impli-
cated. This action may derive from the fact that the Ber-
Abl proteins may form multimeric complex with adhe-
sion proteins such as paxillin and are able to bind to
F-Actin, thus suggesting a direct action on cytoskeleton
function [81, 82]. Since adhesive interactions represent
the tool for extensive ‘cross-talk’ between cells, they en-
sure the regulated state of a large number of cell functions
such as growth and differentiation.

Part of the adhesion defect of Ph-positive hematopoiesis
is mediated through abnormalities of phosphatidyl-inosi-
tol (PI)-linked surface receptors, which are involved in
the reduced adhesion capacity of CML progenitors to the
bone marrow stromal compartment [83]. In particular,
the deficient expression of one PI-linked cell surface
cytoadhesion molecule, lymphocyte-associated-antigen
three (LFA 3), has been associated with abrogation of im-
mune-mediated control on the size of Ph-positive clones
[84]. LFA 3 (identified by the monoclonal antibody CD
58] is a widely expressed cell surface protein whose only
known function is to act as the binding ligand for the T
cell surface protein CD2. CD2/LFA 3 adhesive interac-
tion between a subset of human T cells and early (CD34+)
hematopoietic progenitors plays a role in controlling the
size of the actively cycling stem cell pool. Through
LFA3-deficient expression, the Ph-positive stem cell
compartment may escape this immune-mediated growth
regulation.

However, the most relevant consequences of changes in
the adhesion properties of CML hematopoiesis arise from
muddled interactions of Ph-positive progenitors with the
hematopoietic microenvironment. The intrinsic defect in
adhesion to the bone marrow microenvironment of CML
hematopoiesis was first described by Gordon et al., who
observed the failure of Ph-positive hematopoietic prog-
enitors to adhere to preformed stromal layers [85]. Nor-
mally, adhesion of the hematopoietic stem cell to special
‘niches’ within the bone marrow microenvironment is
crucial for maintenance of its quiescent state. The ad-
hesive ligand involved at this very early stage of
hematopoiesis results from adhesive interactions of f1
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integrins VLA-4 and VLA-5, the homing lymphocyte re-
ceptor (CD44) and the cell surface proteoglycan receptor
with distinct functional domains of fibronectin, one com-
ponent of the hematopoietic microenvironment extracel-
lular matrix [86—88]. Hematopoietic inhibitory factors
macrophage inflammatory protein o (MIP1 ) and trans-
forming growth factor B (TGF-f) have also been pro-
posed as soluble messengers responsible for contact-
mediated inhibitory effects on cell proliferation [87].

As a consequence, impaired adhesion to the stromal mi-
croenvironment allows CML progenitors to cycle contin-
uously, independent of physiological stimuli that induce
cell cycle arrest on the normal counterpart as was first
observed by Eaves et al. [89].

In conclusion, the complete biochemical pathway under-
lying the adhesion defect of Ph-positive progenitors has
not at present been identified. It seems to involve both di-
rect interactions of Ber-Abl with molecules playing a key
role in the cytoskeleton organization and indirect interac-
tions mediated by other proteins. It is also not known
whether the previously described interaction between
PLC-y1 and normal c-Abl [20, 22], entails dysregulation
of this pathway in the disturbance of the cell adhesion ob-
served in Ber-Abl transformed cells.

Inhibition of apoptosis by Ber-Abl

Whereas we know that normal c-Abl plays a key part in
the cellular response to genotoxic stress and is likely to
have a proapoptotic function, oncogenic Ber-Abl TK is a
potent inhibitor of apoptosis [24]. This may in part be ex-
plained by the fact that one of the most striking differ-
ences between normal c-Abl and Ber-Abl is their differ-
ent subcellular localizations. The c-Abl protein is found
in both the nucleus and the cytoplasm and can shuttle be-
tween these two compartments because of the presence of
nuclear localization and nuclear export domains. By con-
trast, Ber-Abl is exclusively cytoplasmatic and seem to be
unable to enter the nucleus where normal c-Abl exerts its
proapoptotic activity [24]. Interestingly, BCR-ABL is re-
tained in the cytoplasm mainly because of its constitu-
tively activated TK. But if the kinase is inhibited in vitro
with imatinib, and its nuclear export is simultaneously
blocked with leptomycin B, the oncoprotein may enter the
nucleus; and if imatinib is subsequently removed and the
trapped nuclear BCR-ABL reactivates its TK activity,
apoptosis is induced [90].

Furthermore, Ber-Abl can also inhibit apoptosis at the cy-
toplasmic level by activating the PI3K/AKT pathway. In-
deed, Ber-Abl, but not c-Abl, associates with and acti-
vates PI3K at the cytoplasmic level [91]. BCR-ABL may
activate PI3K by more than one pathway, because Crk and
Crkl have been involved in connecting activated Ber-Abl
with PI3K [92] and, as shown in other systems, p2lras
may also activate PI3K [93]. Recent work, however, sug-
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gests that Gab2 represents a fundamental factor in linking
Ber-Abl to PI3K activation and that Tyr177 of Ber-Abl re-
cruits the scaffolding adaptor Gab2 via a Grb2/Gab2
complex [94]. Akt kinase is certainly an important effec-
tor of Ber-Abl-activated PI3K [95] and its activation is
dependent on the products of PI3K, phosphatidylinositol-
3.4-bisphosphate (PIP,), and phosphatidylinositol-3,4,5-
trisphosphate (PIP;) [96]. As known, once active, Akt ex-
erts many cellular effects through the phosphorylation of
downstream substrates such as Bad, caspase 9, Askl and
Mdm?2 that regulate the apoptotic machinery [97], finally
leading to prolonged survival and expansion of the ab-
normal clone.

Ber-Abl can be implicated in genetic instability

The same mechanisms responsible for inhibition of apop-
tosis [24] could also be responsible for the rapid accumu-
lation of those additional genetic mutations that may lead
to disease progression, representing the natural evolution
of CML clinical history. Indeed, inhibition of apoptosis
following severe genetic damage may favor this phenom-
enon [24]. At the moment, however, it is not clear whether
the genetic instability is caused by Ber-Abl or whether the
BCR-ABL rearrangement is the consequence of a previ-
ously existing genetic instability [98]. The finding of sev-
eral cytogenetic abnormalities in Ph-chromosome-nega-
tive cells reemerging in patients who reach complete Ph-
negativity after therapy with imatinib may support the
second hypothesis, but this matter is still highly contro-
versial [99, 100].

Mechanisms of disease progression

The natural history of CML ends, in the great majority of
cases, with an acute leukemia phase which is usually fa-
tal in a few months. Understanding the mechanisms
which trigger the transition from chronic to acute phase is
of utmost importance, because the timing of this event is
the major determinant of patient survival in CML. A
number of factors have been implicated as causative
agents of acute transformation: however, no consistent
molecular pathways leading to the acute leukemia pheno-
type have been recognized so far.

When the disease progresses to acute phase, ~80% of
patients show additional chromosomal abnormalities in
their leukemic cells [101]. Furthermore, a number of
molecular changes have been found, including p53 muta-
tions, RB deletion and RAS activation [102, 103]. How-
ever, no specific alteration has been observed even if the
deletion of another tumor suppressor gene, p16 or cyclin-
dependent kinase 4 inhibitor (CDK4NZ2), seems associ-
ated with lymphoid transformation [104]. On the other
hand, it is apparent that an important role in transition to
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the acute phase is played by the duplication of Ph-positive
chromosome or by an increase in the expression of the
BCR-ABL transcript, which in some cases has been re-
ported to precede the progression of the disease [105].
Overall, the genetic alterations observed suggest that a
large spectrum of molecular mechanisms may be in-
volved in clonal progression of CML; thus, the BCR-
ABL-transformed cell seems to be endowed with an in-
trinsic genetic instability, leading to a progressive accu-
mulation of genetic lesions which at the end lead to the
appearance of an acute leukemia phenotype. Wada’s re-
port [106] on microsatellite instability in the blastic but
not in the chronic phase of the disease is consistent with
this hypothesis; however, others [107] have obtained neg-
ative results. At present, it is not clear which is the mole-
cular mechanism involved in inducing the genetic insta-
bility observed; however, we can speculate, on the basis
of the known nuclear function of normal Abl protein,
which is compromised in BCR-ABL-transformed cells,
that spontaneous mutations are not able to trigger activa-
tion of the apoptotic death pathway in Ph-positive cells,
as occurs in normal cell populations; hence, a progressive
alteration of the biological behavior of chronic phase
cells ensues, leading to acute transformation. From this
perspective, the BCR-ABL rearrangement appears to be
not only the causative agent of the chronic phase of CML
but seems also to represent the primary mechanism that
eventually leads to disease progression.

Therapeutic and diagnostic implications

The data previously presented clearly show that BCR-
ABL plays a primary role in the onset and progression of
CML and led to the development of imatinib mesylate,
the first kinase inhibitor to be developed for clinical use
(Glivec, Novartis) [11, 12]. Imatinib, which, as will be
described below, is extraordinarily effective in treating
CML, represents the final step of a long conceptual evo-
lution in the strategy to cure CML.

The natural course of CML generally comprises three dif-
ferent phases (chronic, accelerated and blast crises). The
chronic phase may persist for several years, but once the
disease enters into accelerated or blast crisis phases,
which, if not prevented, represent the natural evolution of
the disease, life expectancy is reduced to only few months
[108]. This is because these phases of the disease are
more resistant to all types of therapy. With so-called con-
ventional chemotherapy (mainly hydroxyurea), control of
white blood cell and platelet counts (hematological re-
mission) is generally achieved, but this therapy does not
significantly alter the progression of the disease [109].
At the moment, despite the great advances in the therapy
of CML that we are facing in our days with imatinib, the
only ascertained curative therapy for CML still remains
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allogenic bone marrow transplantation (BMT). In fact,
after having had an unmanipulated allogeneic BMT from
a human lymphocyte antigen (HLA)-identical sibling, a
CML patient in the first chronic phase has only a 10-20%
probability of relapsing within 5 years [110]. Therefore,
in a high percentage of cases BMT may definitively cure
CML patients. We now know that BMT is capable of cur-
ing CML mainly through a graft versus leukemia (GVL)
mechanism [111]. The latter factor is frequently capable
of determining complete eradication of the Ph-positive
clone, but sometimes it is only capable of eliminating its
spread. In the latter case, reappearance of the disease can
take place owing to a major spreading force of the
leukemic clone, as occurs when the disease is in an ac-
celerated or blastic phase, or to the reduction of capacity
of the effect GVL of the donor marrow (T-depletion, im-
munosuppressive therapy). One of the consequences
(confirmed by clinical data) is that transplant offers
greater probabilities of success when it is done in a early
phase of the disease [110]. It is also significant that an in-
crement of the effect of GVL using infusion of lympho-
cytes from the donor in relapsed patients can determine a
new remission [112].

In the mid-1980s, with the introduction CML of inter-
feron-a (IFN-a), the first biological agent capable of in-
ducing cytogenetic remission in patients with CML, it be-
came clear that the degree of tumor load reduction during
therapy is an important prognostic factor for CML pa-
tients [109]. Whereas the hematological response, which
corresponds to 1 log reduction of the leukemia cell bur-
den, does not represent a sufficient therapeutical goal in
CML per se, as patients still 100 % Ph-positive invariably
progress to a blastic phase and die from its complications,
the degree of cytogenetic remission, that, if complete, in-
dicates ~2 log reduction of the leukemia cell load, has
been shown to be a strong prognostic indicator [109], and
it has often been suggested in clinical trials as a possible
surrogate marker for overall survival. The cytogenetic re-
sponse is established on the basis of the proportion of
residual Ph-positive metaphases and is defined as com-
plete (0% of Ph-positive metaphases), partial [1-33 %),
minor [34-66 %) or minimal [67-99 %), whereas a major
response represents the sum of the complete and partial
cytogenetic responses. Only major (complete and partial)
cytogenetic remissions have been shown to be associated
with increased survival, whereas the impact on prognosis
of minor or minimal cytogenetic responses remains neg-
ligible [109].

When imatinib mesylate, was introduced in CML therapy
at the end of last century, it immediately showed ex-
tremely promising results [113].

A phase 2 study performed to characterize the efficacy
and safety profiles of imatinib in a large group of patients
with chronic-phase CML in whom previous interferon
therapy had failed showed that Imatinib is able to induce
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complete hematologic responses in 95 % and major cyto-
genetic responses in 60% of patients and to reduce pro-
gression to the accelerated or blast phases [114]. More re-
cently, the results of a randomized study performed on
more than 1000 patients in the first chronic phrase clearly
demonstrated that imatinib is significantly better than in-
terferon plus Ara-C for chronic-phase CML when mea-
sured either as time to progression, cytogenetic response,
or tolerance [115]. In particular, a major cytogenetic re-
sponse was observed in almost 80 % of patients.

The ctivity of imatinib has also been observed in patients
whose CML is in the blastic phase, but a high rate of re-
lapse has been described in these patients [116]. Relapses
are usually caused by the emergence of resistant clones,
and resistance also remains a significant problem for a
percentage of CML patients in chronic phase [117].
Resistance can be defined as acquired, when loss of es-
tablished hematologic or cytogenetic response to imatinib
occurs, or as primary, when no response to imatinib is
achieved. Acquired resistance is usually associated with
restoration of Ber-Abl kinase activity [117] and may be
due to different mechanisms: mutations in BCR-ABL that
affect its drug interaction [118-122], increased ex-
pression of BCR-ABL [123], decreased ‘in vivo’ avail-
ability or decreased intracellular levels of imatinib
[124, 125].

Mutations in BCR-ABL appear to be the most common
mechanism of resistance and can be divided into groups
according to the BCR-ABL regions where they occur;
they can be in the imatinib-binding site (as one of the
most frequent, the T3151), in the P-loop or in other regu-
latory regions [117]. Emergence of mutations in the P-
loop have been reported to hold a very poor prognosis
with respect to the others, with most of the patients car-
rying these mutations progressing to blast crisis shortly
after mutation detection [122]. It seems that, at least in
some cases, mutations conferring resistance to imatinib
are already present prior to treatment and are selected by
the drug [126]. Further evidence in support of this hy-
pothesis comes from the finding that the emergence of
mutations conferring resistance is significantly associ-
ated with duration of the disease prior to imatinib treat-
ment [122].

Concerning the other mechanisms, the binding of ima-
tinib to al-acid-glycoprotein may reduce the availability
of the drug in vivo [124] and increased levels of BCR-
ABL due to amplification of the BCR-ABL gene has been
described [125]. Mutations in BCR-ABL are not com-
monly seen in primary refractory patients to imatinib,
suggesting the presence of a different mechanism of re-
sistance in these cases [117—122]. In these cases, sec-
ondary oncogenic abnormalities may lead to the emer-
gence of BCR-ABL-independent pathways that may sup-
port proliferation or resistance to apoptosis, diminishing
the efficacy of imatinib therapy [127].
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Combination of imatinib therapy with conventional cyto-
toxics and newer biological therapies able to affect other
significant molecular pathways could eventually over-
come this resistance, and several attempts in this direc-
tion are presently ongoing. A lower incidence of resis-
tance is expected with combination therapies, but this
needs to be tested [128].

Molecular monitoring of continuos complete
remission (CML) patients

The very high percentage of CCR obtained in CML pa-
tients treated with imatinib at diagnosis emphasized the
importance of molecular methods to monitor the re-
sponse of CML patients.

Molecular remission was traditionally defined on the ba-
sis of detection of residual BCR-ABL transcripts by con-
ventional qualitative nested RT-PCR (reverse transcrip-
tion-polymerase chain reaction). Indeed, data on the
prognostic significance of achieving molecular remis-
sion, as defined above, have been obtained mainly in co-
horts of patients subjected to allogeneic BMT, the only
category of patients able to achieve this condition in a
consistent percentage of cases [129, 130]. For all the
other patients treated in a different way and in particular
for those treated with IFN-a, in which the number of ab-
solute molecular remissions in terms of persistent PCR
negativity was very low [131], the gold standard for eval-
uating patient response to treatment remained conven-
tional cytogenetic analysis (CCyR), as the simple non-
quantitative RT-PCR analysis was too sensitive to dis-
criminate sufficiently between patients characterized by a
residual volume of disease that could be in a range of
4 log. Peripheral blood fluorescence in situ hybridization
(FISH) for the BCR-ABL translocation was also reported
to be an easy and sensible method for serial monitoring of
CML patients [132] and is the only method able to dis-
close the presence of deletions on the derivative chromo-
some 9q+, whose presence has been reported to be asso-
ciated with a worse prognosis for patients treated with
IFN-a [133], but has not been able to replace the more
diffuse conventional cytogenetic methods.

The development of simple and reliable methods for
quantitative PCR has recently changed this picture.

Even in the past, in view of the very limited value of
qualitative PCR, several groups had already developed
quantitative PCR assays based on competitive PCR
strategies to estimate the amount of residual disease in
patients able to achieve a complete cytogenetic remis-
sion, but remaining RT-PCR-positive [134, 135]. The
data obtained showed that the level of minimal residual
disease correlate with the probability of relapse in com-
plete cytogenetic responders to IFN [131] as well as in
patients who underwent allogeneic BMT [136]. In the
latter group, competitive PCR was also used for adapting
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treatment and for determining the optimum time point to
initiate donor lymphocyte infusion and to monitor the re-
sponse [137, 138]. However, competitive PCR methods
are labor intensive, time consuming, difficult to stan-
dardize and not suitable for large-scale analysis. With
real-time quantitative RT-PCR (RQ-PCR), the variables
in the quantitative PCR assay (quality and quantity of
RNA and the reverse-transcription step) may be con-
trolled by quantification of transcripts of a control gene
(ABL, G6PD or B2-microglobulin) as an internal stan-
dard [139]. Moreover, standardization and the introduc-
tion of rigorous, internationally accepted controls have
been established to make RQ-PCR a robust and routine
basis for therapeutic decisions [140, 141]. These ad-
vancements are particularly needed in light of the ex-
tremely positive therapeutic results obtained with the use
of imatinib mesylate in CML therapy. In fact, ~75% of
patients with newly diagnosed chronic-phase CML
treated initially with imatinib achieve CCyR, and ima-
tinib also induces Ph negativity, though less frequently,
in patients treated in advanced phases of the disease
[114, 115].

Very recent studies show that the amount of residual dis-
ease at 12 months established by RQ-PCR in terms of log
reduction of BCR-ABL transcripts with respect to the
pretherapy copy number is statistically significant in pre-
dicting the risk of disease progression for newly diag-
nosed CML patients achieving CCyR under imatinib
therapy [142]. A lower risk of losing CCyR has been also
demonstrated in CML patients resistant or intolerant to
IFN who subsequently obtained a CCyR with imatinib
therapy and that by RQ-PCR analysis were demonstrated
to achieve a higher reduction of BCR-ABL transcript
amounts [143].

Other important conclusions recently reached show that
early reduction of BCR-ABL mRNA transcript levels pre-
dicts cytogenetic response in CML patients treated with
imatinib [144] and that this parameter can also identify
groups of patients with a different risk of progression, as
the incidence of progression, defined by hematologic, cy-
togenetic or quantitative PCR criteria, was significantly
higher in patients who failed to achieve a 1 log reduction
by 3 months or a 2 log reduction by 6 months [145].

Conclusions

Since CML was shown to be associated with the Ph-chro-
mosome and the hybrid BCR-ABL gene, the dissection of
these alterations has constituted the basis for a continuous
research effort to understand the molecular basis of the
disease and to improve its diagnosis and surveillance.
More recently, this has also finally led to a major step in
the therapy of the disease that is of paramount importance
because it opens a new era in cancer treatment, that of
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molecularly targeted therapy. This is clearly in line with
the vision that the importance of CML and of its molecu-
lar lesion, the BCR-ABL rearrangement, goes well be-
yond their real incidence in human leukemias, as they
represent a model for investigating and curing cancer. Al-
though much has been achieved, many important issues
pertaining to the biology and treatment of CML still re-
main unresolved, but the feeling is that at least some of
these problems will find a solution within the next few
years.
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