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Abstract The t(9;22) translocation associated with
chronic myelogenous leukemia (CML) fuses the c-ABL
gene on chromosome 9 with the BCR gene on chro-
mosome 22, resulting in the production of one or more
of a family of chimeric oncoproteins, p190, p210, or
p230 BCR/ABL. These proteins have activated ABL
kinase activity and are located in the cytoplasm of CML
cells, predominantly in the cytoskeleton. Recent studies
have led to the identification of numerous potential
substrates for BCR/ABL, including many proteins that
normally function in signal transduction pathways
downstream from hematopoietic growth factor recep-
tors. BCR/ABL is autophosphorylated on tyrosine res-
idues and attracts a variety of adapter proteins and other
signaling proteins, setting up large signaling complexes
that ultimately result in growth, viability, and adhesion
signals. Using new in vitro and animal model systems, it
is now becoming possible to link specific signaling
pathways to biological abnormalities in CML cells.
Furthermore, the relative importance of some BCR/
ABL-activated pathways is becoming clear. In vivo
studies in certain lines of transgenic mice suggest that the
antiapoptotic effect of Bcr/Abl is more important than
previously thought. Our current studies indicate im-
portant roles for phosphoinositide 3-kinase/Akt and for
STAT molecules. As a result of these more detailed
biochemical analyses of BCR/ABL function, new targets
for future drug development have been identified.
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Introduction

Chronic myelogenous leukemia (CML) was the first
leukemia identified as being associated with a specific
chromosomal translocation, the Philadelphia (Ph)
chromosome t(9;22)(q34;ql1). The molecular basis of
CML has been clarified in elegant detail by Baltimore,
Groffen, Grosveld, Heisterkamp, Witte, Canaani, and
others (for reviews see 16, 28, 43), and it is now clear that
virtually all cases are the result of fusion of the c-ABL
tyrosine kinase with BCR, a ubiquitously expressed gene
probably involved in regulating p2lrac activity. Three
translocations have been identified, varying in the
amount of the BCR gene fused to ABL, resulting in the
production of: pl90BCR/ABL, associated with Ph™
acute lymphoid leukemia (ALL); p210BCR/ABL, asso-
ciated with CML; and p230BCR/ABL, associated with
chronic neutrophilic leukemia (CNL). All forms have
elevated tyrosine kinase activity compared to c-ABL,
but among the three forms, kinase activity is inversely
related to length [24].

CML is characterized by massive expansion of my-
eloid cells in the marrow and blood, splenomegaly, and a
high propensity to convert to acute leukemia. In many
respects, the ““stable” phase of CML is a preleukemic
disorder, progressing to blast phase in a median of
4 years. Therapy with hydroxyurea reduces symptoms,
but does not induce cytogenetic remission. Interferon-o
induces cytogenetic responses in a significant fraction of
patients, but complete, durable, cytogenetic remissions
are uncommon. The small molecule tyrosine kinase in-
hibitor STI571 (Novartis, Basel, Switzerland) has shown
remarkable activity in early clinical trials and induces
cytogenetic responses in the majority of stable-phase
patients and even polymerase chain reaction-negative
status in a small number [33]. Allogeneic bone marrow
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transplantation (BMT) can cure up to 50% of younger
patients who have a human leukocyte antigen (HLA)-
matched donor. The impact of STI571 on the duration
of the chronic phase is not yet known. In the blast phase,
many patients respond well to STI5S71, although remis-
sions tend to be short. The blast crisis phase is charac-
terized by the emergence of poorly differentiated
primitive subclones, which typically have acquired new
genetic mutations in addition to the Ph chromosome.

The BCR/ABL oncogene

BCR/ABL is unique to CML, CNL, and Ph ™ ALL, and
does not transform most nonhematopoietic cells effec-
tively, even in tissue culture [8]. The tyrosine kinase
activity of ABL is critical for transformation, but the
actual mechanisms remain to be elucidated. c-ABL is
ubiquitously expressed both as a nuclear and as a
cytoplasmic protein [22]. Recent studies suggest that
nuclear c-Abl is likely to function as a negative regulator
of growth and may possibly be involved in the cellular
response to DNA damage [18, 52]. In contrast,
p210BCR/ABL is exclusively cytoplasmic, with about
70% of the protein associated with the cytoskeleton.
Not surprisingly, cytoskeletal proteins are commonly
targets for phosphorylation by BCR/ABL, and this is
likely to account for some of the adhesion defects
characteristic of these cells [2, 15].

Several domains in p210BCR/ABL have been shown
to play a functional role in transformation. BCR has
been shown to be important for cytoplasmic localiza-
tion, multimer formation [27, 30], and activation of the
ABL kinase [30]. It has also been shown to have unique
activities, including serine/threonine kinase activity and
a domain that binds to the ABL SH2 domain in a
phosphotyrosine-independent manner [34]. The racGAP
domain of BCR is not part of the BCR/ABL fusion
protein. Importantly, Y177 of BCR is phosphorylated
and serves as a binding site for GRB2 [36], although
downstream targets of this pathway are not defined.
Mutations of Y177 reduce transformation by BCR/
ABL, particularly when there are also mutations of
other domains involved in transformation, such as the
CRKL binding site [44]. In addition, recent in vivo
studies have shown that an intact Y177 is needed for
induction of a myeloproliferative syndrome [29].

The SH3 domain of ABL is inhibitory to kinase
activity, and deletion of the SH3 domain makes c-ABL
into an oncogene, suggesting that one or more cellular
protein(s) bind to the SH3 domain and downregulate
c-ABL activity. Several potential ABL-SH3 binding
proteins have been identified. The SH3 domain is deleted
in v-Abl. However, the role of the SH3 domain in BCR/
ABL is controversial [47]. Deletion of sequences distal to
ABL amino acid 585 does not prevent transformation by
an SH3-deleted c-ABL. The ABL SH2 domain binds to
cellular phosphoproteins in ABL-transformed cells [25],
and is important for transformation in some assays [26].

BCR/ABL and v-Abl are heavily tyrosine phosphory-
lated, but only some of the sites are known. For exam-
ple, p210BCR/ABL has 51 tyrosines and systematic
mutagenesis of the tyrosines has not been undertaken.
The major phosphorylation site within the kinase
domain of p190 is important for transformation [35].

Biological effects of BCR/ABL

Unlike most leukemia oncogenes, BCR/ABL does not
generally block differentiation [14]. CML progenitor
cells are actively cycling, probably more so than normal
progenitor cells. Immature hematopoietic cells tend to
be partly or completely factor independent. There have
been a number of well-documented reports of decreased
sensitivity to inhibitory chemokines, but the significance
of these observations remains unclear [7]. In addition to
mitogenesis and cell cycle effects, several other biological
effects are likely to be important (Fig. 1). First, BCR/
ABL is antiapoptotic, and the significance of this has
probably been underestimated in the past [1]. BCR/ABL
has strong antiapoptotic activity in myeloid and lym-
phoid cells, and recent studies from several groups,
including our own, have suggested that this is a primary
and important activity of this oncogene [5, 9, 10, 20].
Studies in our laboratory with BCR/ABL-inducible cell
lines indicate that viability signaling is a direct and rapid
effect of the oncogene [5].

CML cells have altered adhesion to marrow stromal
cells and some extracellular matrix proteins, notably
fibronectin [2, 15]. The potential significance of this
is substantial, as CML cells leave the marrow when
immature, circulate in the blood in high numbers, and
proliferate actively in tissues such as the spleen and liver,
which are not normally hematopoietic in adult humans.
This phenomenon is likely to be explained in part by
changes in adhesion molecule expression or function in
CML progenitor cells, and there is growing evidence
that CML cells have altered integrin expression and
function [2]. In this situation, the effects of BCR/ABL in
cell lines may differ from its effects in primary marrow
cells. In virtually all cell lines, BCR/ABL increases ad-
hesion to fibronectin. In trying to explain these differ-
ences, our group recently reported that cell lines and
primary CML cells adhere normally to fibronectin for
short periods ( <30 min), but are hypermotile and much

Viability

; »"'BEHM,,{" /
@

: i\“ Motility/Adhesion

Genetic Instability

Proliferation

Fig. 1 Biologic effects of BCR/ABL



more likely to come off the plate than normal cells [41].
The result of altering cytoskeletal dynamics is premature
release of malignant CML progenitors.

Phosphatidyl inositol signaling and phosphoinositide
3-kinases

Phosphoinositide 3-kinases (PI3Ks) comprise a family of
signal transducers that have been linked to the control of
proliferation, adhesion, motility, and viability in a va-
riety of cell types [6, 39]. There have been tremendous
advances in understanding this field over the past few
years, particularly using the insulin receptor as a model,
and with the discovery of homologous pathways in or-
ganisms such as Caenorhabditis elegans, identification of
modifiers and downstream targets has proceeded rap-
idly. PI3Ks phosphorylate the 3’-OH position of the
inositol ring of phosphatidyl inositol (PtdIns), generat-
ing (in mammalian cells) PtdIns(3)P,, PtdIns(3,4)P,,
PtdIns(3,5)P,, and PtdIns(3,4,5)P;, or PIP;. In hema-
topoietic cells, the basal levels of PtdIns(3,4)P,,
PtdIns(3,5)P,, and PtdIns(3,4,5)P; are low, but can rise
dramatically after activation of a receptor or oncogene
thymidine kinase.

In broad terms, recruitment of PI3K to the cell
membrane, or possibly other sites such as the cytoskel-
eton, is critical to bring the kinase to its substrates. PI3K
lipid products, such as PtdIns(3,4,5)P;, are generated in
the membrane, and then serve as signaling intermediates
to attract and activate other molecules, which have one
of two known motifs that recognize these lipids: a
pleckstrin homology (PH) domain, preferentially bind-
ing PtdIns(3,4)P, or PtdIns(3,4,5)P;, and a FYVE finger
domain, preferentially binding PtdIns(3)P; [50]. PH
domain molecules activated through this mechanism
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include PDK1 and related kinases (which then phos-
phorylate and activate Akt or PKB), Tec kinases,
guanine-nucleotide exchange factors (GEFs), or
GTPase-activating factors (GAPs) for Ras and Rac.

The FYVE finger domain-containing proteins include
a number of important proteins involved in membrane
trafficking. Through these steps, PI3K activates parallel
cascades of signaling that have remarkable effects on
cells, including activation of Akt (survival, growth), Ras
(survival, growth, differentiation), Rac (motility, sur-
vival), Sékinase (protein synthesis), GSK3 (glucose me-
tabolism), PKC (cell function, proliferation), and others
(Fig. 2). PI3K can also be activated by heterotrimeric G-
protein-coupled receptors, which are not discussed here.
There are important interactions between the Ras and
PI3K pathway that go in both directions [13].

The activation of PI3K involves recruitment of the
catalytic domain to the membrane through the regulatory
subunit, typically due to SH2 binding to a phosphoty-
rosine motif. In the simplest model, a receptor tyrosine
kinase recruits the adapter/catalytic PI3K complex to
itself through the SH2 domain recognition of pYXXM
motifs in the activated receptor (Fig. 3). However, other
intermediate adapter proteins are often involved, and
may serve as scaffolds to assemble clusters of other sig-
naling molecules in the same site. For example, the IRS-1
and -2 molecules associated with the insulin receptor and
relatives of these adapters, such as GAB1 and GAB2, are
needed to activate PI3K in various systems.

PI3Ks have been classified in three groups [11]. Class
Ia PI3Ks comprise the “PI3K” activity typically referred
to as downstream of receptor tyrosine kinases, and are
composed of an adapter, p85, and a 110-kDa catalytic
subunit. There are three related catalytic units, p110q, f,
and ¢, and three p85 isoforms. Class Ib PI3Ky has a 110-
kDa catalytic subunit complexed with a single adapter,
pl01. PI3Ky is activated by G-protein-coupled receptors
and is associated with colorectal carcinomas in knock-
out mice. Class II PI3K contains three related catalytic
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units, PI3K-C2a, f, and J, and may be activated by
receptor tyrosine kinases. Class III PI3K generates much
of the PtdIns(3)P in cells, but does not appear to
respond to cellular activation.

BCR/ABL and PI3K

High PI3K activity is associated with several tyrosine
kinase oncogenes, and is required for transformation by
BCR/ABL both in cell lines and in murine models [45].
This pathway is potentially a target for drug develop-
ment in myeloproliferative syndromes, and a thorough
understanding of the relationship of BCR/ABL to
phosphoinositide signaling is important. It is not yet
clear how BCR/ABL activates PI3K, except that one or
more adapter molecules is likely involved since p85 does
not bind directly to BCR/ABL [3]. Our preliminary data
suggest that one of the adapters is CBL (Fig. 4).

PI3K targets: PDK1 and AKT

The discovery of the PH domain was a major break-
through, explaining how lipid signaling molecules con-
nect back to the kinases, phosphatases, GTPases, and
other enzymes that mediate much of the signaling within
the cytoplasm. Although there are a number of known
pathways activated downstream from PI3K, the AKT/
PKB kinase clearly plays a central role [49]. AKT was
discovered originally by several groups because of its
homology to v-Akt (a retroviral oncogene that causes
thymomas in AKR mice). AKT is an S/T kinase with a
PH domain that specifically binds the lipid products of
PI3K. Only class I PI3Ks generate lipids that bind to
AKT [49]. The AKT PH domain is believed to bind
PtdIns(3,4,5)P; and PtdIns(3,4)P,, but the affinity for
PtdIns(3,4,5)P; may be higher [21]. Since PtdIns(3,4,5)P;
is used as a substrate to generate PtdIns(3,4)P,, 5'-
phosphatases such as SHIP may play a critical role in
determining the ratio of these two key PtdIns.

The recruitment of AKT to the membrane is not
sufficient for its activation, however, as it must first be

Fig. 4 A potential target for drug development in myeloprolifer-
ative syndromes

phosphorylated on Thr308 and Ser473. The responsible
kinase has been identified as PDK1 [49]. Thus a current
model of AKT activation involves recruitment of both
AKT and PDKI1 to the membrane, phosphorylation
of AKT, and then phosphorylation of downstream
targets. AKT has been reported to be important for
BCR/ABL transformation [46].

Downstream from AKT, signaling becomes both in-
teresting and complicated (but critically important for
understanding BCR/ABL). There are many identified
possible targets for AKT potentially related to viability
and cell cycle regulation, including Forkhead (FH)
transcription factors, Bad, Caspase-9, and IxB [21].
Others, including Raf, IRS-1, GSK3, etc., are poten-
tially of equal importance, and may deserve more
attention in the future [21].

FH transcription factors

The FH transcription factors are a family of DNA
binding factors that have been shown to be phosphory-
lated directly by AKT in mammalian cells after a link was
established genetically in C. elegans [31]. In quiescent
cells, FH factors (FKHR, FKHRLI1, and AFX are dis-
cussed here) regulate transcription of genes that are
prodeath, such as Fas ligand. Akt phosphorylates FH
factors at specific sites, following which they are rapidly
exported from the nucleus and sequestered by binding to
cytoplasmic 14-3-3 proteins. Genetic studies suggest that
FH factors play a key role in PI3K/AKT signaling, but
the most important target genes are not yet known [19].
Bad is a well-known prodeath molecule that heterodi-
merizes with antiapoptotic molecules Bcl-2 and Bcl-X.
When phosphorylated by AKT on Ser136, Bad can no
longer heterodimerize, thus promoting viability. How-
ever, Bad is not found in many cell types, and is only part
of the picture of viability signaling downstream of AKT.

Caspase 9 is an essential member of the caspase
cascade signaling to apoptosis. Procaspase 9 is a mito-
chondrial membrane protein that is cleaved after cyto-
chrome c is released, and then functions with caspase 8
to activate procaspase 3,7. It is a target of AKT and is
reported to be inhibited by phosphorylation [4]. The role
of caspase 9 in CML is unknown. IxB sequesters NF-xB
in the cytoplasm until it is phosphorylated by an IxB
kinase, IKK. IKK has been reported to be phosphory-
lated and activated by AKT, thus resulting in translo-
cation of NF-xB to the nucleus, where it activates
transcription of antiapoptotic proteins and others [40].
NF-kB has been shown to play an important role in
BCR/ABL transformation, but the mechanism of its
activation has not been explained.

Thus it is a reasonable hypothesis that activation of
Akt through PI3K acts on a number of downstream
factors to promote viability. Some potential Akt targets
are of more interest because of their potential as targets
for drug discovery. For example, in addition to PI3K
and Akt themselves, IKK would be of interest.



PI3K targets not mediated through Akt

Rac, Rho, and Cdc42 comprise a family of small GTP
binding proteins known to be critical for signaling to the
cytoskeleton. In preliminary studies, we have shown that
BCR/ABL activates motility of leukemic cells, and that
this activity requires PI3K [41]. In BCR/ABL-trans-
formed cells, Rac is important for transformation, and is
downstream from PI3K, since an activated Rac mutant
can restore motility blocked by LY294002 [41]. The
mechanism of activation of Rac in BCR/ABL-trans-
formed cells is not known [48].

SHIP is a family of 110-145 kDa SH2-containing
inositol S-phosphatases generated by alternative splicing
and proteolytic cleavage [37, 38, 51]. There are two
related SHIP genes, SHIP1 and SHIP2. Although both
are 5-phosphatases, they may have slightly different
specificity and functions. SHIP1 was observed originally
as a 145 kDa tyrosine phosphoprotein coprecipitating
with SHC, SHP2, an Fc receptor, or the B cell receptor
after activation [51]. SHIPI is expressed predominantly
in the hematopoietic system and the testis, while SHIP2
is more widely expressed. SHIP1 dephosphorylates the 5
position only in lipids in which the 3’ position is also
phosphorylated, suggesting that SHIP functions in the
PI3K pathway, in much the same way as PTEN (PTEN
is a 3’ phosphatase) [23].

SHIP is of considerable interest in understanding
myeloproliferative syndromes for two reasons. First, a
SHIP1 knockout mouse develops a significant myelo-
proliferative disorder early in life [17], and second, SHIP
protein levels are directly and significantly downregu-
lated by BCR/ABL through an unknown mechanism
[42]. Taken together, these results suggest that SHIP
may play a significant role in BCR/ABL transformation,
possibly by modulating PI3K signaling.

Other tyrosine kinase oncogenes that cause
myeloproliferative syndromes and AML

Although BCR/ABL is the prototypic tyrosine kinase
leukemia oncogene, an increasing number of other kin-
ases have also been implicated. The ets family member
TEL is involved in a number of kinase fusions and may
serve to dimerize (and thus activate) kinases [12]. Its
partners include platelet-derived growth factor receptor,
ABL, ARG, and JAK?2. Furthermore, activating muta-
tions in c-KIT have been described, along with more
common internal duplications in FLT3 [32].

Potential targets for drug development

There is abundant evidence that PI3K is important for
BCR/ABL transformation [45, 46], and to the extent
studied, it is also felt to be required for transformation
by other tyrosine kinase oncogenes. In preliminary
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studies in BCR/ABL-transformed cells in vitro, we have
shown that an inhibitor of the PI3K pathway,
LY294002, can be added to STI571 with significant ef-
ficacy. Since STI571 has impressive antiviability effects
on BCR/ABL-transformed cells, it appears reasonable
that another drug that inhibits the viability of leukemia
cells may have additive effects. Where are the best tar-
gets in this pathway? Even if one considers only the
kinases in the PI3K pathway, many potential sites stand
out. First, PI3K itself may be an excellent target if high-
affinity kinase inhibitors can be developed. AKT would
also be a target. Finally, IKK could be considered, since
NF-xB appears important in CML. Overall, further
dissection of this pathway in CML and in other leuke-
mias and a better appreciation of the critical viability
signaling pathways in general are likely to reveal excel-
lent targets for future leukemia chemotherapy.
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