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STRATEGIES TO OVERCOME
RESISTANCE TO TARGETED PROTEIN
KINASE INHIBITORS
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Abstract | Selective inhibition of protein tyrosine kinases is gaining importance as an effective
therapeutic approach for the treatment of a wide range of human cancers. However, as
extensively documented for the BCR-ABL oncogene in imatinib-treated leukaemia patients,
clinical resistance caused by mutations in the targeted oncogene has been observed. Here,
we look at how structural and mechanistic insights from imatinib-insensitive Bcr—Abl have
been exploited to identify second-generation drugs that override acquired target resistance.
These insights have created a rationale for the development of either multi-targeted protein
kinase inhibitors or cocktails of selective antagonists as antitumour drugs that combine increased
therapeutic potency with a reduced risk of the emergence of molecular resistance.

Members of the protein kinase superfamily of enzymes
regulate key aspects of human neoplasia such as tumour
cell proliferation, migration and survival'. Deregulated
protein kinase activity can result from genetic alter-
ations acquired early in tumorigenesis and remains an
essential aspect of tumour cell physiology throughout
disease progression?. The targeted inhibition of protein
kinases has therefore emerged as an attractive strategy
in cancer treatment®~, and promises improved effi-
cacy without the toxic side effects of currently used
anticancer drugs.

The targeted inactivation of disease-relevant protein
kinases is often pursued with ATP-competitive small-
molecule inhibitors that block the enzymatic activity of
kinases and thereby interfere with phosphorylation of
cellular substrates. However, the therapeutic inactiva-
tion of an essential protein creates selective pressures,
analagous to those in ordinary natural selection, for
tumour cells to evolve mechanisms of resistance. In a
manner similar to the widespread and extensively studied
emergence of resistance formation in bacteria after
exposure to antimicrobial agents®’, tumour cells can
take a variety of routes to resistance. These include pro-
ducing a drug-resistant variant of the targeted protein,
substituting its cellular function by upregulating alternate

pathways, and increasing the expression and function of
transporters involved in drug efflux. Recent clinical data
indicate that the emergence of drug-resistant kinase
alleles is particularly relevant to anticancer therapy.
Several recent reviews have dealt with this topic* 2. In
this article, we review the structural aspects of drug
resistance to protein kinases and discuss countermea-
sures to address this emerging problem that besets
targeted cancer therapy.

Imatinib: lessons from a prototype inhibitor

The phenylaminopyrimidine compound imatinib mesy-
late (Gleevec/Glivec/ST1571; Novartis) was among the
first selective protein kinase inhibitors developed for
targeted cancer therapy, and is highly effective against
several tyrosine kinases such as Abl, Kit and the platelet-
derived growth factor receptor (PDGFR)". Treatment
with imatinib as a single agent has demonstrated
remarkable clinical efficacy in human malignancies
such as cHroNIC MYELOID LEUKAEMIA (CML). In about 95%
of all cases, CML pathogenesis is a consequence of a
defined translocation event that creates the Philadelphia
(Ph) chromosome, which results in the formation of
the breakpoint cluster region—abelson tyrosine kinase
(BCR-ABL) oncogene'*'. The deregulated, constitutive
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BCR-ABL

The fusion gene that results
from the chromosomal
translocation that causes the
Abelson protein tyrosine kinase
gene to fuse with the BCR gene
on the so-called Philadelphia
(Ph) chromosome.

BLAST CRISIS

The aggressive phase of
chronic myelogenous
leukaemia evidenced by an
increased number of immature
white blood cells in the
circulating blood.

Abl tyrosine kinase activity of the encoded Bcr—Abl
fusion protein is crucial to malignant transformation
and therefore represents an attractive target for therapeu-
tic intervention'®". In addition to CML, deregulated
Abl kinase activity resulting from the Ph chromosomal
translocation is also detected in up to 20% of adult
acute lymphoblastic lymphoma (ALL) patients®.
Durable haematological and cytogenetic responses to
imatinib treatment were associated with progression-
free survival in most cases of chronic-phase CML,
whereas CML patients in the advanced disease states,
such as Brast criss, or patients with Philadelphia-
chromosome-positive (Ph*) ALL, were either refractory
to the drug or relapsed within several months despite
continued imatinib therapy*'. Observations of acquired
resistance to imatinib have fuelled substantial research
efforts during recent years to explore the causative
molecular mechanisms underlying resistance. Most
importantly, the formation of resistance to imatinib as a
first-in-class, targeted, kinase-selective anticancer drug
could represent an inherent problem of this therapeutic
approach in general.

Basis of CML resistance to imatinib

Drug resistance in Ph* leukaemia has been attributed to
a variety of different mechanisms (FIG. 1)*2. Reduced
drug delivery due to extracellular sequestration of
imatinib by a1 acid glycoprotein in the plasma and
P-glycoprotein-mediated active transport of imatinib
out of the target cells have been proposed as processes
that prevent imatinib from reaching its intracellular
target, Bcr—ADbl**%. However, it is not yet clear whether
these mechanisms contribute to imatinib resistance in
relapsed leukaemia patients.

Another resistance mechanism could be the compen-
sation of loss of Bcr—Abl signalling by other kinase path-
ways involving Src-family kinases such as Lyn, which was
found to be upregulated in cultured CML cells selected
for imatinib resistance’*”. Increased Lyn expression was
also found to correlate with the formation of imatinib
resistance in some patients, which highlights the poten-
tial clinical relevance of this resistance mechanism?*.
Alternatively, the actual expression of BCR—-ABL itself
can be upregulated to overcome the effect of imatinib,
indicating an ongoing cellular dependence on Bcr—Abl
activity. This has been shown in a subset of relapsed
CML patients, whose levels of the Bcr—Abl fusion protein
were elevated as a result of gene amplification®®. In addi-
tion, despite its impressive therapeutic efficacy in halting
disease progression in the early stages of CML, imatinib
treatment does not seem to eradicate the actual cause of
the disease — quiescent Ph* stem cells. In contrast to the
mature, differentiated leukaemia cells, quiescent Ph*
stem-cell progenitors seem to tolerate the inhibition of
Bcr—Abl kinase activity and are therefore not forced into
apoptosis on exposure to imatinib®. Subsequent prolif-
eration of stem-cell clones is therefore likely to result in
the reappearance of leukaemia on cessation of imatinib
therapy. Although this does not account for a resistance
mechanism per se, it nevertheless necessitates a life-long
continuation of imatinib therapy.
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Figure 1 | Potential mechanisms of resistance to imatinib
in Philadelphia-chromosome-positive leukaemia. In the
majority of cases, resistance is caused by reactivation of
Ber-Abl kinase activity. Mutations in the BCR-ABL gene,
predominantly in the kinase domain, are the most common
mechanism implicated in secondary drug resistance. In some
treated patients, BCR-ABL gene amplification and increased
Ber-Abl protein expression have been observed as a
compensatory mechanism for the imatinib antitumour effect.
The switch to alternative kinase signalling pathways, which can
compensate for the loss of Bcr—Abl activity, has been proposed
as another resistance strategy of leukaemic cells. Imatinib might
also have different effects on chronic myelogenous leukaemia
(CML) tumour cells depending on their differentiation state, and it
has been proposed that quiescent CML stem cells might be
intrinsically resistant to the drug. Other mechanisms of
resistance to imatinib might be related to pharmacokinetic
factors of drug delivery. Imatinib can be actively transported out
of tumour cells through efflux pump proteins to keep intracellular
drug concentrations below inhibitory levels. Extracellular
sequestration of imatinib by a1 acid glycoprotein in the plasma
has been proposed as a potential mechanism, which would
result in reduced availability of the free drug to CML cells.

For the vast majority of relapsed leukaemia patients,
however, resistance to imatinib is associated with the
emergence of point mutations in the BCR-ABL-
encoded kinase domain®?**~. Numerous mutations
within this domain have been found so far, and for
many of these, biochemical and cellular assays have
verified the amino-acid substitutions as molecular
determinants for imatinib resistance of Bcr—Abl kinase
activity. In the following part of this review, we focus
on the imatinib-desensitizing mechanisms associated
with the most prevalent BCR-ABL alleles detected in
relapsed leukaemia patients.

Determinants of Ber-Abl kinase resistance
Imatinib resistance of Bcr—Abl frequently results from
mutations within amino-acid sequences that encode
important structural features of the kinase, such as the
‘gatekeeper’ residue, the p-loop and the activation loop.
The structure of the Abl kinase domain showing the
location of these mutational hotspots is shown in FIG. 2,
and comprehensive lists of known detected Abl variants
have been compiled in recent review articles*'*'2,

On binding, the hydroxyl group of Thr315 of
Bcer—Abl, the so-called ‘gatekeeper’ residue, forms a
hydrogen bond with imatinib, and the side chain present
at position 315 also sterically controls the binding of the
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INDUCED-FIT MECHANISM
The interaction between a
protein and ligand in which
the binding of the ligand
alters the conformation of the
protein’s active site to best
accommodate binding of
the ligand.
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Figure 2 | Mutational hotspots conferring imatinib resistance to Bcr-Abl. a | The structure of the Abl kinase domain in complex
with imatinib (green) is shown. Thr315, which is in direct contact with bound imatinib, is highlighted in red. The p-loop and the
amino acids Tyr253 and Glu255, which are affected by frequently observed gene mutations in this region, are shown in yellow.
The activation loop harbouring His396 is in orange and the residue Met351, which is affected by the clinically common M351T
mutation, is highlighted in pink. b | A closer look at the imatinib binding site in Abl, most of which is shown as surface representation,
including the gatekeeper Thr315 highlighted in red. From this perspective, the p-loop would cover the underlying imatinib contact
regions and is therefore displayed as a ribbon. ¢ | The chemical structure of imatinib.

inhibitor to hydrophobic regions adjacent to the ATP-
binding site (FIG.2). One of the most frequently detected
mutations in imatinib-resistant CML is a T315 substi-
tution, which directly interferes with imatinib binding
because of the introduction of a large isoleucine side
chain into the gatekeeper position?®**. Importantly,
although the gatekeeper threonine is essential for ima-
tinib, this is not the case for ATP binding, which does
not depend on the accessibility of the same hydrophobic
cavity and is therefore not affected by the incorporation
of a bulky isoleucine side chain. The individual struc-
tural requirements of ATP and imatinib mean that the
catalytic activity, and therefore the tumour-promoting
function, is preserved in the imatinib-insensitive T315I
mutant of Bcr—Abl. Gatekeeper amino-acid mutations
affect the sensitivities of various protein kinase targets
for diverse drug chemotypes and so this structural
determinant has general relevance to kinase inhibitor
development, and will be discussed in more detail in the
following sections”.

Imatinib can be distinguished from most kinase
inhibitors by another structural requirement for its
binding. Co-crystal structure analysis revealed that ima-
tinib selectively binds to a distorted inactive conforma-
tion of the Abl kinase domain through an inxpucep-rir
MECHANISM*?%8, Remarkably, the potency of imatinib

towards constitutively active Bcr—Abl implies a dynamic
equilibrium from which imatinib can trap the deregu-
lated Ber—Abl oncoprotein when it transits through its
inactive conformation. This mode of binding is poten-
tially an Achilles’ heel for imatinib compared with other
small-molecule kinase inhibitors that are effective
against the catalytically active kinase conformation.
Indeed, BCR-ABL sequence analysis in relapsed CML
and Ph* ALL patients revealed the clustering of imatinib-
desensitizing mutations in regions of the kinase domain,
where structural alterations occur on imatinib binding™.
Mutations were frequently detected at positions such as
Tyr253 and Glu255 located in the previously mentioned
p-loop (FIG.2). These amino-acid substitutions seem to
interfere with the distorted p-loop conformation that is
crucial for imatinib binding and, consistent with the
observed in vivo resistance and the particularly poor
prognosis of patients affected by p-loop mutations such
as Y253F and E255K™, strongly reduced the potency of
imatinib in inhibiting Ber—Abl activity in biochemical
and cellular assays.

A second structural requirement for imatinib binding
is defined by the inactive, unphosphorylated state of
the activation loop. Mutations in this region, such as
H396R, destabilize an Abl-specific, closed conformation
of the activation loop and thereby counteract imatinib
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IDIOPATHIC HYPER-
EOSINOPHILIC SYNDROME
The presence of prolonged
eosinophilia without an
identifiable underlying cause
and with evidence of end-
organ dysfunction.

INTERSTITIAL CHROMOSOMAL
DELETION

Loss of material from within one
of the chromosome arms.

inhibition (FIG.2)**%. In addition, molecular studies on
the formation of clinical resistance revealed a group of
point mutations remote from the imatinib binding site,
and which lie in the carboxy-terminal lobe of the kinase
domain. The most frequently detected Abl variant
falling into this group is a M351T mutation and
accounts for 15-20% of all cases of observed clinical
resistance'’. It would seem that the M351T mutation
affects the precise positioning of residues in direct con-
tact with imatinib®%, although these small structural
alterations are difficult to predict because Met351 is
rather remote from the imatinib-binding site (FIG.2).

The mutations focused on in this review are
restricted to the kinase domain of Bcr—Abl. However,
as indicated by a saturating mutational analysis of full-
length BCR—ABL combined with a cellular screening
procedure selecting for Bcr—Abl-driven cell prolifera-
tion in the presence of imatinib, mutations outside of
the kinase domain can weaken the interaction with
imatinib and thereby contribute to target resistance®.
These mutations would probably have escaped detec-
tion in all earlier clinical studies because sequence
analysis has mainly been restricted to the Abl kinase
domain.

Imatinib resistance is not specific for Becr-Abl
The Ph chromosomal translocation that generates the
BCR-ABL oncogene represents the most common
cytogenetic abnormality linked to myeloproliferative
disease. However, gene rearrangements are not exclu-
sive for CML and Ph* ALL. Similar molecular mecha-
nisms create imatinib-sensitive PDGFRo. and PDGFRf
fusion proteins implicated in rare haematologic dis-
eases such as IDIOPATHIC HYPEREOSINOPHILIC SYNDROME and
chronic myelomonocytic leukaemia, respectively*"*.
In hypereosinophilic syndrome, excessive prolifera-
tion of eosinophils often results from the constitutive
tyrosine kinase activity of the chimeric Fip1-like 1
(FIP1L1)-PDGFRa protein, which apparently arises
from the fusion of the FIP1L1 and PDGFRA genes by an
INTERSTITIAL CHROMOSOMAL DELETION*2, FIP1L1-PDGFRat-
induced transformation of haematopoietic cells was
highly sensitive to imatinib inhibition in vitro, occur-
ring at about 100-fold lower drug concentration than
required to suppress Bcr—Abl-induced cell prolifera-
tion*2. In a study by Cools et al., five out of five imatinib-
treated patients with a detectable FIP1LI-PDGFRo
gene fusion experienced complete haematological
remission, including a return of the eosinophil count
to normal values*2. However, one of these patients even-
tually relapsed and was found to be resistant to imatinib,
which was attributed to a threonine to isoleucine sub-
stitution in the ATP-binding site of PDGFRa kinase
at an equivalent position to the gatekeeper Thr315 of
ADbl (FIG. 32).

Imatinib monotherapy has also demonstrated
remarkable efficacy against gastrointestinal stromal
tumours (GIST), which often harbour activating muta-
tions in the juxtamembrane domain of the imatinib-
sensitive Kit receptor tyrosine kinase®. Secondary
resistance formation to imatinib was recently reported

for a GIST patient and was caused by a T670I mutation
in the Kit kinase domain**, which is again in a homo-
logous position to the gatekeeper residue of Abl (FIG. 3a).
The mutation was confined to a metastatic lesion of the
solid tumour, which progressed during continued ima-
tinib therapy while other lesions were still responding to
imatinib treatment™.

Together, these clinical results indicate at least one
common mechanism of resistance formation shared by
the imatinib targets Abl, PDGFRa and Kit. The devel-
opment of resistance to imatinib is therefore not
exclusively a consequence of the increased genomic
instability associated with Becr—Abl expression, but
might actually be a more widespread drawback to
imatinib monotherapy. By contrast, however, the muta-
tional hotspots Tyr253 and Glu255, which are located
in the p-loop of Abl, are not conserved in PDGFR and
Kit (FIG. 3b). In fact, the wild-type alleles of both receptor
tyrosine kinases already possess phenylalanine and
lysine residues homologous to the mutated amino acids
often detected in the imatinib-resistant Y253F and
E255K variants of Abl*'*'2, Therefore, in contrast to the
mutation of the common threonine gatekeeper residue
that directly interacts with the bound drug and is
observed in all three tyrosine kinases, mutations in the
p-loop of Abl, which destabilize the imatinib-specific
inactive conformation, would not occur in PDGFR and
Kit, according to primary sequence alignments of the
different imatinib targets.

Itis significant to note, however, the recent emergence
of a secondary KIT mutation during imatinib therapy,
in which the Tyr823 residue of Kit, which is homo-
logous to the major phosphorylation site Tyr393
within the activation loop of Abl, was substituted with
aspartate®. Phosphorylation of this site in wild-type
Abl desensitizes the kinase to inhibition by imatinib by
destabilizing the inactive conformation of the activa-
tion loop™. A negatively charged aspartate side chain at
the corresponding position of Kit might therefore
mimic this phosphorylated state and result in similar
resistance. Moreover, another activation loop mutation
has been characterized for Kit, albeit not in the context
of relapse from imatinib therapy. The kinase-activating
D816V mutation in the KIT proto-oncogene confers
primary imatinib resistance to the receptor tyrosine
kinase (RTK) and has been identified as a genetic cause
of disease in human mastocytosis*® (FIG. 3¢). This substi-
tution, which is not conserved in Abl, might also pre-
vent Kit from adopting the distorted conformation
required for imatinib binding.

To evaluate the potential modes of resistance acquisi-
tion to imatinib in the absence of further clinical data,
mutagenesis of oncogenic PDGFR and KIT variants in
combination with cellular in vitro screens for imatinib
resistance could be performed with the same experi-
mental strategy as reported for BCR-ABL¥. This type of
approach could anticipate mechanisms of imatinib
resistance before they become a clinical reality, and
therefore prompt the testing of potential back-up drugs
against tyrosine kinase variants that are likely to be seen
during relapse of disease.
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Figure 3 | Sequence alignments of the imatinib targets Abl, PDGFRo and Kit. a | Residues
surrounding the conserved gatekeeper threonine at the ATP-binding site of the tyrosine
kinases. Mutation of this residue to isoleucine accounts for a common mechanism of clinical
resistance to imatinib. b | Alignment of the p-loop sequences. The frequently mutated Abl
residues Tyr253 and Glu255 are not conserved in the platelet-derived growth factor receptor-a
(PDGFRa) and Kit. Remarkably, the Y253F and E255K alleles of BCR-ABL are frequently
detected in the context of clinical resistance and imatinib-sensitive PDGFRa and Kit already
possess the phenylalanine and lysine residues that confer imatinib resistance to Abl tyrosine
kinase at the equivalent positions, indicating that desensitizing p-loop mutations are not
conserved among different imatinib targets. ¢ | Alignment of a stretch of amino acids, which
includes parts of the activation loop. Mutation of Asp816 desensitizes Kit to imatinib inhibition.
This residue is not conserved in Abl. Conversely, the mutational site His396 of Abl is not
conserved in the two receptor tyrosine kinases. Mutation of Tyr823 of Kit was implicated in
clinical imatinib resistance. Despite the conservation of this site in Abl, clinical BCR-ABL
variants with mutations at this position have not emerged during imatinib therapy.

Second-generation Abl kinase inhibitors

The emergence of drug-resistant BCR-ABL alleles during
imatinib therapy provides genetic evidence for the on-
going requirement of cellular Bcr—Abl kinase activity in
disease progression and reconfirms that mutated variants
are still viable targets for therapeutic intervention. Most
clinical Ber—Abl mutations distort the inactive Abl con-
formation required for imatinib binding, and this could
therefore be circumvented by developing drugs that
target the active configuration of the kinase.

The catalytically active state of Abl closely resembles
the active form of Src-family kinases and is often potently
inhibited by ATP-competitive inhibitors originally
identified as Src antagonists (FIG. 42)**". Testing of dual-
specificity Abl- and Src-family kinase inhibitors
belonging to the pyrido[2,3-d]pyrimidine class of
compounds revealed considerable inhibitory activity
against most clinically relevant Bcr—Abl isoforms
except the T315I variant, indicating that the gate-
keeper residue also sterically controls the binding of
pyrido[2,3-d]pyrimidine inhibitors**.

Pyrido[2,3-d]pyrimidines such as PD180970 (FIG. 4a)
have been shown to suppress the cancer-promoting
activity of activation loop mutants such as H396P at
similar concentrations as wild-type Bcr—Abl, whereas
the IC, for imatinib inhibition of the same mutant was
about tenfold higher*®*. These compounds also potently
inhibit the clinically common p-loop mutations that

affect Tyr253 or Glu255 in the glycine-rich region of
Abl, although this inhibition requires concentrations
approximately fivefold higher than those required to
inhibit non-mutated Bcr—Abl. However, the p-loop
mutants were still more sensitive to the pyrido[2,3-
d]pyrimidines than to imatinib, which correlates with
the poor prognosis associated with these imatinib-
resistant mutants in the clinic®. A slightly increased
concentration of PD180970 inactivated the frequently
detected M351T mutant, which accounts for about
15-20% of imatinib-resistant CML cases, compared
with the concentration required to block wild-type
Bcr—Abl*. However, this variant is only moderately
resistant to imatinib and requires three- to fivefold
higher imatinib concentrations to obtain half-maximal
inhibition of Ber—Abl in intact cells and might therefore
be amenable to dose escalation in leukaemia patients’'.

The promising results with pyrido[2,3-d]pyrimidines
generated interest in structurally different inhibitors of
Src and Abl tyrosine kinases, including the compounds
BMS-354825 and AP23464 (FIG. 4b,c)***. These back-up
drugs were quite similar to pyrido[2,3-d]pyrimidines in
their abilities to inhibit the clinically common Bcr—Abl
alleles that cause imatinib resistance. BMS-354825 also
demonstrated in vivo activity against the M351T allele in
a mouse model of CML?%. However, it could be that
increased imatinib doses would have a similar result on
the M351T variant in animal experiments.

Although none of the drugs were effective against
the Abl gatekeeper-residue mutant T315I, their potency
against other imatinib-resistant Bcr—Abl proteins further
indicates that imatinib is particularly sensitive to
resistance because of the stringent conformational
requirements for its binding. However, the targeting of
the inactive kinase conformation that is characteristic of
imatinib is likely to result in higher selectivity compared
with back-up drugs directed against the relatively con-
served active state’*. Less selectivity might lead to
more adverse side effects in leukaemia patients, and so it
remains to be determined whether second-generation
drugs with favourable clinical toxicity profiles can be
developed against imatinib-resistant alleles of Bcr—Abl

Targeting the gatekeeper

Neither imatinib nor any of the described second-
generation inhibitors are currently effective against the
T315] allele of Ber—Abl. It is therefore of concern, when
considering the efficacy of these drug classes, that the
corresponding threonine residue — or a valine side
chain of similar size, which is found in a subset of all
human protein kinases — might represent a conserved
hotspot for resistance formation®”**. For example,
mutation of the gatekeeper residue to larger residues,
such as isoleucine or methionine, confers resistance
against various kinases such as p38, Src and the epi-
dermal growth factor receptor (EGFR) against different
types of ATP-competitive inhibitors, including SB203580,
PP1 and PD153035, respectively®>~". All of these inhib-
itors possess aromatic substituents, which are accommo-
dated by the hydrophobic pocket that is adjacent to the
ATP-binding site in the wild-type kinase. As illustrated
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Figure 4 | Chemical structures of the imatinib back-up
drugs. PD180970 (a), AP23464 (b) and BMS-354825 (c) have
been characterized as potent dual-specificity inhibitors of Abl-
and Src-family kinases. In contrast to imatinib, PD180970,
BMS-354825 and AP23464 target the active configuration of
Abl tyrosine kinase and therefore retain considerable inhibitory
activity against clinical BCR-ABL variants, which destabilize
the inactive conformation required for efficient imatinib binding.

by the crystal structure of the EGFR in complex with
the PD153035-related inhibitor erlotinib (FIG. 5a,b),
larger residues in the position of the crucial Thr766
would sterically interfere with the projection of the
inhibitor into that cavity and thereby induce target resis-
tance®. As previously mentioned, the hydrophobic
pocket is not involved in ATP binding (FIG. 5¢), which is
why catalytic activity is preserved in kinase variants with
mutations at this site.

Gefitinib (Iressa/ZD1839; AstraZeneca), an EGFR
inhibitor, was recently approved for the treatment of
advanced non-small-cell lung cancers (NSCLCs) that do
not respond to established chemotherapy regimens™*°.
The C-to-T single-nucleotide mutation that leads to the
imatinib-refractory T3511 allele of BCR—ABL also
dramatically desensitizes EGFR to gefitinib by replacing
the corresponding gatekeeper residue Thr766 with a
methionine residue”*. In light of several recent studies
that have established a strong correlation between
objective tumour responses to the drug and kinase-
activating mutations in the EGFR found in a relatively
small subset of NSCLC patients®-*, there is perhaps
cause for concern about the potential for resistance
formation against gefitinib due to mutation of the

HUMAN KINOME essential gatekeeper residue.
The collection of genes in the One way to override the resistance caused by muta-
human genome encoding kinases. tion of a gatekeeper residue would be to develop

small-molecule compounds that do not depend on
this structural element for binding. This has been
demonstrated for the imatinib-insensitive T6741 variant
of the constitutively active FIP1L1-PDGFRa. fusion
protein implicated in hypereosinophilic syndrome,
which was effectively inhibited by the staurosporine
analogue PKC412 both in vitro and in a mouse model of
myeloproliferative disease®. The corresponding T6811
mutation in the closely related PDGFR tyrosine kinase
did not confer resistance to the indolinone compound
SU6668, which was in contrast to the target desensiti-
zation observed for several other PDGFR inhibitors,
including imatinib*. Moreover, related inhibitors based
on the same scaffold as SU6668 were effective against
fibroblast growth factor receptor 1 (FGFR1) and Src
tyrosine kinase mutants harbouring a methionine in the
gatekeeper position® . Consistent with these findings,
structural analysis revealed that these compounds do
not bind in the hydrophobic back pocket adjacent to the
nucleotide-binding site.

These molecular insights are not only relevant in the
context of acquired drug resistance, but also relate to
important aspects of compound library design and
composition for screening purposes against protein
kinase targets. About 75% of all human protein kinases
have larger, hydrophobic residues such as methionine,
leucine or phenylalanine in the position homologous to
Thr315 of Abl and Thr766 of EGFR. This large part of
the Human kivoMeE also includes various oncology targets
such as cyclin-dependent kinases, insulin-like growth
factor 1 receptor or FLT3, which can be expected to be
rather insensitive to small-molecule inhibitors that
extend bulky, aromatic substituents accommodated into
the hydrophobic back pocket.

Multi-targeted therapy with kinase inhibitors
Obviously, any anticancer drug sets up a selective pressure
for those tumour cells that can survive and proliferate in
its presence. The same basic principle seems to be true
for protein kinase inhibitors, as exemplified by the
clonal selection for drug-resistant BCR—ABL alleles
during imatinib therapy. A general drawback of target-
specific monotherapy therefore derives from the fact
that a single genetic alteration conferring target resis-
tance to an individual tumour cell can eventually lead to
relapse. Once second-generation drugs targeting ima-
tinib-resistant Bcr—Abl become available, their clinical
use could be guided by sensitive diagnostic tools such as
allele-specific oligonucleotide polymerase chain reaction
(ASO-PCR), which can be used to predict therapeutic
efficacy in individual patients on the basis of the type of
the detected mutations®. Molecular characterization of
BCR-ABL alleles might also be considered early in
therapy of late-stage CML or Ph* ALL patients, because
in some cases BCR—ABL mutations have even been
found to exist in a small subpopulation of leukaemic
cells before imatinib treatment®-*. These approaches
will probably find applications in tailoring the use of
other targeted kinase inhibitors, such as gefitinib.
However, the ability of kinases to mutate in response
to the selective pressure created by drug treatment
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Figure 5 | Relevance of the gatekeeper residue for inhibitor binding. a | Ribbon representation of the structure of the
epidermal growth factor receptor (EGFR) tyrosine kinase domain in complex with the ATP-competitive inhibitor erlotinib®®, which
is a small-molecule antagonist of EGFR tyrosine kinase and belongs to the same class of compounds as gefitinib. The p-loop is
highlighted in yellow. The position of the aC helix, which represents a conserved structural feature in the amino-lobe of protein
kinase domain, is shown for reference. b | Orientation of erlotinib in the nucleotide-binding pocket of the EGFR. The p-loop is not
shown in this presentation. The positions of the hinge region, the hydrophobic back pocket and the gatekeeper threonine
residue (Thr766) are indicated. Substitution of the Thr766 by a larger residue would result in a steric clash with the aromatic moiety
of the inhibitor accommodated by the hydrophobic pocket. ¢ | Insertion of ATP into the nucleotide-binding site of the EGFR
crystal structure. ATP does not interact with the hydrophobic region involved in erlotinib binding, illustrating why larger residues

in the gatekeeper position 766 do not abrogate the catalytic activity of the EGFR tyrosine kinase

35,57

provides a strong rationale for hitting more than one
essential target at the same time in the tumour cells™.
Alternatively, simultaneous targeted inhibition of both
an essential protein component in the cancer cells and
of endothelial cell-dependent tumour neovasculariza-
tion aims not only at increased therapeutic potency, but
also a reduction in the risk of molecular resistance for-
mation by reducing the tumour cell population as a
result of anti-angiogenic therapy’'. Multi-targeted ther-
apy can be achieved with either a combination of medi-
cines or single ‘promiscuous’ drugs that act on a set of
disease-relevant proteins’. Protein kinases, which share
arelatively conserved ATP-binding site, are amenable to
the latter concept of targeted poly-pharmacology.

The emerging shift towards multi-targeted kinase
inhibitors can also be illustrated by a series of indolinone
inhibitors developed for antitumour therapy in recent
years (FIG.6). The first of these compounds, SU5416, was
originally developed as a monospecific inhibitor of
vascular endothelial growth factor receptor (VEGFR)
tyrosine kinase, which is involved in tumour angio-
genesis”. The follow-up drug SU6668 had improved
pharmacological properties and an increased potency as

an anti-angiogenic agent, because it simultaneously
inhibited three RTKs known to have a role in neovascu-
larization: VEGFR2, PDGFRf and FGFR17*. However,
FGEFR signalling was hardly affected by SU6668 in intact
cells,and VEGFR2 seemed to be only partially blocked
in a mouse model of angiogenesis, in contrast to the
potent in vivo inhibition of the PDGFR by the kinase
inhibitor’*7>. SU6668 therefore did not attain balanced
in vivo activity against its molecular targets, which is
certainly a key aspect for effective multi-targeted therapy.
Both SU5416 and SU6668 have not performed very well
in clinical trials so far, which to some extent also relates
to their respective pharmacokinetic profiles™.

SU11248, the most recent drug out of this compound
development line, shows comparable potency against
several RTKs, including PDGFRa, PDGFRf, VEGFR2,
Kitand FLT377-°. The balanced activity profile of this
multi-targeted drug might well translate into simulta-
neous inhibition of disease-relevant RTKs in vivo and
already seems to result in therapeutic efficacy in neo-
plasias such as renal cell carcinoma”. In addition,
SU11248 showed promising results in GIST tumours
with acquired resistance to imatinib”'. Considering the
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Figure 6 | Chemical structures of the indolinone
compounds. SU5416 (a), SU6668 (b) and SU11248 (c).
This series of ATP-competitive receptor tyrosine kinase
(RTK) antagonists provides an example that illustrates a shift
towards multi-targeted therapy with small-molecule kinase
inhibitors. SU11248, the most recent compound out of this
series, possesses balanced inhibitory activity against various
RTKs, including platelet-derived growth factor receptor-a
(PDGFRa), PDGFRB, vascular endothelial growth factor
receptor 2, Kit and FLT3777°,

structural aspects of both imatinib binding to its GIST
target Kit and the interaction of SU11248-related
indolinones with tyrosine kinases, SU11248 might be
expected to override imatinib-desensitizing mutations in
KIT, including the T6701 substitution of the gatekeeper
residue”. In addition to Kit in tumour cells, SU11248
seems to target both VEGFR and PDGER tyrosine kinases
in endothelial and perivascular cells, and interferes with
tumour vascularization and, as a consequence, with the
blood supply within the tumour®. The results of further
clinical studies will clarify how efficacious multi-targeted
kinase inhibitors such as SU11248 are in terms of potency
and thwarting resistance formation.

There is, however, a drawback to this approach. The
simultaneous inhibition of multiple targets with either
‘promiscuous’ small-molecule kinase inhibitors or cock-
tails of these drugs runs the risk of becoming too unselec-
tive; this might interfere with normal cellular function
and result in dose-limiting toxicity. To keep potential
adverse side effects to a minimum, compounds must
ideally possess a multi-target selectivity that is
restricted to cancer-relevant protein kinases and must
be ineffective against proteins not linked to the actual
disease. To address this challenge, a thorough analysis
of the kinase selectivity of drug candidates must be
undertaken. This can be done in high throughput by
screening large collections of recombinant kinases
against drug candidates in parallel®"#2.

Alternatively, this challenge might be addressed using
proteomic techniques, which make use of immobilized

kinase inhibitors for the affinity purification of cellular
drug targets followed by sensitive mass spectrometry
for subsequent protein identification®-*°. Proteomic
target-identification techniques that we have carried
out often revealed that the targets of a drug belonged
to different groups of the human protein kinase super-
family and were therefore fairly unrelated at the
amino-acid level, as shown, for example, for a ‘selec-
tive’ receptor tyrosine kinase inhibitor, which also had
cellular activity against several Ser/Thr kinases with
roles in cell-cycle progression and anti-apoptotic sig-
nalling (H. Daub, unpublished results). There might
therefore even be potential to develop potent multi-
targeted drugs with rather ‘counterintuitive’ kinase
inhibition profiles, which not only hit a group of
closely related RTKs, but, for example, show balanced
inhibitory activity against both tyrosine and Ser/Thr
kinases involved in carcinogenesis.

Notably, the physiological outcome of multi-targeted
therapies does not necessarily reflect the sum of the
individual target contributions to cellular signalling®®.
For instance, simultaneous co-inhibition of the EGFR
and HER2 RTKs with combinations of targeted agents
results in regression of aneuploidy and restores a normal
phenotype in ovarian carcinoma cells, which is not
observed on ablation of either target alone®. Similar
effects on the malignant phenotype of certain cancer
cells might be achieved with single agents such as puar-
SPECIFICITY KINASE INHIBITORS Of these related RTKs, which
are currently undergoing clinical evaluation®.

Combinations or ‘cocktails’ of selective protein
kinase inhibitors, with either other targeted agents or
conventional chemotherapy, also represent an emerg-
ing therapeutic concept for preventing or overcoming
resistance formation in human malignancies. These
combinatorial approaches offer more flexibility with
respect to target selection and therapeutic design than
multi-targeted protein kinase inhibitors, because drugs
with fundamentally different biological modes of
action can be co-administered at different ratios rela-
tive to each other and according to variable time
schedules. However, they require more effort to deter-
mine the optimal doses that are both efficacious and
well tolerated by the treated patients. In the case of
imatinib, combination with intensive traditional
chemotherapy has yielded very promising results in
Ph* ALL and the synergistic cytotoxic effect on the
leukaemia cells seems to significantly reduce the risk of
resistance formation inherent to imatinib monotherapy
of this myeloproliferative disorder®. Furthermore, pre-
clinical data support the idea that the combination of
imatinib with targeted agents, such as farnesyltrans-
ferase inhibitors or heat-shock protein antagonists, can
overcome resistance caused by imatinib-desensitizing
mutations in the Bcr—Abl kinase domain®'. There are,
therefore, already several lines of evidence indicating
that both new combination therapies, as well as multi-
targeted protein kinase inhibitors, will become impor-
tant elements in future cancer therapy and will have
essential roles in preventing or overriding drug resistance
in human malignancies.
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Conclusions
The emergence of molecular resistance as a result of
genetic alterations, which are frequently observed in
BCR-ABL, seems to be a drawback of targeted treat-
ment. It certainly poses a major challenge to successful
anticancer therapy. However, resistance-conferring
mutations can also be seen as the inevitable conse-
quence of a drug-imposed selection process, which in
fact confirms the validity of the targeted therapeutic
approach. In the case of protein kinases, inhibitor-
desensitizing mutations do not prevent the binding and
catalytic utilization of ATP, and consequently permit the
variant enzyme to compensate for the cellular function of
non-resistant kinases in the presence of small-molecule
antagonists. Therefore, mechanistic and structural
insights into the molecular aspects of drug-target resis-
tance provide a rationale for the selection and design of
back-up compounds for drug development that show
potent activity against mutant kinase alleles and might
also be generally less susceptible to resistance formation.
It is essential to expand the definition of a disease-
relevant target to include the whole range of functional

mutant phenotypes. In this context, it might be con-
ceivable that a set of distinct small-molecule inhibitors
with complementary activities towards desensitized
mutant alleles ensures effective inhibition of any
resistant kinase variants that possibly emerge during
targeted therapy. In this scenario, resistance forma-
tion against one targeted drug could always be thera-
peutically addressed with an alternative drug for the
same cellular target. Moreover, the simultaneous
inhibition of several cellular targets by poly-pharma-
cological intervention might have even greater poten-
tial in preventing the emergence of drug resistance in
human malignancies. Poly-pharmacology with tar-
geted agents in human cancer would be reminiscent
of targeted combination therapies currently used for
the treatment of viral diseases such as HIV infection
to minimize the formation of drug resistance®.
Hopefully, the future implementation of the dis-
cussed strategies to thwart resistance will result
in more efficacious anticancer therapies and eventu-
ally shift the balance from disease relapse towards
disease eradication.
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