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Summary
The BCR-ABL oncogene was the first chromosomal abnormality shown to be associated with a

specific human malignancy, the chronic myelogenous leukemia (CML), resulting from a reciprocal
t(9;22) translocation characterized by the formation of a shortened chromosome, named Philadelphia
chromosome (Ph), in which the tyrosine kinase of c-ABL is constitutively activated. This chromo-
somal translocation generates BCR-ABL fusion genes which can be translated in three different onco-
proteins, p210, p190, and p230, associated with three different pathologies in humans, CML, acute
lymphoblastic leukemia (ALL), and chronic neutrophilic leukemia, respectively. The molecular
mechanisms and downstream pathways of BCR-ABL are poorly understood mainly as a result of the
lack of a good in vivo model that mimics the human disease. Nevertheless, additional in vitro and in
vivo models have led to the design of several novel therapeutic approaches. That is the case of
Imatinib mesylate (Gleevec, STI571; Novartis Pharma AG), a drug targeting the tyrosine kinase
activity of BCR-ABL and an effective therapy for chronic phase CML but not advanced stages of
CML and patients with Ph� ALL. The resistance mutations in the kinase domain of BCR-ABL
together with the stem cell origin of the chromosomal translocation and the inability of the imatinib
to inhibit the BCR-ABL activity in these cells have revealed the limitations of Gleevec, providing new
lessons for the development of alternative therapies in oncology.
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1. Introduction: The Philadelphia Chromosome
The Philadelphia (Ph) chromosome was the first specific cytogenetic lesion associ-

ated with a human malignant disease, namely chronic myeloid leukemia (CML) (1). It
took 13 yr before it was appreciated that the Ph chromosome is the result of a t(9;22)
reciprocal chromosomal translocation and another decade before this translocation was
shown to involve the ABL proto-oncogene, normally in chromosome 9, and a previously
unknown gene, later termed BCR for breakpoint cluster region, on chromosome 22 (2).
The regulated activity tyrosine kinase of ABL was then defined as the pathogenic prin-
ciple of a defined biphasic disease of the hematopoietic system; the initial chronic
phase, characterized by an excessive production of myeloid cells that retain a normal
differentiation program, and an acute phase termed “blast crisis” which resembles acute
leukemia (3). In order to understand the mechanisms of the Ph chromosome and malig-
nancy, it is necessary to know the biology and functions of the translocated genes ABL
and BCR.

The proto-oncogene c-ABL belongs to the family of the nonreceptor tyrosine kinases
(TKs) and was originally identified for its homology with v-ABL (Abelson murine

From: Apoptosis, Cell Signaling, and Human Diseases: Molecular Mechanisms, Volume 1
Edited by R. Srivastava © Humana Press Inc., Totowa, NJ

3



leukemia virus) and ability to induce an acute neoplastic transformation in mice (4). The
mammalian c-ABL gene is ubiquitously expressed. It encodes two 145 kDa isoforms
arising from alternative splicing of two distinct first exons (1a/I and 1b/IV in the human
and mouse respectively) (5). The c-ABL proto-oncoprotein is normally distributed both in
the nucleus (where it is bound to chromatin) and in the cytoplasm (where it co-localizes
with F-actin), but it is principally found in the nucleus (6). The pattern of expression and
the endocellular location of the c-ABL protein suggest that this molecule plays an
important role in cellular biology and also exerts multiple functions in various cell com-
partments; however, the exact role of c-ABL still needs further clarification (7). To real-
ize the possible functions of c-ABL at both the cytoplasmic and nuclear level, it is also
important to consider the different domains present in the c-ABL protein.

As in nonreceptor TKs, the c-ABL protein possesses three Src homology (SH)
regions—1, 2, and 3—at the N-terminal extremity that mediate catalytic (SH1), phos-
phor-tyrosine, and proline-rich sequence binding proteins (SH2–SH3), respectively (8).
The C-terminal extremity of this protein contains a domain of interaction with F-actin
that suggests an important role of c-ABL in the mechanisms which regulate the varia-
tions of the cellular morphology and the intercellular adhesion (9). Indeed, several
diverse functions have been attributed to c-ABL. The normal ABL protein is involved
in the regulation of the cell cycle (10), in the cellular response to genotoxic stress (11),
and in the transmission of information about cellular environment through integrin sig-
naling; but overall, it appears that this protein serves as a cellular module that integrates
signals from various extracellular and intracellular sources and that influences decisions
with regard to cell cycle and apoptosis (12).

In the event of translocation, c-ABL from chromosome 9 associates with a portion of
a gene on chromosome 22 termed BCR. Instead of the small portion of the BCR gene
overlapping the breakpoint region, the entire gene is relatively large and consists of
about 25 exons, including two putative alternative first (e1�) and second (e2�) exons
(13). At the end, a 160-kDa protein is formed and, as with c-ABL, is ubiquitously ex-
pressed in the cell. The first N-terminal exon encodes for a region with serine-threonine
kinase activity. A coiled-coil domain at the N-terminus of BCR allows dimmer forma-
tion in vivo (14). The center of the molecule contains a region with dbl-like (from the
DBL proto-oncogene) and pleckstrin homology (PH) domains that stimulate the
exchange of guanidine triphosphate (GTP) for guanidine diphosphate (GDP) on Rho
guanidine exchange factors. The C-terminus encodes a GTPase activating protein for
p21rac (15), an essential activating component of the neutrofil respiratory burst. In addi-
tion, BCR can be phosphorylated on several tyrosine residues, especially tyrosine 177
(which binds Grb-2), involved in the activation of the Ras pathway (16). Although these
and other data argue for a role of BCR in signal transduction, their true biological rele-
vance remains to be determined.

1.1. BCR-ABL Chromosomal Translocation: p210BCR-ABL and Chronic Myeloid
Leukemia

Although the presence of a Ph chromosome translocation always parallels the pre-
sence of a BCR-ABL rearrangement, 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 different types of fusion transcripts and proteins showing a
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preferential but not exclusive association with different leukemia phenotypes (17,18).
The breakpoints within the ABL gene al 9q34 can occur anywhere over a large (�300 Kb)
area at its 5�-end, either upstream of the first alternative exon 1b, downstream of the alter-
native exon 1a, or, more frequently, between both. Interestingly, exon 1, even if retained
in the genomic fusion, is never part of the chimeric mRNA (17). All BCR-ABL fusion
genes contain a variable 5� portion derived from BCR sequences and a 3� portion almost
invariably of the ABL gene sequence (see Fig.1).

In CML, the breakpoints on chromosome 22 are restricted to a central region of the
BCR gene called major breakpoint cluster region (M-BCR). This region contains five
exons corresponding to BCR exons 10 to 14, but originally numbered from 1 to 5.
Generally, the break occurs within introns located between exons b2 and b3 or b3 and
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Fig. 1. The chromosomal translocation t(9;22)(q34;q11). The Ph chromosome is a shortened
chromosome 22 that results from the translocation of 3� ABL segments on chromosome 9 to 5�
BCR segments on chromosome 22. Breakpoints (arrowheads) on the ABL gene are located 5�
(toward the centromere) of exon a2 in most cases. Various breakpoint locations have been iden-
tified along the BCR gene on chromosome 22. Depending on which breakpoints are involved,
different-sized segments from BCR are fused with the 3�-sequences of the ABL gene. This results
in chimeric protein products (p190, p210, and p230) with variable molecular weights and
presumably variable function. The abbreviation m-bcr denotes minor breakpoint cluster region,
M-bcr major breakpoint cluster region, and �-bcr a third breakpoint location in the BCR gene
that is downstream from the M-bcr region between exons e19 and e20.



b4 with the ABL exon a2, forming the fusion gene b2a2 or b3a2, respectively. The
translocation product of this BCR-ABL fusion gene is a novel chimeric 210 kDa protein
termed p210BCR-ABL. The presence of this characteristic Ph chromosome p210BCR-ABL is
the hallmark cytogenetic event in about 90% of the cases of CML.

The natural history of CML ends with an acute leukemia phase usually fatal in a few
months. CML arises from the clonal expansion of a single pluripotent hematopoietic
stem cell. It follows a biphasic course with an initial phase of myeloid hyperplasia in
which myeloid and other hematopoietic cell lineages are involved in the process of
clonal proliferation and differentiation (18). Nevertheless, the initial expansion results
not only from an increased rate of proliferation but also from the occurrence of addi-
tional cell divisions during myeloid maturation and the ability of CML clones to reach
higher cell densities than normal with enhanced cell survival (19). The BCR-ABL onco-
protein has constitutively expressed tyrosine kinase activity as a result of oligomeriza-
tion of the coiled coil region of p210BCR-ABL and deletion of the inhibitory SH3 domain
of ABL. This results in phosphorylation of p210BCR-ABL itself on the Y-177 tyrosine
residue and leads to recruitment of GRB2 (20), a small adapter molecule that can acti-
vate the RAS pathway, and in the phosphorylation of JAK2 and STAT1/STAT5 (21,22),
whose activation contribute to growth factor independence. Furthermore, p210BCR-ABL

activates the PI(3)/Akt pathway (23,24), increases expression of Bcl-2 (25), and phos-
phorylates STAT5 (26) leading to the increased resistance of CML progenitors to apop-
tosis. Finally, p210BCR-ABL is localized almost exclusively in the cytosol because of the
loss of a nuclear localizing signal and thus has increased binding to actin as compared
with c-ABL (27,28). This results in phosphorylation of a number of neighboring
cytoskeletal proteins that contribute to the aberrant adhesion receptor function and may
explain the premature circulation of progenitors and precursors of the blood (29).

Therefore, the features of chronic phase CML, expansion and premature circulation
of the malignant myeloid population, can be explained by activation of mutagenic path-
ways, antiapoptotic pathways, and abnormal cytoskeletal function. The same character-
istics—increased mutagenicity and decreased susceptibility to apoptosis—may also be
responsible for disease progression (30).

After variable periods, CML may enter an advanced blast phase characterized by the
appearance of poorly differentiated Ph� myeloid or lymphoid blast cells in the peri-
pheral blood. BCR-ABL activity promotes the accumulation of molecular and chromo-
somal alterations directly or indirectly responsible for the reduced apoptosis
susceptibility and the enhanced proliferative potential and differentiation arrest of CML
blast-crisis cells. This phenotype is normally accompanied by nonrandom clonal chromo-
somal defects, the duplication of the Ph chromosome being the most frequent defect
that increases the levels of both BCR-ABL mRNA and the protein associated with dis-
ease progression, trisomy 8, trisomy 19, and an isochromosome 17q replacing the nor-
mal 17 (31). The abnormalities in other proto-oncogenes or tumor suppressor genes
during the blast crisis include point mutations in the coding sequences of RAS (32), p53
(33), gene amplification of MYC that occurs as a result of increased transcription or tri-
somy 8 (34), or rearrangements of Rb (35) and p16 (36). The suppressor gene 16INK4a,
located on chromosome 9, is an inhibitor of cyclin D that phosphorylates Rb, thus pre-
venting cell cycle arrest in G1 (37). Sequential studies of CML patients demonstrate
homozygous deletions acquired in association with the progression to lymphoid blast
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crisis in approx 50% of cases (38). Moreover, epigenetic alterations, such as the methy-
lation of several promoters (including the proximal promoter of c-ABL oncogene),
appear to be specifically and consistently associated with the progression of CML
(39,40). Silencing of the c-ABL promoter by methylation will further decrease nuclear
c-ABL levels, thereby further decreasing apoptosis and, perhaps, enhancing genomic
instability, features that are all related to disease progression.

BCR-ABL utilizes a number of alternative pathways or multiple signaling pathways
to transform cells and protect them from cell death. Although the relative importance of
these pathways in the natural history of the disease remains to be elucidated, the identi-
fication and cloning of molecules that are part of the signaling cascade in leukemic cells
creates new possibilities for the development of more effective therapeutic compounds.
One of these molecules was recently identified because of its potentially important role
in cancer dissemination is SLUG (41). SLUG (SNAI2), a member of the snail family of
zinc-finger transcription factors, was first identified because of its critical role for the
normal development of neural crest-derived cells and development of the mesoderm in
chick embryos (42). Much of the knowledge regarding the function of this gene in
humans and mice was derived from analysis of loss-of-function mutations (43–46);
however, little was known about how the aberrant expression of SLUG contributed to
malignancy. The generation of a Slug-overexpressing mouse model (41) aided in the
understanding of SLUG’s relevance to human cancer development (41,46–48). Slug-
expressing mice developed mesenchymal cancers, mainly leukemias, facilitated cell
migration, and promoted survival of these migrating cells (49). In addition, BCR-ABL
oncogenes induced SLUG expression, showing that the leukemogeneic capacity of the
p190BCR-ABL oncogene is dependent on the presence of SLUG (46). All these results
were consistent with a model in which tumor cells harboring the BCR-ABL fusion pro-
tein constitutively express SLUG, promoting both aberrant survival of tumor cells and
migration of defective target cells (see Fig. 2). SLUG expression might, therefore, be
defined as a common pathway of cell invasion for other leukemias and sarcomas,
representing an important mechanism of tumor invasion as well as an attractive target
for therapeutic modulation of invasiveness in the treatment of human cancer (41).

1.2. Other Forms of BCR-ABL Preferentially Associated With Specific Human
Leukemia

As it was introduced previously, the presence of a Ph chromosome translocation
always parallels the presence of a BCR-ABL rearrangement whose variability at the
molecular level depends only on the type of rearrangement between both implicated
genes. All BCR-ABL fusions genes contain a 5� portion derived from BCR sequences
and a 3� portion that, with very few exceptions, includes the entire ABL gene sequence
with the exclusion of the first two alternative exons, 1a and 1b, which never form part
of the chimeric mRNA. Instead of the p210BCR-ABL fusion transcript resulting from the
alternative splicing between the M-BCR and the ABL exon 2a; there are two other
breakpoint cluster regions located in BCR that are characterized as minor-BCR
(m-BCR) and micro-BCR (�-BCR). The m-BCR is located upstream of M-BCR in the
long 54.4 kb intron between the two alternative exons e2� and e2. The translation prod-
uct of this fusion gene, which is transcribed into an e1a2 7.5 kb mRNA, is a 190-kDa
protein, designated p190BCR-ABL, and is associated with Ph-positive ALL in 70% of
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Fig. 2. Model of the role of Slug in BCR-ABL-dependent cancer. (A) In the hematopoietic
system, normal uncommitted progenitor cells differentiate to mature cells. During this transition,
the expression of Slug is downregulated (179,180). These normal uncommitted progenitor cells
are responsive to environmental cues, which regulate the number of mature cells produced and
limit the self-renewal of immature cells. When in physiological situations, these normal un-
committed progenitor cells migrate, Slug would promote survival to allow them to carry out their
function. If this is not achieved in a specific period of time, they would undergo apoptosis as they
have been deprived of required external signals (41). (B) In cancer development, the differenti-
ation capacity of the target cell is blocked, but inhibition of differentiation is not sufficient for
transformation because survival and proliferation of target cells would be restricted to a parti-
cular microenvironment. Thus, other genetic changes that allow cells to grow outside their nor-
mal environment in addition to mutations that block differentiation must exist. BCR-ABL fusion
oncogenes created as a result of chromosomal abnormalities associated with leukemias block
differentiation and have the capacity to activate target genes such as Slug, which promotes survival
(with independence of the required external signals) and migration of the defective target cells
into different environments (41).

cases (50). Both in vivo and in vitro studies suggest that P190 is characterized by a
higher transforming activity than P210, and this could explain why P190 is preferen-
tially associated with an acute leukemia phenotype. However, the relationship between
the BCR-ABL fusion protein and the leukemia phenotype is an intriguing question.
Although the P190 fusion protein is almost exclusively associated with an acute
leukemia phenotype, mainly lymphoid, there are also rare chronic-phase CML cases
which exclusively express P190 instead of P210 (18). These P190 CMLs frequently



appear to be associated with the chronic myelomonocytic leukemia like (CMML) pheno-
type (51). It appears that the presence of p190BCR-ABL in a committed early myeloid cell
could result in a myeloproliferative defect that includes the monocytic lineage,
whereas p210BCR-ABL in the same type of progenitor restricts the excessive proliferation
to the granulocytic pathway. Finally, a longer type of BCR-ABL transcript in which the
breakpoint takes place at the very 3� end of the BCR gene (m-BCR) and joins BCR
exon 19 with ABL exon 2 (e19a2) was originally described 15 yr ago (52); this tran-
script includes the same portion of the ABL sequence as the other more common types
but contains almost all of the BCR coding sequences, resulting in a fusion chimeric
protein of 230 kDa (p230BCR-ABL) being present in a subset of patients with Ph� chronic
neutrophilic leukemia (CNL). Thus, p230BCR-ABL contains additional sequences that are
not found in the p190 or p210 variants, specifically the calcium phospholipid binding
(CalB) domain and two-thirds of the domain associated with the GTPase activating
activity for p21rac (GAP). CNL is a rare disorder marked by a sustained mature neutro-
philic expansion typically more indolent as compared with classical CML; progression
to blast crisis is uncommon (53).

Based on the observation that the ABL part in the chimeric protein is almost invari-
ably constant whereas the BCR portion varies greatly, one may deduce that ABL is
likely to carry the transforming principle and the different sizes of the BCR sequence
may dictate the phenotype of the disease.

1.3. TEL (ETV6)-ABL and Rare Human Leukemias

Instead of the classical rearrangement between BCR and ABL genes, several patients
with clinical features of CML were found to have a different fusion of the TEL (ETV6)
gene with ABL expressing a chimeric TEL-ABL protein that contains the same portion
of the ABL tyrosine kinase fused to TEL rather than to BCR. However, this fusion in
human acute or chronic leukemia appears to be a rare event (54,55).

The TEL gene (also known as ETS-variant gene 6 [ETV6]), is located on chromosome
12q13 and was originally identified at the breakpoint of a (5;12) translocation in a
patient with CMML, where it was fused to the platelet-derived growth factor � (PDGF-
�R) receptor gene (56). TEL encodes a ubiquitously expressed 452 amino acid protein
with two regions of homology to the Ets family of transcription factors: the pointed
(PNT) homology domain and the DNA binding domain. Subsequently, TEL was recog-
nized to be rearranged in many different chromosomal translocations in human leukemia
such as t(12;21) in pre-B ALL in which TEL is fused to AML1 gene (57).

The TEL-ABL fusion oncogenes produce two different TEL-ABL proteins; patients
with B-lymphoblastic leukemia (B-ALL) and atypical CML; the first 4 exons of TEL
are fused to ABL exon 2; the other patients had TEL exons 1 through 5 fused to ABL
exon 2. The result is two fusion proteins with increased tyrosine kinase activity that are
localized to the cytoplasm and F-actin cytoskeleton (58,59), similar to BCR-ABL.

In TEL, the PNT domain mediates oligomerization (58) and is required for activation
of the TEL-PDGF-�R (60), TEL-JAK2 (61), and TEL-ABL (58) fusion tyrosine
kinases. The fact that BCR contains a coiled-coil oligomerization domain also requires
for activation of BCR-ABL kinase activity and transformation (62) has led to the sug-
gestion that oligomerization mediated for these partners of ABL may be the critical
event in the pathogenesis of these leukemias.
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1.4. BCR-ABL in Healthy Individuals

With rare and questionable exceptions, all patients with bona fide CML have a BCR-
ABL rearrangement in their malignant cell clone. In the same way, the finding of a BCR-
ABL fusion gene in hematopoietic cells is a sign of impending or overt CML (or Ph�

ALL, and AML). Nevertheless, there is some indirect evidence that the formation of the
BCR-ABL hybrid gene may be detected at low frequency in the blood of many healthy
individuals (63,64). These data have important biological implications because they
suggest that in order to successfully produce a leukemic phenotype it is necessary that
the fusion gene structure allow for the production of a functional protein with direct or
indirect oncogenic properties and that the chromosomal translocation occur in a rela-
tively early precursor cell with self renewal capacity. In other words, only the combi-
nation of a correct fusion gene in the correct primitive hematopoietic progenitor has the
potential selective advantage and can successfully become an expanding clone (64–66).

It is therefore likely that the BCR-ABL genes detected in the circulating leukocytes
from healthy individuals (67) do not reflect incipient leukemia, because they were gen-
erated by relatively mature, harmless progenitors from which the derived clones are
eventually lost through normal cell differentiation and death.

2. The In Vitro BCR-ABL Induced Transformation is Influenced by the Cellular
Context

Despite the large body of data accumulated in recent years, the molecular pathways
by which BCR-ABL proteins induce transformation remain, in part, obscure. To eluci-
date the molecular pathogenesis of CML and to identify targets for therapeutic interven-
tion for CML, the roles and relative importance of the domains of BCR-ABL, of the
BCR-ABL–activated signaling pathways and of the micro-environment of BCR-ABL–
targeted cells in neoplastic transformation by BCR-ABL must be examined in biological
model systems.

A variety of model systems for BCR-ABL transformation with different advantages
and disadvantages have been developed and used.

Fibroblast lines have been used extensively in CML research because of their easy
manipulation. Fibroblast transformation, anchor-independent growth in soft agar, is the
standard in vitro test for tumorigenicity (68). Conversely, it became clear that the intro-
duction of BCR-ABL into fibroblasts has diverse effects depending of the type of fibro-
blast used. p210BCR-ABL, for example, is able to transform Rat-1 fibroblasts (69) but not
NIH3T3 (70). Indeed, NIH3T3 fibroblasts are not transformed by either of the two BCR-
ABL oncogenes or by v-ABL itself (69). However, it has been shown that p210BCR-ABL and
v-ABL convert the factor-dependent Ba/F3 cell line into factor-independent and make it
tumorogenic (71), preventing apoptotic death by inducing a BCL-2 expression pathway
(72). These different results were obtained from studies in fibroblasts and must con-
sequently be interpreted carefully.

Hematopoietic cell lines as in vitro CML models, including cell lines with myeloid dif-
ferentiation such as the well-known K562, allow for fairly good study of the blast-crisis
phase but are insufficient as models of chronic-phase CML. Although all these lines are
derived from blast crisis, they contain genetic lesions in addition to BCR-ABL and their
immortalization is not successful because of their limited life span (73), in contrast with
their Ph− counterparts.
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Transformation of factor-dependent cells lines to growth factor independence is an
important feature of BCR-ABL and other oncoproteins that contain an activity tyrosine
kinase (58,74). Murine cell lines such as Ba/F3 and 32D and human cell lines such as
MO7 have been used to study the effects of BCR-ABL. A particular advantage of murine
lines is the fact that they are derived from nonmalignant hematopoietic cells; this, unfor-
tunately, does not rule out the development of additional mutations (75) that confer a
selective growth advantage.

The advance of using cell lines is the relative easy of obtaining a large number of
clonally derived cells for biochemical analysis, genetic manipulation, and biological
examination. It is particularly important to use the same cellular context for studies that
compare cellular and molecular events affected by various ABL oncogenes or their
mutants where the oncogenes may have different oncogenic potentials in different blood
lineages in vivo. Moreover, because the tyrosine kinase activity of BCR-ABL, as well
as other oncoproteins with an intrinsic tyrosine kinase activity, is essential for it’s onco-
genic potential, the factor-dependent hematopoietic cell lines are very useful for search-
ing and testing specific pharmacological inhibitors which should restore the
factor-dependence of these cell lines (76–78). However, development of leukemia is a
complex process that involves both the effects of BCR–ABL within its target cells and
the interactions of BCR–ABL target cells with the rest of the in vivo environment. Cell
lines are limited in representing the physiologically relevant target cells of BCR–ABL
in vivo.

To overcome the limitations of established cell lines, primary cells isolated from mice
or humans have also been used to study BCR–ABL transformation. It has been shown that
BCR–ABL is able to stimulate cytokine-independent growth of primary bone marrow
cells and to stimulate growth of hematopoietic cells differentiated from embryonic stem
(ES) cells; adapting an ES cell differentiation system on a macrophage colony stimulat-
ing factor (M-CSF)�/� stromal cell line (OP9) preferentially supports differentiation of
myeloid and erythroid cells without overproduction of macrophages, favoring hemato-
poietic development (79) and inducing their differentiation into hemangioblasts capable
of forming hematopoietic and endothelial cells.

In these studies, the oncogene expression increased the percentage and absolute num-
ber of immature progenitor elements and the normal balance of erythroid to myeloid
colonies was reversed to a dominance of myeloid over erythroid (80), reproducing one
cardinal feature of the clinical disease. In vitro ES-differentiated progenitors can con-
tribute to long-term, multilineage hematopoiesis in vivo (81). and BCR-ABL-expressing
ES-derived hematopoietic progenitor clones generate an acute leukemia in vivo (82),
suggesting that ES-derived hematopoietic progenitors may be a potential cell popula-
tion that can be used to study BCR-ABL effects in vivo.

Taking all these assays together, there is no doubt that the study of cell lines con-
tributed significantly to the understanding of CML. Although these systems can over-
come some disadvantages of established cell lines, they are still limited in representing
in vivo biology of the disease.

3. Animal Models
The deficiencies of the in vitro assays and the lack of a functional assay using human

cells have driven the search for a murine CML model that accurately recapitulates this
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disease. Because CML is a stem cell disease, it is critical to model the disease by target-
ing the BCR-ABL oncogene into multipotential hematopoietic stem and progenitor cells
and express it in these cells and their progenies, similar to the way BCR-ABL is gener-
ated and expressed in CML patients. Instead of engrafting human CML cells in immuno-
deficient mice, there are three methods that are generally used for targeting oncogenes
into mice transgenic, knock-in, and retroviral transduction. All of these approaches, as
well as some others, have been used for investigating BCR-ABL leukemogenesis.

3.1. Syngeneic Mice

Murine factor-dependent cell lines, such as 32D or BaF3, transduced with the
translocation BCR-ABL oncogene give rise to an aggressive leukemia when transplanted
into mice with the same genetic background; these are known as syngeneic mice.
Infection with a p210BCR-ABL-expressing retrovirus leads to the outgrowth of clonal cell
lines with the phenotypic properties of immature lymphoid cells. Inoculation of these
cells into syngeneic mice allows tumor progress to be followed from localized masses
at the site of intraperitoneal injection to the spleen and other lymphoid organs (83).
After 2 wk, tumors are widely disseminated and simulate a form of acute leukemia more
than chronic phase CML. Although it is not a good model for the study of initial chronic
phase CML, it constitutes an excellent in vivo model to test the efficacy of new drugs
in vivo.

3.2. Engraftment of Immunodeficient Mice With Human BCR-ABL Positive Cells

Cell lines derived from human blast crisis are propagated relatively easily in severe
combined immunodeficiency (SCID) mice (84). In addition to the SCID defect in V(D)J
recombination, these animals lack functional natural killer (NK) cells. Chronic-phase
CML cells and, even more so, cells from accelerated phase or blast crisis readily engraft
in these mice, showing a significant correlation between engraftment and disease state.

Early attempts by many groups to establish an in vivo transplantation model of
chronic phase CML by using SCID mice as recipients of human cells were not success-
ful (85,86). Even blast crisis CML cells, when injected intraperitoneally into SCID
mice, under the renal capsule, or into subcutaneously implanted human fetal bone frag-
ments, were found to disseminate poorly to the bone marrow of the mice (86,87).
Whereas the two growth-factor independent cell lines K562 and U937 grew aggres-
sively and induced leukemia in these animals, three other myeloid cell lines, which
require interleukin 3 or granulocyte-macrophage colony-stimulating factor (GM-CSF)
for continuous growth in vitro, failed to induce disease.

The discovery that nonobese diabetic NOD/SCID mice have additional defects in NK
cell activity as well as defective macrophage and complement function (88) has allowed
superior engraftment of normal (89,90) and leukemic (91) human hematopoietic cells,
proving that they are better recipients for CML cells. Through comparison with the SCID
model, engraftment of NOD/SCID mice with multiple types of normal and leukemic
human cells was higher and could be achieved with lower numbers of CD34� cell
enriched populations. These experiments provide a foundation for both the future char-
acterization of the phenotype and properties of normal and Ph� cells that have long-
term in vivo repopulating activity as well as for the development of strategies to
selectively manipulate these populations in vivo.
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3.3. Transduction of Murine Bone Marrow Cells With BCR-ABL Retroviruses

In 1990, several groups reported that a CML-like myeloproliferative syndrome
could be induced when p210BCR-ABL-infected marrow was transplanted into syngeneic
recipients (92–94). However, in these first bone marrow transplantation experiments,
mice that received bone marrow cells transduced with p210BCR-ABL also developed
other hematopoietic neoplasms such as B-ALL and macrophage tumors. More impor-
tantly, the low efficiency of inducing a myeloproliferative disorder (MPD) combined
with poor reproducibility made them useful in studying the biology of BCR-ABL in
CML. The improvement of BCR-ABL retroviral stocks, with refined culture condi-
tions and more efficient expression of BCR-ABL in desired targets cells, has allowed
for more accurate reproduction of human CML in mice (95,96). Common features of
the disease include increased numbers of peripheral blood cells (PBCs) (with a pre-
dominance of granulocytes), splenomegaly, and extramedullary hematopoiesis in liver
and pulmonary haemorrhages resulting from extensive granulocyte infiltration in the
lung. Additionally, the disease is mostly polyclonal and can be transplanted into sec-
ondary recipient mice. The ability of BCR-ABL to induce a much more efficient and
reproducible CML-like MPD in mice in this model likely resulted from proficient
expression of the transgene in the correct cell type, the hematopoietic stem cell and
progenitor cell (97,98). Nevertheless, pulmonary hemorrhage, a complication not
found in human CML, was a frequent cause of death in these studies, indicating that
these novel models may have their own distinct problems even though they have
allowed for the identification of targets both within and downstream of BCR-ABL.

3.4. Transgenic Mouse Models

Until quite recently, the design of transgenic mouse models of human CML had been
unsuccessful, probably because of the lack of an appropriate promoter for the direct
expression of the translocated BCR-ABL gene. In human disease, p210BCR-ABL is
expressed under the control of the BCR promoter. However, BCR promoter directed
expression of p210BCR-ABL results in embryonic lethality in mice (99); thus, in order to
create a mouse model for p210BCR-ABL� leukemias, it was necessary to employ differ-
ent promoters. Many groups have made use of alternative promoters such as metallo-
thionein, TEC (hematopoietic specific) (100), immunoglobulin heavy chain enhancer (E�),
a tetracycline-repressible promoter (101), or the part of the long-terminal repeat (LTR)
of the myeloproliferative sarcoma virus (MPSV), in order to generate transgenic mice
(Table 1). Although these models developed hematological malignancies, all of them
were exclusively diagnosed as ALL rather than granulocyte hyperplasia; much less fre-
quently, a myeloid phenotype after a latency of 8 to 44 wk (100) was diagnosed.

Additional mouse models of BCR-ABL leukemogenesis have been generated based
on homologous recombination. This approach has been used to fuse p190BCR-ABL cod-
ing sequences into the endogenous BCR gene (102). After 4 mo, 95% of chimeric mice
expressing one p190BCR-ABL allele developed pre-B-ALL. This approach of producing
transgenic BCR-ABL mice was able to replicate acute leukemia but no information is
available on the use of this knock-in strategy to target p210BCR-ABL at the BCR locus.

The most recent development in the hallmark of CML knock-in model mice consists
of an inducible genetic model based on the specific expression, in hematopoietic stem
cells, of BCR-ABL regulated by a mouse stem cell leukemia (SCL) enhancer (103).
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These animals are able to develop a chronic-phase CML-like disease, making it easier
to study the leukemogenic mechanism during disease initiation and progression.

3.5. Knock-Out Animal Models With CML Phenotypes

Consistent with the importance of RAS signaling in promoting growth of myeloid
cells, JUNB, an antagonist of the RAS downstream target JUN and negative regulator
of the cell proliferation and survival, was shown to act as a tumor suppressor in myeloid
cells (104). Junb-null mice have severe vascular defects in the placenta, leading to early
embryonic lethality. However, inactivation of JUNB, specifically in the long-term self-
renewing hematopoietic stem cells (105), led to the development of a CML-like disease
in mice, supporting the idea that CML originates from hematopoietic stem cells and that
inactivation of JUNB could be important for CML development.

Gene-knockout studies, as it has been shown, have revealed key negative regulators
of myelopoiesis, (e.g., JUNB). Moreover, mice with disruption of the gene encoding
interferon consensus sequence binding protein (ICSBP or interferon regulatory factor 8)
develop a chronic phase-CML like disease (106). Expression of this ICSBP protein is
significantly decreased in mice with BCR-ABL-induced CML disease (107). These data
indicate that ICSBP is a tumor suppressor and its downregulation is important for the
pathogenesis of CML.

Many questions remain unanswered. One of these that is yet unresolved is the
requirement of BCR-ABL expression for the development and maintenance of a BCR-
ABL-induced leukemia. It is widely accepted that translocation of BCR-ABL is the pri-
mary oncogenic event shown to be essential for the development of Ph� leukemias, but
its maintenance function in the diesase remains unsolved. In vitro experiments in BCR-
ABL tetracycline-regulatable ES cell differentiation system have revealed that continual
expression of BCR-ABL is required for the expansion of progenitors and myeloid cells
(108); nevertheless, in vivo mouse models are not fully determinant in this final conclu-
sion. Although a transgenic BCR-ABL tetracycline-regulatable B-ALL mouse model in
which administration of tetracycline induces complete remission of the phenotype does
exist (109), not all of the studied animal lines have confirm this pattern; some suc-
cumbed to a rapidly progressing B-cell leukemia that was independent of BCR-ABL
expression after 2 to 4 wk of remission.

Altogether, it is clear that the available mouse models of BCR-ABL induced diseases
do not closely mimic CML in humans and that a better understanding of the mechanism
of disease progression will require generation of other transgenic lines in which BCR-
ABL expression is under the control of promoters active only in primitive hematopoietic
progenitors. The establishment of disease models of BCR-ABL-induced leukemia with
a long myeloproliferative phase would be necessary for assessing the mechanisms of
disease progression.

4. The Cellular Origin of the Human Disease
A complete understanding of the cancer process requires more detailed knowledge of

the origins of neoplastic growth. Identifying the initial target cell origin of cancer and
the respective contributions of different genetic events to cell-fate determination and
disruption of local homeostasis would be crucial for the development of novel nontoxic
therapies that influence tumor-cell behavior.
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Two main hypotheses have been put forward to explain the origin of cancer. One
view is that all tumors come from multipotent stem cells, as these have the long lifespan
required for the accumulation of many genetic alterations that are found in most tumors.
In this scenario, tumor-cell fate and behavior are determined by specific combinations
of genetic or gene-expression changes that have occurred during tumor development
(110). An alternative view is that there are a variety of target cells that range from stem
cells to committed cells that have begun the process of cell determination and differen-
tiation, the nature of the target cell being the important influence on malignant poten-
tial (111) (see Fig. 3). The parallelism described in past years between the mechanistic
similarities of normal stem cells and cancer cells has led to the notion of “cancer stem
cells” (110,112,113) as the original cells in which cancer begins.

Leukemia provides the best evidence that normal stem cells are the targets of trans-
forming mutations (66,114). The cells capable of initiating human acute myeloid
leukemia (AML) in NOD/SCID mice have a CD34�CD38� phenotype (a population
enriched for hematopoietic stem cells [HSCs]), phenotype similar to normal HSCs
(115,116). Conversely, CD34�CD38� leukemia cells can not transfer disease to mice in
the vast majority of cases (see Fig. 4). In CML, leukemia-associated chromosomal
rearrangements have been also found in CD34�CD38� cells (117–119). All these
suggest that HSCs, rather than committed progenitors, are the target for leukemic
transformation.

Aside from the studies that point to a stem cell origin, other authors have suggested
that the Ph� rearrangement might happen in stem cells more primitive than CD34�CD38�

cells (i.e., it may occur at the level of putative hemangioblasts [120]). The identification
of the BCR-ABL fusion gene in various proportions of endothelial cells generated from
CML patients’ bone marrow cells in vitro has led to theorization that CML might origi-
nate from bone marrow derived hemangioblastic precursor cells. Indeed, recent studies
have provided direct evidence that cells capable of initiating human CML have a differ-
entiation potential similar to hemangioblasts (121), which suggests that hemangioblasts,
rather than HSCs, are the target for leukemic transformation in CML.

These advances, which have recently extended to the study of breast cancer (122) and
glioblastoma (123), indicate that many types of cancer cells can be organized into hier-
archies, ranging from malignant cancer stem cells, which have extensive proliferative
potential, to differentiated cancer cells, which have limited proliferative potential. In
conclusion, all results indicate that cancer can be considered a disease of unregulated
self-renewal in which genome alterations convert normal stem cell self-renewal path-
way into engines for neoplastic proliferation (124).

5. CML Treatment Points to BCR-ABL Targeted Therapy
CML is a clonal proliferative malignancy originating from a pluripotent HSC. Until

recently, the therapeutic armamentarium for CML was limited to allogeneic stem cell
transplantation (SCT), conventional chemotherapy with agents such as busulfan (BUS)
and hydroxyurea (HU), and treatment with interferon (IFN)-� based regimens (125).
All of these options have major drawbacks with respect to efficacy and tolerability.
Currently, allogeneic SCT is the only treatment with known curative potential in CML.
However, most patients are not eligible for this therapy because of advanced age or lack
of a suitable stem-cell donor (126), there is a significant risk of treatment-related morbidity
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and mortality. IFN-� treatment leads to both hematological and cytogenetic response in
many chronic phase CML patients (127) and its effectiveness at treating a significant
portion of CML patients suggests that IFN-� therapy may have some selectivity toward
destroying Ph� leukemic cells or inhibiting the oncogenic activity of BCR-ABL. On the
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Fig. 3. Proposed model for the role of BCR-ABLp190, in particular, and chromosomal abnor-
malities, in general, in cell lineage specification. (A) Adopting a lineage among two or more
options is a fundamental developmental decision in multicellular organisms. In the context of the
hematopoietic system, a small pool of multipotent stem cells maintains the multiple cell lineages
that constitute blood. Ph-ALL has been thought to affect progenitor cells committed to B-cell
lymphoid differentiation. (B) The demonstration that normal uncommitted progenitor cells are
the target for leukemic transformation in Ph-ALL, indicate that genes created by chromosomal
abnormalities into the target stem cell are candidate instigators of lineage choice decisions.
Consistent with this, forced expression of these genes can, in certain cellular environments,
select or impose a lineage outcome (66,114).



other hand, up to 20% of CML patients do not tolerate IFN-� therapy because of toxicity
problems (128).

Until recently, the use of nonselective cytotoxic drugs that affect normal and malig-
nant cells has been the habitual treatment for many cancers, including Ph� leukemias.
Because most available chemotherapeutic agents show some degree of S-phase specifi-
city, cells that are not actively dividing, as stem and progenitor cells, have shown resist-
ant to such drugs. This raises the possibility that the quiescent leukemic cells identified
in CML patients are likely to survive standard chemotherapy regimens. For this and
other reasons, novel approaches in the Ph� leukemias treatment are being targeted to the
BCR-ABL tyrosine kinase. BCR-ABL fusion oncoprotein is present in almost all
patients with CML and is expressed at high levels only in the leukemic cells. In addi-
tion, because the mitogenic and antiapoptotic effects are dependent on the tyrosine
kinase activity of BCR-ABL, inhibition of its activity triggers growth arrest and apop-
tosis of the leukemic cells.

Efforts to inhibit the function of BCR-ABL have been performed since the early
1990s. Because BCR-ABL is a tyrosine kinase protein, development of molecular tar-
geted therapy has been directed toward inhibiting this tyrosine kinase activity. More than
100 oncogenes have been defined that contribute to carcinogenesis (129,130); tyrosine
kinases represent a large fraction of these known dominant oncogenic proteins (130).
However, the high degree of commonality among kinase ATP-binding regions (131) sug-
gests that it would be difficult to develop compounds that specifically inhibited a single
or limited set of tyrosine kinases without having cross-reactivity toward others.

The identification of naturally occurring compounds with specific inhibitory activity
toward tyrosine kinases such as Herbimycin A (132), Genistein (133), or Erbstatin (134),
and the capacity of these to inhibit BCR-ABL cellular transformation (135,136), suggest
that inhibition of deregulated ABL tyrosine kinase activity may be a viable therapeutic
approach toward ABL-induced leukemias. However, the effect of decreased tyrosine
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Fig. 4. Nature of the leukemic target cell. Leukemia provides the best evidence that normal
stem cells are the targets of transforming mutations. Several assays in AML (115,116) and
CML (117–119) have shown that cells capable of initiating leukemia in NOD/SCID mice have
a CD34�CD38� phenotype, similar to normal HSC. Nevertheless, CD34�CD38� cells are 
not able to transfer disease to mice, suggesting that HSCs are the target for leukemic trans-
formation.



kinase activity was due more to activation of the proteasome 20S than to a specific inhi-
bition of the kinase domain itself. More selective inhibition was obtained by drugs
named tyrphostins, from tyrosine phosphorylation inhibitors (137,138), which are more
specific for individual tyrosine kinases but with a limited specificity and potency at the
cellular level.

Novel treatments strategies for BCR-ABL� leukemias can be divided, currently, in
two groups—treatments centered in downregulation of intracellular BCR-ABL protein
levels and those focused in the inhibition of BCR-ABL tyrosine kinase activity. The intro-
duction, as part of this last group, of imatinib mesylate (Gleevec, Glivec formerly STI571;
Novartis Pharma AG; Basel, Switzerland), a potent and specific inhibitor of the BCR-
ABL tyrosine kinase (139), has caused a rapid change in the management of patients with
CML and, although it is presently indicated as first-line therapy for CML in all phases,
interest in identifying new BCR-ABL inhibitors is increasing. In 2000, the novel pyrido
(2,3-d) pyrimidine derivative, PD180970, originally identified as a Scr tyrosine kinase
inhibitor (140), was also shown to potently inhibit BCR-ABL tyrosine kinase activity and
induce apoptosis of Ph� leukemic cells (141). Treatment with PD180970 inhibits the
phosphorylation of Gab2 and Crkl, affecting neither the viability nor growth of BCR-ABL
negative human leukemic cells (141). These results highlight PD180970 as a promising
therapeutic agent against BCR-ABL Ph� leukemia. Finally, and consistent with in vitro
and pharmacokinetic profile, a novel selective inhibitor of BCR-ABL, AMN107, has been
described that is significantly more potent than imatinib and active against a number of
imatinib resistant BCR-ABL mutants (142). Crystallographic analysis of ABL-AMN107
complexes has provided a structural explanation for the differential activity of this mole-
cule and imatinib against imatinib-resistance BCR-ABL, standing out as a promising new
inhibitor for the therapy of CML and Ph� ALL.

6. Clinical Trials With Gleevec
Searching molecules with tyrosine kinase inhibitory activity led to the identification

of imatinib mesylate (STI571, Gleevec). Initially, Gleevec was developed as a specific
inhibitor of the platelet derived growth factor receptor tyrosine kinase (PDGF-R)
(143,144) and a suppressed tumor growth of PDGF-R activated cell lines in vivo.
Surprisingly, this compound not only inhibited PDGF-R tyrosine kinase activity but
quantitatively inhibited not only all ABL tyrosine kinases (including the 210-kD BCR-
ABL and the 190-kD BCR-ABL [144]), but also the c-kit tyrosine kinase (the receptor
for stem cell factor) (143,145), and ARG (146).

The selective inhibition of BCR-ABL by imatinib was shown to be mediated via
interaction between the inhibitor and the aminoacids constituting the ATP binding cleft
of the tyrosine kinase. Imatinib competitively binds to the ATP binding site (147),
inhibiting the tyrosine phosphorylation of its substrates and the growth of the affected
leukemic cells. Imatinib acts by downregulating antiapoptotic XIAP, cIAP1, and 
Bcl-xL, without affecting Bcl-2, Bax, Apaf-1, Fas (CD95), Fas ligand, and BCR-ABL
levels (148). Imatinib also inhibits STAT5, Akt kinase, and NF-	B activities in the
BCR-ABL positive cells (149).

The high selectivity of imatinib mesylate at suppressing BCR-ABL-induced cell
expansion in vitro and in vivo along with imatinib mesylate’s pharmacological proper-
ties (150) have led to the testing of this in CML patients refractory to INF-� therapy.
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6.1. Gleevec Treatment in CML Patients

In 1998, a phase I study of imatinib mesylate treatment on chronic phase CML patients
refractory or resistant to interferon-based therapy began. When these patients became non-
responsive to IFN-� therapy, no treatment options proven to be effective against CML were
available. Druker, Talpaz, Sawyers, and colleagues reported that 53 of 54 patients had com-
plete hematologic responses after 4 wk of imatinib mesylate treatment (151), most of them
maintaining normal blood counts and complete hematological responses for over 1 yr (151).

The success of imatinib mesylate treatment on chronic phase CML patients in phase
I studies led to large-scale phase II and III studies, reinforcing the positive results from
phase I. Even more impressive, in a randomized phase III study of 553 patients not pre-
viously treated with IFN-�, only 1.5% of imatinib mesylate–treated patients had disease
progression (152).

6.2. Gleevec Treatment in Acute Leukemia and Blast Crisis

The high rate of remission in imatinib mesylate-treated chronic phase CML patients
treated led to expansion of the study to determine the effect of imatinib mesylate therapy
on blast crisis CML patients and Ph+ B-ALL patients. However, only 18% of patients
had responses and the remaining 20 imatinib mesylate treated patients with lymphoid
blast crisis CML or Ph+ B-ALL had a similar lower level of disease suppression compared
with imatinib mesylate treated chronic phase CML patients (153). During the aggressive
phase of CML blast crisis, numerous secondary genetic aberrations, including duplication
of the Ph chromosome, were common (154). These findings suggested that failure of
imatinib mesylate treatment in blast phase CML patients could result from either the
presence of added oncogenic events beyond the Ph chromosome or a heightened level
of BCR-ABL tyrosine kinase activity ineffectively suppressed by the dose of imatinib
mesylate. If duplication of the Ph chromosome was the reason for this low response,
then higher doses of imatinib mesylate could be effective to suppress the ABL tyrosine
kinase activity. Treatment showed that imatinib mesylate at a higher dose of 800 mg/d
is toxic, limiting the therapeutic applicability of imatinib mesylate in treating CML
patients expressing higher amounts of BCR-ABL.

6.3. Mechanisms of Resistance to Gleevec

The presence of BCR-ABL mutants resistant to or with reduced sensitivity to Imatinib
mesylate inhibition appears to be the most frequent mechanism by which CML patients
relapse from Imatinib mesylate therapy (155–157). More than 80% of blast phase CML
cases have definable additional genetic aberrations including trisomy 8, i(17q) (31), loss
of p53 function (33), MYC amplification (34), RB deletion/rearrangement (35), and
p16INK4A rearrangement/ deletion (36). These findings suggested that the high rate of
relapse in blast crisis CML patients treated with imatinib mesylate could result from the
acquisition of additional oncogenic events that render Ph� leukemic cell growth in-
dependent of BCR-ABL tyrosine kinase activity. Surprisingly, the large majority of
accelerated and blast crisis Ph� leukemic cells from imatinib mesylate–resistant CML
patients maintained high levels of BCR-ABL tyrosine kinase activity.

To determine how imatinib mesylate achieves its high specificity at inhibiting
BCR-ABL transformation, the crystal structure of the kinase domain of ABL complexed
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with imatinib mesylate was resolved. A critical component in determining the inactive
vs active conformation of tyrosine kinases is the orientation and phosphorylation
status of residues in the activation loop of the kinase. The initial search for BCR-ABL
mutants resistant to imatinib mesylate focused on the identification of mutants in the
ABL kinase domain predicted to obstruct direct imatinib mesylate binding. The ABL
kinase T334I mutant was described as the most frequent BCR-ABL mutant in CML
blast crisis patients resistant to imatinib mesylate therapy (155). Numerous additional
BCR-ABL mutants resistant to imatinib mesylate have subsequently been identified in
CML patients (156,157). Using a random mutagenesis approach, a range of BCR-ABL
mutants outside of the ABL kinase domain, in the cap, SH3, and SH2 domains of ABL
were identified as resistant to imatinib mesylate inhibition (158). These domains play
pivotal roles in the transition from an inactive to active conformation of ABL. Because
imatinib mesylate binds to the inactive conformation of ABL, mutations in these ABL
domains could be predicted to abrogate imatinib mesylate binding.

The BCR portion of BCR-ABL has not been sequenced in BCR-ABL clones resis-
tant to imatinib mesylate treatment and different regions of BCR are critical for BCR-
ABL activation. So mutations in BCR that up-regulate BCR-ABL tyrosine kinase
activity may also be relatively resistant to imatinib mesylate. Some imatinib mesylate
resistant patient samples with an activated BCR-ABL tyrosine kinase domain contain
no mutations in the ABL kinase domain (159). Sequencing BCR-ABL in its entirety in
these samples may identify novel mutations in unexpected regions of BCR-ABL that
render the protein insensitive to imatinib mesylate treatment.

BCR-ABL expression has been shown to down-regulate proteins involved in
DNA repair. Mutation in the xeroderma pigmentosum group B protein results in a
human DNA repair disorder, and BCR-ABL expression inactivates this enzyme by
binding to and phosphorylating the enzyme (160). BRCA1 deficiency in mice leads
to heightened sensitivity to DNA double-strand breaks (161), and this protein is
down-regulated upon BCR-ABL induction in multiple cell types (162–164).
Determining which DNA repair mechanism is largely responsible for the mutator
phenotype present in BCR-ABL expressing cells may identify therapeutic
approaches that could suppress the generation of imatinib mesylate–resistant BCR-
ABL mutants in CML patients.

6.4. Ph+ Cell Populations that are not Elimated by Gleevec

The origin of CML begins in a HSC, a target population that is largely quiescent
(165). In vitro and in vivo studies in the last years have shown that these quiescent Ph�

HSCs, origin of CML, are insensitive to imatinib mesylate treatment (166,167), not
been this cells eliminated in CML patients.

Imatinib mesylate inhibits malignant primitive progenitor growth primarily through
inhibition of their abnormally increased proliferation rather than selective induction of
apoptosis (168). This suggests that BCR/ABL kinase activity may be required for abnor-
mal proliferation and expansion of Ph� cells in CML but may not be essential for preser-
vation of primitive malignant cells. BCR-ABL kinase inhibition by imatinib mesylate
may therefore remove the proliferative advantage of Ph� progenitors and their progeny
cells allowing regrowth of coexisting Ph� cells without eliminate all Ph� primitive
progenitors.
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In conclusion, although imatinib mesylate therapy is able to suppress the oncogenic
activity of wild-type BCR-ABL expression, the treatment is unable to destroy all Ph�

cell populations. As in Ph� HSCs, the inability of imatinib mesylate to eliminate Ph�

progenitors suggests that CML patients will require long-term imatinib mesylate
monotherapy, which may lead to the generation and selection of BCR-ABL escape
mutants resistant to the inhibitor.

7. New Therapeutic Options
Although imatinib mesylate produces high rates of complete clinical and cytogenetic

responses in the chronic phase, resistance is universal and clinical relapse develops rap-
idly in the advanced phases of the disease. Because of alternative mechanisms driving
the growth and survival of the malignant clones could be responsible for imatinib resist-
ance, novel tyrosine kinase inhibitors that target BCR-ABL as well as agents that down-
regulate BCR-ABL levels, regardless of wild-type or mutant status, may need to be
developed for the future therapy of CML.

In recent years, different therapeutic options have been developed in order to offer
other possibilities to imatinib resistance BCR-ABL leukemias.

7.1. Alternative Small Molecules Inhibitors

Small molecules inhibitors belonging to the class of pyrido(2,3-d)pyrimidine com-
pounds (PD 166326, PD 173995 and PD 180970) have been shown to selectively sup-
press the tyrosine kinase activity of small group of proteins including BCR-ABL
(169–171). These compounds required about 10-fold less drug compared with imatinib
to inhibit BCR-ABL tyrosine kinase at similar levels suggesting to be useful at treating
Ph� patients resistant to the highest doses of imatinib because of high levels of BCR-
ABL expression.

7.2. Inhibiting BCR-ABL mRNA Production

Inhibiton of BCR-ABL production at the mRNA level via antisense oligonucleotide,
small interfering RNA, peptide nucleic acid, or ribozyme expression of BCR-ABL junc-
tion sequences effectively suppresses BCR-ABL in vitro transformation (77,172–178).
However, these strategies are limited by the lack of proven technologies to introduce
sufficient amount of such agents into a patient and thereby suppress the leukemia.

7.3. Suppressing BCR-ABL Protein Levels

Heat shock proteins (HSP) help proteins avoid misfolded, inactive, or aggregated states
(179). Inactivation of Hsp90 using benzoquinone ansamycins such as geldanamycin or
17-AAG results in a rapid degradation of the client proteins of Hsp90, BCR-ABL for
example. Consistently with this, geldanamycin selectively increases apoptosis of BCR-
ABL expressing cells (180,181) without severely affecting normal protein translation.

Arsenic trioxide, in the same way, is able to decreased BCR-ABL protein levels but,
in this case, inhibiting BCR-ABL translation (182).

7.4. Obstruction of Signaling Components Critical for BCR-ABL Oncogenesis

Imatinib has been shown to elicit MAPK activation in imatinib-resistant, Ph�

leukemic cells. Interruption of this pathway in conjunction with imatinib is associated

22 Pérez-Caro and Sánchez-García



with a highly synergistic induction of mitochondrial damage and apoptosis (183). Farnesil
transferase inhibitors (SCH66336), which are known to block Ras mediated signaling,
have been shown to inhibit cell growth of BCR-ABL positive leukemic cells and, in combi-
nation with imatinib, inhibit synergistically colony growth of primary CML, causing
apoptosis of imatinib resistant Ph�-expressing cells.

In summary, accumulating experience with treatment of advanced stages of CML
with imatinib has indicated that resistance to this agent is common. Novel BCR-ABL
targeted agents that inhibit its tyrosine kinase activity or reduce its intracellular levels
hold great promise in preventing and treating imatinib-resistance disease.

8. Conclusions
The origin of the translocation BCR-ABL begins in a stem cell. The BCR-ABL

story has demonstrated that identifying and selectively targeting the primary onco-
genic event essential for the development of Ph� leukemias is sufficient to suppress
the cancer. BCR-ABL expression has been shown to regulate a plethora of signaling
molecules, and it is unclear whether inhibition of any single signal transduction path-
way would be sufficient to block leukemogenesis. The discovering of imatinib as a
potent inhibitor of the tyrosine kinase activity BCR-ABL and its powerlessness in
the inhibition of the Ph� HSC, has led, out of necessity, to the identification of other
important factors in the pathogenesis of CML and to design alternative treatments
strategies. Therapeutic approaches aimed at suppressing the leukemic activity of a
Ph� cell by imatinib mesylate-like mechanisms are unlikely to destroy all cancerous
cells in a patient and would most likely require life-long treatment. Eliminating the
cellular origin of leukemia is the only curative approach for the disease; in CML, this
would require destroying the Ph� HSC that is largely quiescent. The well-understood
pathogenesis of Ph� leukemias is turning out to be fertile ground for the testing of
novel therapies. Defining the effectiveness of these treatment approaches against
imatinib mesylate resistant patients may help guide the next wave of cancer
therapeutics.
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