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Abstract

The constitutively activated Abl tyrosine kinase domain of the chimeric Ber-Abl oncoprotein is responsible for the transformation of
haematopoietic stem cells and the symptoms of chronic myeloid leukaemia (CML). Imatinib targets the tyrosine kinase activity of Ber-Abl and is a
first-line therapy for this malignancy. Although highly effective in chronic phase CML, patients who have progressed to the advanced phase of the
disease frequently fail to respond to imatinib or develop resistance to therapy and relapse. This is often due to the emergence of clones expressing
mutant forms of Ber-Abl, which exhibit a decreased sensitivity towards inhibition by imatinib. Considerable progress has recently been made in
understanding the structural biology of Abl and the molecular basis for resistance, facilitating the discovery and development of second generation
drugs designed to combat mutant forms of Ber-Abl. The first of these compounds to enter clinical development were BMS-354825
(BristolMyersSquibb) and AMN107 (Novartis Pharma) and, from Phase I results, both of these promise a breakthrough in the treatment of

imatinib-resistant CML. Recent advances with these and other promising classes of new CML drugs are reviewed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chronic myeloid leukaemia (CML) is a malignant myelo-
proliferative disorder of self-renewing haematopoietic stem
cells. The disease is caused by a reciprocal #(9;22) chromosome
translocation, resulting in the short Philadelphia chromosome
carrying the BCR-ABL (Breakpoint Cluster Region-Abelson
Leukaemia) oncogene [1]. This oncogene encodes the chimeric
Ber-Abl protein, which incorporates an activated Abl tyrosine
kinase domain and is responsible for the initial chronic phase of
CML. This phase of the disease is characterised by a massive
expansion of granulocyte/macrophage progenitor cells. Acqui-
sition of subsequent genetic mutations then causes progression
from the chronic phase to the terminal blast phase of the
disease, characterised by an accumulation of either myeloid
(66% of patients) or lymphoid blast cells (33% of patients).
The majority of CML patients (95%) express the 210-kDa
splice variant (p210) of this protein. Together with p210 Ber-
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Abl, a 190-kDa (p190/p185) splice variant is expressed in the
highly aggressive, but less common adult and paediatric acute
lymphoblastic leukaemias [2]. Imatinib (STI571; Fig. 1) targets
the tyrosine kinase activity of Ber-Abl and is a generally well
tolerated, first-line therapy for this malignancy. In chronic
phase CML, imatinib is highly effective, with the majority of
patients maintaining excellent and durable haematological and
cytogenetic responses, although most still harbour many
residual leukaemia cells, as detected by quantitative, reverse
transcription polymerase chain reaction [3]. However, patients
who have progressed to advanced phases of CML frequently
fail to respond to imatinib or develop resistance to therapy and
relapse. This is often due to the emergence of clones expressing
mutant forms of Bcr-Abl, one source of which might be a
leukaemic population of non-cycling G, “quiescent stem
cells”, which are not eliminated by imatinib [4]. The Bcr-Abl
mutants maintain the same degree of catalytic efficiency as the
natural wild-type protein, but exhibit a decreased sensitivity
towards inhibition by imatinib [5]. Following the initial
observation of T3151 Ber-Abl, currently over 35 such mutant
forms of the enzyme have been observed in CML patients
[6,7]. Consequently, despite the excellent results obtained with
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Fig. 1. Structures of selective Abl and dual Src-Abl kinase inhibitors.

imatinib in chronic phase CML, there is a need for improved
therapies.

Several crystal structures of the Abl kinase domain in
complex with inhibitors have been published. In most of these
structures, the ligand binds to an inactive conformation of the
enzyme, where the glycine-rich, P-loop folds over the ATP
binding site and the activation-loop adopts a conformation in
which it occludes the substrate binding site and disrupts the ATP-
phosphate binding site to block the catalytic activity of the
enzyme (Fig. 2) [5,8—10]. In addition, the shift of the
AspPheGly (DFG)-triad, located at the N-terminal end of the
activation-loop, results in the exposure of a supplementary
binding pocket (often referred to as an allosteric-binding site)

which can be utilised by inhibitors. A convincing argument that
this binding mode is indeed physiologically relevant to the
treatment of CML patients with imatinib is provided by the
structural —biology-based rationalisation of why many Bcr-Abl
mutants are less sensitive towards inhibition by imatinib
[5,11,12]. This binding mode was initially considered to be an
“Achilles heel” in the case of imatinib, because the leukaemic
cells are capable of evolving to express mutant forms of Ber-Abl
kinase, which still bind the substrate ATP in the active
conformation and phosphorylate substrate proteins, but hinder
the formation of the inactive conformation to which imatinib
binds. It was believed that such resistance-mutants would be less
likely to arise under therapy with a drug targeting the active

Fig. 2. Ribbon diagrams of the active conformation of the Abl kinase domain bound to ATP (left panel) and the inactive conformation bound to AMN107 (right

panel), derived from x-ray crystal structures of Abl bound to tetrahydrostaurosporin
depicted in red and magenta respectively.

and AMN107 respectively. The paths of the P-loop and the activation loop are
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conformation of the Abl kinase domain, since such modifica-
tions to the protein would have to reduce the binding affinity of
the inhibitor, without affecting either ATP-binding or phosphate-
transfer. However, it appears that such mutants can still arise,
although they are less numerous (see Sections 2.2.1 and 2.2.4
below).

Compounds which target Ber-Abl by binding to an active
conformation, such as the pyridopyrimidine class of inhibitors
(Fig. 1) [5,9], BMS-354825 [13] and staurosporin-derivatives
[14] have been identified. However, since there is less sequence
homology influencing the architecture of protein kinases outside
of the kinase domain and a considerably greater scope for
disparities between the inactive conformations between the 518
human protein kinases [15,16], many efforts to discover highly
selective kinase inhibitors are being directed towards molecules
which bind to the inactive conformation of the enzymes.

A crystal structure of the full length Abl kinase has revealed
the presence of a regulatory myristoyl-binding site in the
protein [17,18]. From a drug-discovery point of view, targeting
this site is attractive since inhibitors would probably be quite
selective with respect to other kinases and the potential for
drug-resistance arising from mutations within the kinase
domain could be circumvented. However, as yet, no inhibitors
of Ber-Abl utilising this binding site have been described.

2. New kinase-targeted therapies for CML

Currently, two classes of drug candidates are being
evaluated as monotherapies in early clinical trials for the
treatment of CML. These are the second generation selective
Ber-Abl kinase inhibitor, AMNI107 and the dual Abl-Src
inhibitors, BMS-354825, AZD05340 and SKI-606. These
classes of agents are compared and discussed in the subsequent
sections.

2.1. Selective Bcr-Abl inhibitors
The cellular efficacy of Ber-Abl inhibitors can conveniently

be assessed through their effects on the autophosphorylation of
the full length kinase in transfected murine haematopoietic Ba/

F3 cells. Whereas non-transfected murine haematopoietic Ba/
F3 cells are dependent upon the interleukin-3 growth factor for
survival, following transfection with Bcr-Abl they lose their
interleukin-3 dependency and become Bcr-Abl dependent.
Consequently, Ber-Abl inhibition in these cells also reduces
cell survival and proliferation, so that a cell proliferation assay
can be employed as a measure of the efficacy of Bcer-Abl
inhibition in this cell line. In the case of selective Bcer-Abl
inhibitors, the effects of compounds on Ber-Abl autopho-
sphorylation and the proliferation of Ba/F3 cells is highly
correlated, both for native Bcr-Abl and for the imatinib-
resistant mutant forms of this enzyme (Fig. 3), and we have
employed these assays to characterise investigational Ber-Abl
inhibitors (Table 1).

2.1.1. AMN107 (Novartis Pharma)

The phenylamino-pyrimidine derivative, AMN107 (Fig. 1)
is in clinical development as a monohydrochloride salt. This
molecule is structurally related to imatinib and was rationally
designed based upon the crystal structure of imatinib—Abl
complexes [5,9,19] together with medicinal chemistry para-
digms for drug discovery. It was recognised that the shape
and volume of the phenyl group and the orientation of the
highly polar and basic N-methylpiperazine heterocycle of
imatinib, which participates in H-bond interactions with both
11e360 and His361, were not optimal energetically. This
promoted the search for alternatives to this pharmacophore
element which relied upon lipophilic interactions within the
binding site, whilst maintaining good solubility characteris-
tics. The resulting compound, AMNI107 has been charac-
terised in vitro in cells expressing full length human kinases
[20].

As a Ber-Abl kinase inhibitor, AMN107 is in the range of
20- to 30-fold more potent than imatinib and is selective for
Ber-Abl (rank order of potency Ber-Abl>PDGFR >Kit),
whereas the latter is most potent against PDGFR kinases (rank
order of potency PDGFR>Kit>Bcr-Abl; Table 1). It might
have been predicted that a Bcer-Abl inhibitor, structurally-
related to imatinib and interacting with the same inactive
conformation of the protein with a similar buried surface area,
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Fig. 3. Effects of Ber-Abl inhibitors in vitro on Ba/F3 cell lines transfected to express a Ber-Abl kinase, showing the correlations of activities against Ber-Abl
autophosphorylation and proliferation; solid lines represent line of identity, with the area within the dotted lines incorporating data pairs with up to 10-fold
differences. (A) Left panel: activities of 252 compounds against p210 Ber-Abl. (B) Right panel: comparison of effects of compounds on mutant Ber-Abl: E255V
(green squares), T3151 (blue diamonds), F317L (red triangles) and M351T (magenta circles).
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Comparison of STI571, AMN107 and BMS-354825 for effects on autophosphorylation and proliferation in cells expressing native Ber-Abl and some of the most

prevalent imatinib-resistant mutant forms of the enzymes identified in patients

Kinase (Cell Type) STI571 AMN107 BMS-354825

Autophosphorylation  Proliferation Autophosphorylation  Proliferation Autophosphorylation  Proliferation
(wt-32D+1L-3) n.a 6109+393 n=16 n.a 6134+228 n=3 n.a Not determined
(wt-Ba/F3+1L-3) n.a >7700 n=4 na >10,000 n=15 n.a >10,000 n=3
Ber-Abl (p210 32D) 192+6 n=94 346+43 n=20 19+1 n=68 12+3 n=4 1.8+0.1 n=4 2.6+0.1 n=2
Ber-Abl (p210 Ba/F3) 221+31 n=14 678+39 n=23 20£2 n=17 25+1 n=68 1.1+0.2 n=3 6.4+1.5 n=4
G250E Ber-Abl (p185 Ba/F3)  2287+826 n=4 3329+1488 n=2 92+10 n=5 145432 n=3 3.7+0.5 n=4 7.1+32n=2
Q252H Ber-Abl (p185 Ba/F3)  1080+£119 n=2 8514436 n=2 117+£25 n=3 67+22 n=4 43+12n=2 1.4+09 n=2
Y253H Ber-Abl (p185 Ba/F3)  >10,000 n=2 >7000 n=2 260+34 n=6 700116 n=5 2.1+0.1 n=4 2.7+0.1 n=2
E255K Ber-Abl (p210 Ba/F3)  2455+433 n=4 71614970 n=3 153+9 n=4 548+72 n=6 6.3+0.2 n=3 83+20 n=3
E255V Ber-Abl (p210 Ba/F3)  6353+£636 n=14 6111854 n=12 244+22 n=13 725+55 n=17  49+1.9n=3 11+1 n=2
T3151 Ber-Abl (p210 Ba/F3) >10,000 n=22 >7000 n=17 >10,000 n=48 >10,000 n=51  >10,000 n=4 >10,000 n=2
F317L Ber-Abl (p210 Ba/F3) 79792 n=11 15284227 n=15 38+4 n=13 91£6.5 n=17 10£3 n=3 38£5n=2
F317V Ber-Abl (p185 Ba/F3)  544+47 n=3 756+38 n=2 95+28 n=3 25+1 n=2 95422 n=3 200+£2 n=2
M351T Ber-Abl (p210 Ba/F3)  593+57 n=11 1682+233 n=18 29+3 n=13 38+4 n=18 3£l n=2 8+1 n=4
F486S Ber-Abl (p210 Ba/F3) 12384110 n=11 3050+597 n=10 41+4 n=8 75+7 n=11 1.5+0.6 n=2 10£4 n=3
c-Kit exon 13 mut. (GIST882) 99+10 n=8 1067 n=14 209+14 n=25 160£9 n=21 182 n=4 55+6 n=4
PDGFR-o/p (A31) 72£10 n=12 n.a. 75+6 n=9 n.a. 2.9+04 n=11 n.a.
PDGFR- (Tel Ba/F3) n.a 44+5 n=11 n.a 53+5 n=26 n.a 2.6+0.3 n=4

The influence of compounds on kinase autophosphorylation or cell viability was calculated as percentage-inhibition. Dose—response curves were used to calculate
EDs values, expressed as mean+S.E.M., n =number of experiments.
The influence of compounds on kinase autophosphorylation or cell viability was calculated as percentage-inhibition using the methods discussed in Section 2.1.

Dose—response curves were used to calculate ICso values, expressed as mean+S.E.M., n =number of experiments.

would be ineffective against most of the imatinib-resistant
mutant forms of Ber-Abl (Fig. 2). However, AMN107 has been
found to maintain potency against both Bcr-Abl autopho-
sphorylation and cell viability in cells expressing 32/33
mutations of Ber-Abl [21,22]. These include the most prevalent
mutants observed in relapsed patients, with the sole exception
being the T3151 Ber-Abl (Table 1). This breadth of activity is
probably due to an increased binding affinity to the inactive
conformation of the Abl kinase domain through largely
lipophilic interactions, and a less stringent requirement in the
absolute shape and charge of the binding surface of the protein
compared to imatinib. Imatinib relies greatly upon H-bonding
interactions, which are highly directional and uses a larger
surface area, which makes it very sensitive to changes in the
protein surface [5]. Clearly, as in the case of imatinib,
resistance against the T3151 gatekeeper mutant is a conse-
quence of the combined loss of an H-bond interaction between
the aniline-NH and the threonine-O, together with a steric clash
between the isoleucine-methyl group and the 2-methylphenyl
phenyl group of AMNI107.

The physicochemical properties of AMNI107, such as
basicity (pKa 5.1 and 3.9), lipophilicity (log Poctanol 5-1) and
polar surface area (97.6 A?), contribute to the molecule being
well absorbed to give high plasma levels with a terminal
elimination half-life of 2.1 h following oral administration to
mice. Thus administration of either 20 or 75 mg/kg (10% N-
methylpyrrolidinone—90% polyethyleneglycol 300 vehicle) to
naive mice gave mean plasma concentrations of 5.6, 5.4 and
0.4 uM and 29, 30 and 25 pM, at 2, 8 and 24 h following
administration. This bioavailability is reflected in excellent
efficacy in models of myeloproliferative disease [20]: In an
acute model in which NOD-SCID mice were injected with
murine 32D cells, harbouring the firefly luciferase gene and

transfected to be dependent upon native Ber-Abl, AMNI107
(100 mg/kg q.d.) markedly reduced tumour burden, as
assessed by non-invasive imaging. Furthermore, AMNI107
(75 mg/kg p.o., q.d.) prolonged the survival and reduced
tumour burden, as assessed by spleen weights, of Balb-c mice
induced to have either parental 32D.p210 or imatinib-resistant
32D.E255V mutant Ber-Abl driven myeloproliferative disease.
AMNI107 has also been evaluated in a disease model using
primary haematopoietic cells, in which Balb-c mice were
transplanted with bone-marrow cells transfected to express
Ber-Abl: Treated animals showed reduced morbidity and had
spleen weights within the normal range. Similar, although
slightly reduced efficacy was observed in mice receiving bone-
marrow transplants after infection with either E255V or M351
Ber-Abl.

AMN107 has also been shown to maintain efficacy against
imatinib-resistant Bcr-Abl expressing cell lines (e.g. K562,
KBMS), as well as against CML blast cells from imatinib-
resistant patients, that do not express mutant forms of the
kinase [23,24]. Treatment of immunodeficient mice bearing
KBMS5 cells with AMN107 (10, 20 or 30 mg/kg i.p.) for 20
days starting when the animals showed marked symptoms of
disease (day 20), significantly increased mean animal survival
times by 144%, 159% and 182%, respectively [23].

A phase I clinical trial with AMN107 has been carried out in
advanced-stage CML and Ph+ ALL patients, who were either
non-responsive or who had lost response to imatinib [25—27].
Dose escalation was carried out up to 1200 mg q.d., although a
maximum tolerated dose was not identified with this dose
regimen. From the once-daily dosing studies the apparent half-
life was approximately 15 h and, with a treatment regimen of
400 mg b.i.d., mean trough drug levels were in the region of
2000 nM, representing >2-fold the ICs, concentration required
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to inhibit all of the mutants evaluated with the exception of
T315I (Table 1). In general the drug was well tolerated: Grade
3/4 adverse events included skin rash, thrombocytopenia and
neutropenia. Objective haematological responses were seen in
19/30 accelerated-phase patients, eleven of whom achieved
complete haematological response (CHR), one a cytogenetic
bone-marrow response and seven patients returned to chronic
phase. Of the 11 patients with CHR, six achieved a cytogenetic
response. In 18 patients in myeloid or lymphoid blast phase
disease, there were 10 objective responses with 4 patients
reaching CHR, 6 patients reverting to chronic phase and 2
patients achieving a cytogenetic response. Mutational data
available from 49 accelerated and myeloid blast crisis CML
patients showed 12 mutations in 20 patients: G250E (5);
G250E+F317L (1), M351T (4); E355G (2); M244V/T315I,
Y253F, F311L, F317L, F359V, H396P, H396R and E459Q (1
patient each), and 15 of these 20 patients responded to
treatment [26]. Phase II studies with this drug at a dose of
400 mg b.i.d. started in April 2005.

2.2. Dual Abl-Src inhibitors

Members of the Src family of kinases are important
mediators of downstream signalling from cell-surface receptors
and regulate cell migration, adhesion, growth differentiation
and survival, all of which are important for tumour cells.
Whereas Src is normally highly regulated, it is deregulated and
activated in several human tumour types and this has been
linked to both tumour progression and the formation of
metastases [28]. Some relevance of Src family kinases to
leukaemia is suggested by the observation that many of these
kinases are expressed in haematopoietic cells (Blk, Fgr, Fyn,
Hck, Lck, Lyn, c-Src and Yes). In addition, Ber-Abl has been
shown to be capable of activating Src kinases both through
phosphorylation and merely by binding Src proteins. Further-
more, cell lysates from imatinib-resistant patients have been
found to over-express Lyn kinase, and the proliferation of
human CML K562 cells selected for resistance to imatinib,
which also over-express Lyn, is inhibited by the Abl/Src
inhibitor, PD180970 (see Section 2.2.4) [29]. However, despite
the findings that Src family kinases probably contribute to the
survival and proliferation of Ber-Abl expressing immortalised
myeloid cells in vitro, findings in animal models of leukaemia
suggest that whereas they appear to play a role in ALL, they
may not be important in CML [30]. Since Src family kinases
regulate downstream elements of the Bcer-Abl signalling
cascade, inhibition of these enzymes could therefore provide
synergy with Ber-Abl inhibition and potentially counteracting
the availability of alternative survival pathways which CML
cells could utilise in the face of Bcer-Abl inhibition. Conse-
quently, it cannot be ruled out that the combined inhibition of
the tyrosine kinase activity of both Abl and Src-family kinases
might have an advantage over purely Abl inhibition for the
treatment of CML, as well as ALL [31]. Therapy with
combined Ber-Abl and Src-family kinase inhibitors might also
therefore counteract the oncogenic potential of drug-resistant
mutant forms of Ber-Abl in CML and/or ALL.

One of the first potent dual Abl/Src kinase inhibitors was the
pyrrolopyrimidine CGP073060 (Fig. 1), which emerged from a
Src kinase programme directed towards compounds for the
treatment of osteoporosis [30—32], although this series of
compounds was not optimised for use in leukaemia. However,
the considerable sequence homology between the Abl and Src-
family tyrosine kinases, readily enables molecules to possess
cross-reactivity, particularly when they target the active
conformation of the kinase domains of these enzymes [33]
and a number of other structural classes of dual-inhibitors have
been identified, the most advanced and thoroughly studied of
these are discussed below.

2.2.1. BMS-354825 (Dasatinib, BristolMyersSquibb)

The most advanced dual Bcer-Abl/Src inhibitor is the
thiazolylamino-pyrimidine, BMS-354825, developed as the
hydrochloride salt, which is currently in Phase II clinical trials
in patients with imatinib-resistant CML (Fig. 1) [13]. This drug
emerged from a programme directed towards immunosuppres-
sant drugs and, in addition to inhibiting the Src family kinases:
Fyn (ICs0 0.2 nM), Lck (ICsq 1.1 nM), Sre (ICs0 0.55 nM), Yes
(IC500.41 nM), it potently inhibits Abl (IC5y<1 nM), c-Kit (ICs
13 nM), PDGFRR (ICso 28 nM), EPHA2 (ICso 17 nM), HER1
(ICsp 180 nM) and p38 MAP (ICsy 100 nM) kinases [13,34].

In cellular assays, BMS-354825 inhibits the proliferation of
Ber-Abl transfected Ba/F3 cells and human Ber-Abl expressing
K562 cells with ICsqy values of 1.3 and <1 nM, respectively,
and the compound maintains high potency against a wide range
of Ber-Abl mutants [22,34,35], although, again like AMN107,
with the exception of T315I (Table 1). This pattern of activity
is explained by an x-ray crystal structure of a complex between
BMS-354825 and the Abl kinase domain, in which the
inhibitor binds to an active conformation of the enzyme [13].
This binding mode resembles that originally postulated for
imatinib [36], where the aminothiazole pharmacophore element
(corresponding to the aminopyrimidine in imatinib) makes a bi-
dentate H-bonding interaction with the backbone C=—0 and
NH of Met318 and the amide-NH makes an H-bond with the
side-chain oxygen of Thr315. As can be seen from Fig. 1,
BMS-354825 has some structural elements in common with
AMN107, in particular the juxtaposition of the aminopyrimi-
dine and the carboxamide groups. However, although it is
theoretically possible that BMS-354825 can bind to the
inactive as well as to the active conformations of Abl, which
could contribute to the potency of the compound, as yet there is
no experimental evidence to support this.

A consequence of the inhibition of the Src family kinases, is
that BMS-354825 also inhibits the proliferation of a wide-
range of human tumour cell lines which do not express Ber-
Abl, such as PC-3 (prostate; IC5y 5-9 nM), MDA-MB-211
(breast; IC5o 10—12 nM) and WiDr (colorectal; ICsq 38—52
nM) cells [13,34].

Assuming that human and murine Ba/F3 Src kinases
respond similarly to Src kinase inhibitors, overall, the data
suggest that Src family kinases might not be essential for the
oncogenic activity of Ber-Abl, otherwise BMS-354825 should
be effective as an anti-proliferative agent in T3151 Ber-Abl Ba/
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F3 cells. The role of Src family kinases as an important down-
stream Bcr-Abl signalling element also comes into question
from the results of an experimental saturation mutagenesis
study with BMS-354825 using the protocol employed to study
imatinib-resistance. In the case of the original study, Azam and
co-workers identified resistant clones expressing over 90
mutant forms of Bcr-Abl, which included most of those
observed in patients [11]. For BMS-354825 (50 nM), resistant
clones emerged expressing 10 mutant forms of Ber-Abl, with
the most frequently occurring mutants being F317V>
T315A>T3151>F317L [37]. Although most of these amino-
acid residues make contact with BMS-354825 in the crystal
structure of the molecule bound to the active conformation of
the Abl kinase domain, this does not unambiguously confirm
the concept that this binding mode is physiologically relevant,
since these residues would also be in contact with the inhibitor
in the inactive conformation. The only mutants observed
which did not represent contact residues were E255K and
Q252H, both of which have been found in imatinib-resistant
patients [7]. In the case of imatinib, mutants of the Glu255
residue have been rationalised on the basis of the destabilisa-
tion of the inactive conformation required for binding [5]. This
residue also has a role in stabilising the active conformation of
the P-loop, but other side chains, such as lysine or valine
could also perform this task. It is difficult to explain why
mutations of the GIn252 and Glu255 residues arose in the
BMS-354825 resistance scan because the conformation of the
P-loop, which is partially disordered in the crystal structure,
does not appear to be important for the binding of this
inhibitor [13,37]. It seems unlikely that these mutations could
cause a change in the structure of the P-loop to impede
binding of BMS-354825, without disturbing the binding of
ATP. When considering the potential role of Src for the
survival of Ber-Abl expressing cells, it is surprising that these
Ber-Abl dependent sub-clones emerged. Compelling evidence
for an important role of Src family kinase inhibition would be
the emergence of BMS-354825-resistant Src family kinase
mutants, but as yet no studies have been reported directed
towards this question.

Following oral administration to mice, BMS-354825 (10
mg/kg) significantly prevented disease progression and
prolonged survival in a murine myeloproliferative disease
model driven by either native or M351T Ber-Abl trans-
formed haematopoietic cells [35]. Similarly, consistent with
the its activity in cell lines, BMS-354825 (30 mg/kg b.i.d. 5/
7 d) has been shown to inhibit the growth of human breast
(KPL4 and HCC70), prostate (PC-3 and Pat-27), small cell
lung cancer (H69 and H526) and colon (WiDr and LoVo)
tumour xenograft models [34], which has supported the
development of the compound for the treatment of solid
tumours.

The results of phase I dose-escalating studies (15—180 mg
administered as single or divided oral doses for 5 days
followed by a 2-day break, every week) in chronic, accelerated
and blast phase CML patients (36, 8 and 21, respectively), who
had haematological progression or who were intolerant to
imatinib have been reported [38—43]. Within 2 h of oral

administration of the higher doses, the compound gave plasma
concentrations in the range of 100—-200 nM and a terminal
half-life of about 5 h. BMS-354825 displayed significant
efficacy in the chronic phase of the disease, with 31/36 patients
achieving a CHR (86%, of which 31% were major cytogenetic
responses) and 3 showing partial responses. Response rates
were also good in the accelerated and blast phase groups of
patients, with haematological responses achieved in 75% and
76% of patients, respectively, and of 28 blast phase patients for
whom data was available, 8 demonstrated a major cytogenetic
benefit. Of the patients expressing imatinib-resistant mutants,
complete haematological remissions have been observed in
most cases, with the exception of those expressing T3151 (5, of
which in 2 cases it emerged under treatment), F317L (1) and
D276G (1) [42]. Grade 4 adverse events observed in these
studies included thrombocytopoenia, gastrointestinal bleeding
and tumour lysis syndrome, although no patients were reported
to have discontinued treatment as a result of these. Additional
side-effects included arthralgia (joint pain), pyrexia, fatigue,
peripheral and pulmonary oedema, headache and diarrhoea,
and mild prolongation of the QT interval. Despite the potent
activity of BMS-354825 against Src family kinases, no effects
were seen on the ability of activated T-cells, obtained from
chronic phase CML patients during treatment, to synthesise IL-
2, IL-10, Inf-y or TNF-«a cytokines [43].

BMS-354825 is currently being evaluated in Phase II trials
with a standard dose of 70 mg b.i.d. in imatinib-resistant,
chronic phase, accelerated phase and myeloid and lymphoid
blast crisis.

2.2.2. AZD0530 (AstraZeneca)

Another structural type of dual Abl-Src inhibitors is
represented by AZDO0530, based upon the quinazoline
scaffold (Fig. 1) [44]. Unlike other kinase inhibitors in this
structural class, such as the HER inhibitor iressa (ZD1839)
and the VEGFR inhibitor ZD6474, AZD0530 incorporates a
S-substituent in the quinazoline ring, which imparts excellent
selectivity towards Src family kinases (ICso values 1-5 nM),
but maintains activity against Abl (ICso value of 30 nM). The
profile of this compound against Bcer-Abl kinase resistance
mutants has not yet been reported. Efficacy related to Src
activity has been shown for AZDO0530 in inhibition of the
migration of human breast MDA-MB231 cells and of
osteoclast bone resorption in culture [45,46]. In rat models
of both pancreatic (L3.6pl) and bladder NBT-II) cancer,
AZDO0530 (10—-25 mg/kg) inhibited the formation of metas-
tases without affecting the growth of the primary tumour and,
prevented the growth of subcutaneously transplanted YS30F
Src-transfected NIH-3T3 xenografts [44].

In Phase I dose-escalating clinical trials, carried out in
healthy volunteers with the fumarate salt of AZD0530, the drug
was well absorbed following oral administration to give mean
trough plasma levels approaching 1 uM with a terminal half-
life of =40 h [47]. The drug was generally well tolerated at
doses up to 250 mg, with mild maculopapular facial/thoracic
rash, influenza-like syndrome, diarrhoea and muscle pain were
the most frequently reported adverse events, although at higher
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doses elevated C-reactive protein and elevated plasma creati-
nine was reported [48].

2.2.3. SKI-606 (Wyeth)

A dual Ber-Abl/Src inhibitor, SKI-606 (Fig. 1), based upon
a quinoline scaffold, structurally related to the AstraZeneca
quinazoline template, has been developed by Wyeth [49,50].
This compound inhibits c-Abl and c-Src transphosphorylation
with 1Cs, values of <10 nM, and inhibits the proliferation of
K562, KU812 and MEG-01 CML cell lines with ICs, values of
20, 5 and 20 nM, respectively. In imatinib-resistant K-562 cells
[29], like PD180970 (see Section 2.2), SKI-606 has been
shown to inhibit both Ber-Abl and Lyn phosphorylation and, as
a result of the latter activity also inhibited cell proliferation
[51]. As well as possessing antiproliferative and cytostatic
(accumulation in G1/S phase) effects in K562, MK2 and
LAMAS4 cells, associated with activation of caspase-9, SKI-
606 (0.1-10 pM) induced G1 arrest and enhanced apoptosis in
CD34+ cells isolated from blast crisis CML patients, including
those harbouring Y253H, E255V, E255K or F359V mutant
BCR-ABL [52]. Although this compound has not been
evaluated in myeloproliferative disease models, it has been
shown to inhibit the growth of K562 xenografts in nude mice,
with oral doses above 50 mg/kg/day causing tumour regression
and animals remaining tumour-free for 40 days following 75
mg/kg twice a day for 10 days [50]. A Clinical Phase I dose-
escalation study to evaluate the safety and tolerability of oral
SKI-606 in subjects with advanced malignant solid tumours
started during 2004.

2.2.4. Pyrido[2,3]pyrimidines (PD166326, PD173955 and
PD180970)

Among the first compounds to be described which potently
inhibited both Ber-Abl and the Src kinases were those based
upon the pyrido[2,3-d]pyrimidine scaffold. To date the best
characterised compounds from this class are PD166326,
PD173955 and PD180970, which inhibit Abl, Src and Lck
catalysed transphosphorylation in cell-free assays with ICsq
values <50 nM (Fig. 1) [53—57]. This activity translates into
activity in cellular assays, where the three compounds
potently inhibit Bcr-Abl autophosphorylation [55—60]. In
the case of PD180970, inhibition of Ber-Abl autophosphor-
ylation in K562 cells (ICsy 170 nM) has been shown to
extend to the inhibition of Gab-2 (ICso 80 nM) and Crkl (ICsq
80 nM) phosphorylation, both of which are downstream
elements in the Ber-Abl signalling pathway [55]. PD180970
has also been shown to inhibit Src-mediated phosphorylation
of STAT3 (A431 cervical carcinoma cells) and paxillin (HT-
29 colon carcinoma cells [54]. In terms of cell viability, the
three pyridopyrimidines have been shown to potently inhibit
the proliferation of Bcr-Abl dependent cell lines (K562, R10,
RWLeu4 and transformed Ba/F3), to cause cell accumulation
in G1 phase and to induce apoptosis [55-57,59—61]. The
compounds were substantially less efficacious at concentra-
tions below 200 nM in cell lines not expressing Ber-Abl,
from solid tumours (breast, colon, Ewing’s sarcoma, glio-
blastoma, lung, neoblastoma, ovarian, prostate), as well as

HL-60 leukaemia cells and untransformed parental Ba/F3
cells [54,58,59,61].

Although the compounds maintain potency against many
imatinib-resistant mutant forms of Ber-Abl in cells, they do not
inhibit the refractory T3151 Ber-Abl [56—60]. In addition to the
activity against imatinib-resistant cells referred to in Section
2.2 [29], PD180970 has also been shown to induce apoptosis in
other Ber-Abl expressing cell lines rendered resistant to
imatinib by a continuous selection pressure of sub-lethal
imatinib concentrations [62].

As rationalised by homology modelling and consistent with
the x-ray crystal structures of PD173955 and PD180970 in
complex with Abl, the activity of these compounds probably
results from their interacting with the ATP-binding site of the
active conformations of the kinase domains [5, 10]. This
binding mode appears to permit this class of compounds to be
quite indiscriminate in their enzymatic profiles, as the
pyridopyrimidines also potently inhibit the EGF, EphB4,
FGF, c-Kit, PDGF and VEGF receptor tyrosine kinases, as
well as serine/threonine kinases possessing a threonine
“gatekeeper” residue, such as p38, Raf, RICK and GAK [63].

A cell-based screen to identify drug-resistant mutations in
Ber-Abl, simpler to that employed for imatinib and BMS-
354826 [11,37], has been developed by Duyster and co-
workers, and applied to evaluate the mutation pattern for
PD166326 [60]. In this study resistant colonies appeared
with a lower frequency for PD166325 than for imatinib, and
point mutations in the Abl kinase domain were more
frequently detected (41% of colonies compared to 25% for
imatinib). In all 14 point mutations were observed affecting
9 amino-acid residues, with the most common being G250E,
Y253H, E255K(V), T3151, F317L and E355G, however, the
kinase activity of these mutants could be inhibited by
PD166326 at concentrations <500 nM, with the exception
of T3151.

The most potent of these three Bcr-Abl inhibitors,
PD166326, has recently been evaluated in a CML disease
model, where mice were reconstituted with bone-marrow cells
transfected to express Ber-Abl [64]: In naive mice, although
oral administration of 50 mg/kg (suspension in 10% aqueous
DMSO) only gave mean plasma levels of 98+15 nM at 2 h,
with an estimated half-life of 8.4 h, this dose markedly
suppressed Bcer-Abl autophosphorylation in peripheral blood
cells taken 2—3 h after drug administration to animals having
established disease. Following treatment with 50 mg/kg b.i.d.
(maximum tolerated dose, initiated 10 days after inoculation)
with p210 Ber-Abl expressing cells, 10/10 animals survived for
the duration of the experiment (33—37 days) and had a marked
reduction in splenomegaly upon necropsy (mean weight 78
mg), compared to vehicle-treated mice who had a mean
survival of 22 days and mean spleen weights of 670 mg.
PD166326 (25 mg/kg b.i.d) also prolonged the survival of mice
with disease induced by the H396P or M351T mutant forms of
Ber-Abl, although the compound was ineffective against T315I
Ber-Abl induced disease.

Whereas the pyrimidopyrimidines evaluated thus far have
limited solubility, together with pharmacokinetic and tolerabil-
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ity profiles which are unattractive for drug development, new
compounds from this class designed to overcome these
drawbacks could have clinical potential.

2.2.5. AP23464 (Ariad Pharmaceuticals)

Researchers at Ariad have elaborated a series of compounds
based upon the purvanalol—purine template for combined Abl/
Src inhibition [65]. A lead compound AP23464 (Fig. 1)
inhibits the transphosphorylation activity of both enzymes with
low nanomolar potency. In Ba/F3 cells transfected with either
native, Q252H, Y253F, E255K, M351H or H396P Bcr-Abl,
this compound inhibited both Ber-Abl autophosphorylation
and cell proliferation with ICs, values in the range of 8—94 nM
[66]. AP23464 had no effect on either parental Ba/F3 cells or
those expressing T3151 Ber-Abl at concentrations <5000 nM.
X-ray crystallography of a complex between the kinase domain
of Src and AP23464 revealed that it bound an active
conformation of the enzyme, as has also been predicted for
Abl using homology modelling [66]. These binding modes are
consistent with the selectivity profile of the compound, as it
potently inhibits a wide range of kinases, including HER-1,
EphB4, Kit, PDGF, Ret and VEGF receptor kinases [67].
AP23464 also inhibits the D816V, D816Y and D816F
activation-loop mutant forms of c-Kit expressed in human
mastocytoma cells and a close analogue AP23848 has
demonstrated anti-tumour activity in murine Kit-driven xeno-
graft model following 100 mg/kg t.i.d. [68]. Compounds
related to AP23464 and AP23848 with superior pharmacoki-
netic properties are being developed.

2.3. Other compounds

ONO012380 (Fig. 1) has recently been reported as a non-ATP
competitive inhibitor of Ber-Abl, which potently inhibits the
proliferation of cells expressing p210 and many imatinib-
resistant forms of Ber-Abl [69]. The authors postulate that the
compound acts via binding the substrate binding-site of Ber-
Abl, although selectivity over other kinases has not yet been
demonstrated for this compound.

3. Conclusions

The understanding of the structural biology of imatinib-
resistant Ber-Abl mutants has lead pharmaceutical research to
the brink of a new advance in the treatment of Ber-Abl
dependent leukaemias. Only 3 years after the identification of
imatinib-resistant Bcr-Abl mutants in patients, two new
compounds which inhibit such mutants have already entered
clinical studies. Although clinical candidates which address
the currently intractable T3151 mutant have not yet been
identified, such drugs are likely to be discovered in the near
future. With the advent of new drugs possessing different
inhibitory profiles against the known spectrum of Ber-Abl
mutants, it will be important to identify which drug is most
appropriate for each patient and therefore diagnostic methods
to routinely genotype patient leukaemic cells will be
required.

Although Ber-Abl inhibitors are becoming increasingly
more potent and more effective, eradicating CML from patients
by drug therapy is still not on the immediate horizon, due to the
need to eradicate 100% of a total tumour cell burden, typically
in the range of 10'? cells, some of which might be quiescent or
reside in tissues poorly accessible to the drugs [1,4]. As to
whether combined inhibitors of the Ber-Abl and Src kinases
will possess advantages over selective Ber-Abl inhibitors, this
is still an open question. It is however likely that CML will
continue to be a disease which can be well managed with
chronic drug treatment. However, in the case of late stage
disease, where additional abnormalities have developed result-
ing in genomic instability, as in the case of blast crisis CML
and Philadelphia positive ALL the most effective therapy is
likely to remain as stem cell transplantation, although
combination regimens of Bcr-Abl inhibitors and, other
treatment modalities, such as inhibitors of the phosphatidyli-
nositol 3-kinase pathway [70], of farnesyl transferase [71], of
histone deacetylase [72] or of Heat Shock Protein-90 [73],
might emerge as being of benefit.

The new lessons learned from the treatment of CML will
probably also be of value in refining the treatment of other
malignancies such as imatinib-resistant hypereosinophilic
syndrome [74] and in lung cancer, where the emergence of a
mutant form of the EGFR kinase has recently been observed to
lead to acquired resistance during gefitinib (iressa; AstraZe-
neca) and erlotinib (tarceva; Roche/OSI) therapy [75].
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