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Abstract
Introduction—Because of their important roles in disease and excellent “druggability”, kinases
have become the second-largest drug target family. The great success of the BCR-ABL inhibitor
imatinib in treating CML illustrates the high potential of kinase inhibitor (KI) therapeutics, but
also unveiled a major limitation: the development of drug-resistance. This is a significant concern
as KIs reach large patient populations for an expanding array of indications.

Areas covered—We provide an up-to-date understanding of the mechanisms through which KIs
function, and through which cells can become KI-resistant. We review current and future
approaches to overcome KI-resistance, focussing on currently approved KIs and KIs in clinical
trials. We then discuss approaches to improve KI efficacy and overcome drug-resistance and novel
approaches to develop less drug-resistance prone KI-therapeutics.

Expert opinion—Although drug-resistance is a concern for current KI-therapeutics, recent
progress in our understanding of the underlying mechanisms and promising technological
advances may overcome this limitation and provide powerful new therapeutics.
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1. Introduction
By transferring the γ-phosphate from the ATP-cofactor onto diverse substrates, kinases
regulate almost every aspect of cellular function, including cell growth, metabolism,
proliferation, differentiation, migration, effector functions and death. Perturbed expression,
subcellular localization or function of many kinases can cause diseases. Often, this results
from inherited or acquired mutations in kinase genes. 164 of 518 human kinase genes are
located in genome regions implicated in cancer, another ~80 in regions implicated in other
diseases. Cancer “driver” mutations may occur in approximately 120 genes. Among various
protein kinase structural domains, “kinase domains” (KD), which harbor both ATP-binding
site and catalytic center, are most frequently encoded by cancer genes1, 2. A recent study of
915 human disease-associated kinase mutations implicated 50 kinases in 67 germline-
inherited diseases, mainly developmental and metabolic disorders and cancers3. A
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prominent example for a “kinasopathy” caused by a somatic kinase-gene mutation is the
causative role of hyperactive Breakpoint Cluster Region-Abelson kinase (BCR-ABL) fusion
proteins in chronic-myelogenous-leukemia (CML, accounts for ≤20% of western adult
leukemias) and some acute-lymphoblastic-leukemias (AML)4. Other cancers that are driven
by hyperactive or deregulated kinases include non small-cell lung cancer (NSCLC),
gastrointestinal stromal tumors (GIST), renal cell carcinoma (RCC), breast cancer (BC),
melanoma and thyroid carcinoma (Table 5)1, 5-7.

In cancer, mutant kinases frequently act as oncogenes that promote tumor cell survival,
proliferation or genomic instability, angiogenesis or cell migration during metastasis3, 8, 9.
More recent studies unveiled important disease-promoting kinase roles in immune disorders,
organ transplant rejection, glaucoma, cardiovascular, metabolic and neurodegenerative
diseases3, 10-12. Many kinases act as key nodes in cellular signaling. Thus, pharmacological
modulation of kinase function can alter many physiological and pathological processes in a
therapeutically desirable manner. Moreover, kinases are very “druggable”: They are often
specifically expressed in targeted tissues, and have specific, often well characterized ATP,
substrate, regulatory subunit or ligand binding sites that can be targeted by small-
molecules 8, 13. Consequently, kinases have become the second-largest drug target family,
with 13 approved kinase inhibitor (KI) drugs (Table 1), ~100 compounds in clinical trials
(Tables 2, 3) and many more in preclinical development1, 8, 10-18.

Oncogenic or cancer supporting roles of many deregulated kinases, including ABL-fusion
proteins, EGFR, KIT, PDGFR, FMS, VEGFR, FLT3, SRC-family (SFK) or cyclin-
dependent kinases (CDKs), spurred the initial development of most KIs as cytostatics (Table
1). The success of the ATP-competitive BCR-ABL KI imatinib19 as a breakthrough CML-
therapeutic demonstrates the benefit of this approach4, 12. Surprisingly low toxicity of many
KIs and improved target-selectivity have broadened KI-therapeutic indications to include
less life-threatening autoimmune diseases, transplant rejection, allergic rhinitis, chronic
obstructive pulmonary disease (COPD), osteoarthritis, cardiovascular diseases, neuropathic
pain, age-related macular degeneration, glaucoma, erectile dysfunction and other diseases
(Tables 1-3)8, 10-12, 14, 15, 20. Many of these disorders are chronic, necessitating live-long
drug administration. For these patients, limited KI efficacy and limited target selectivity
causing toxic side effects over time remain challenges.

Another important challenge for KI-therapeutics is the development of drug-resistance. This
“Achilles heel” may affect kinases more than most other drug targets. One reason is that
because of the key roles of many kinases in cell metabolism, survival and function, cells
underlie significant selection pressure to compensate for the loss of function of an important
kinase. Moreover, kinases show complex intra- and intermolecular interactions with
regulatory subunits or ligands that govern extensive structural changes required for
activation. Their many interaction interfaces and conformational dynamic provide multiple
interference points for mutational or other mechanisms that reduce KI drug-binding or -
effect while maintaining sufficient ATP-binding and catalysis for restoring kinase function.
In a patient treated with a KI-therapeutic, this can result in the development of drug-
resistance through various cell extrinsic and -intrinsic mechanisms (Fig. 4) 9, 16, 17, 21-25. In
particular tumor cells, which are genetically unstable, can harbor pre-existing primary, or
acquire secondary drug-resistance mechanisms upon KI treatment. The clinically most
important mechanism is the accumulation of drug-resistant mutant alleles of the targeted
kinase. For example, the outgrowth of tumor cell clones harboring drug-resistant BCR-ABL
alleles is the main cause of imatinib resistance in CML patients26. 15-25% of imatinib-
treated CML patients have primary resistance, failing to show sustained drug responses
altogether. 7-15% develop secondary imatinib-resistance, losing initial responses.
Altogether, ~33% may eventually need alternative treatment options. This necessitated the
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costly and, for some relapsed patients, too late development of “second” and “third
generation” BCR-ABL-inhibitors 9, 12, 16, 17, 27. In the past decade, KI drug-resistance has
become a common clinical complication affecting multiple cancers, targeted kinases and
drugs (Tab. 4,5). Preclinical studies have unveiled drug-resistance mechanisms for many
additional kinases28-33. As KIs reach large patient populations for expanding indications,
drug-resistance could thus become a major liability that limits the therapeutic use of this
otherwise excellent drug class. Here, we critically review this problem and discuss recent
advances in overcoming it.

2. Small Molecules Can Inhibit Kinases Through Diverse Mechanisms
2.1 Kinase structural features and conformational plasticity

All canonical kinases share a typical kinase domain (KD) fold (Fig. 1) 1, 8, 34. An N-terminal
N-lobe and a C-terminal C-lobe flank an ATP and substrate binding active site at the
interlobe cleft. The N-lobe is mainly composed of β-sheets. It anchors and orients the ATP.
The two most N-terminal β-strands flank a glycine-rich loop (G-loop, also termed
phosphate-binding loop or P-loop) that binds and positions the ATP properly for γ-
phosphate transfer to the substrate 34. The predominantly α-helical C-lobe primarily binds
the substrate and initiates phosphotransfer. N- and C-lobe are connected by a “hinge” whose
backbone forms critical hydrogen-bonds with the ATP-adenosine (Fig. 3). Binding of ATP
and substrate closes the interlobe cleft through hinge-mediated N- and C-lobe juxtaposition,
facilitating γ-phosphate transfer.

Recent data suggest that kinases exist in a dynamic equilibrium of multiple different
conformations (Fig. 1,2). The transition from inactive to catalytically active conformations
involves characteristic conformational changes in several conserved structural elements that
harbor amino acid (AA) residues directly involved in catalysis, or in stabilizing inactive vs.
active conformations. Studies of SFKs (Fig. 1), ABL (Fig. 2) and other kinases have
provided mechanistic insight into how these conformational changes control kinase
function 8, 35-44. Briefly, the activation loop (commonly termed A-loop) in the C-lobe often
occludes the catalytic domain in inactive kinases. A-loop auto- or heterologous
phosphorylation induces or stabilizes conformational changes, permitting ATP/substrate-
access to the catalytic site, and allowing the acidic D-side-chain in a conserved N-terminal
DFG (in some cases DLG) AA consensus motif within the A-loop to contact an ATP-
coordinating metal ion 8.

In inactive SFKs, the A-loop forms a partial helix that interacts with N-lobe helix αC (short
for α helix C45). This interaction includes an electrostatic salt-bridge between a conserved
basic A-loop KA and a conserved D/EαC that is enabled by D/EαC-orientation out of the
catalytic center (D/EαC-out conformation). In active SFKs, D/EαC is flipped into the
catalytic site (D/EαC-in conformation) and salt-bridges with Kβ of the N-lobe. The DFG D-
side-chain is oriented into the catalytic site in active SFKs (DFG-D-in conformation) and
intermediately oriented in inactive SFKs whose non-helical A-loop does not bind αC (Fig.
1). The active A-loop conformation is stabilized by phosphorylation of conserved YA. SFK-
activation involves complex interactions of their non-catalytic domains (Fig. 1)36, 37. SH2
(Src homology 2) domain-binding to a Csk/Chk-phosphorylated C-terminal YC, and SH3
domain-binding to the SH2/KD-linker cause αC-flipping into the out-position and stabilize
the inactive conformation 46. YC-dephosphorylation, SH2- and SH3-domain binding to other
ligands usually in the substrate, or mutagenesis of interacting domain/linker-residues
disassemble these inhibitory intramolecular interactions, causing conformational changes
and SFK activation that is further stabilized by A-loop phosphorylation. Recent data suggest
that not all inhibitory interactions may need to be dissolved for SFK-activation 36, 37.
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Similar interactions control ABL, whose two splice-variants ABL-1a and -1b harbor
differing N-termini (Fig. 2)37. The N-terminus of ABL-1b is myristoylated. In contrast to the
SFKs, the ABL inactive conformation is stabilized through phospho-Y independent SH2
domain/C-lobe binding. Besides SH3 domain-SH2/KD-linker interactions, the N-terminal
cap region may fold over the SH2 domain and allow the ABL-1b N-terminal myristoyl-
moiety to bind to a specific site in the C-lobe. Mutagenesis data suggest that these
interactions are auto-inhibitory (Tab. 4)39, 41, 47, 48. ABL-activation likely involves their
disruption, SH2 domain-translocation to an N-lobe interaction, and A-loop phosphorylation
(Fig. 2). The ABL KD can adopt two different inactive conformations: A SFK-like inactive
EαC-out, DFG-D-in configuration may possibly represent a transitional intermediate
between active ABL (EαC-in, DFG-D-in) and an ABL-type inactive structure where EαC is
flipped into the catalytic site, but DFG-D is flipped out and the A-loop is in an inactive
conformation. Examples for both inactive conformations exist in other kinases (Fig. 2).
Energetic constraints may cause differential representation of the various structures in a
dynamic equilibrium. They provide distinct physicochemical environments that can be
targeted by KIs. Indeed, the clinical success of several KIs relies on their abilities to bind
and stabilize distinct kinase conformations 19.

2.2 Compounds can employ different mechanisms to perturb kinase function
KIs can competitively target protein, small-molecule ligand, substrate or ATP-binding sites.
Compound-binding to allosteric sites can inhibit kinases through conformational
effects1, 8, 13, 49, 50. Large interfaces mediating very strong interactions make small-
molecule interference with protein-protein interactions difficult despite some recent
progress49-51. Traditional screens for small-molecule KIs yielded primarily ATP-
competitive compounds that bind to the ATP-binding site. Achieving high target kinase
affinities and inhibitory potencies proved relatively easy. Consequently, most approved and
clinically explored current compounds are ATP-competitors (Tab. 1-3). However, kinase
domains need to bind ATP and orchestrate the stereo-selective ATP γ-phosphoryl transfer to
nucleophilic residues in the substrate. This places major constraints on shape and
physicochemical environment of the ATP-binding site. Consequently, its shape and key
molecular AA interactions with ATP-atoms, in particular the ribose and triphosphate
moieties, are strongly conserved among many kinases. Paucity of un-conserved
physicochemical features makes it difficult to develop highly selective ATP-competitors that
only inhibit a targeted kinase. Although a moderate lack of selectivity can sometimes be
exploited to “poly-target” several kinases that contribute to a pathology (Tab.
1,2)15, 22, 52, 53, it can also cause side effects or toxicity. Fortunately, the resolution of over
755 kinase/inhibitor complex crystal structures54, extensive biochemical and genetic
analyses, and refined rational, structure and quantitative structure-activity-relationship
(QSAR)-based design approaches have recently allowed the development of more selective
KIs1, 8, 9, 13, 35, 55.

Most current KIs employ one of five KD binding-modes (Fig. 3)1, 8, 13, 35, 50. Type 1 KIs
(T1KIs) including the ABL-inhibitors Dasatinib, PD166326 or MK-0457/VX-680 (Fig. 2,3;
Tab. 1,2)4, 13, 16, 56, 57 compete with ATP for binding to the ATP-binding site. They employ
similar KD interactions as the ATP adenine, including 1-3 hinge hydrogen-bonds. Their
selectivity and potency can be increased through additional interactions with two
hydrophobic pockets (HP1/2) flanking the adenine-site (Fig. 3C,F)13, 35. T1KIs bind and
inhibit active and inactive kinase conformations, including the SFK-like inactive
conformation (Fig. 1,2)35, 40.

Type 2 KIs (T2KIs) including imatinib, gefitinib, nilotinib and sorafenib (Tab. 1)8, 13 are
indirectly ATP-competitive. They harbor a distinct moiety that interacts with HP2 and an
adjacent hydrophobic type 2/3 allosteric site that is generated by A-loops in the DFG-D-out
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position and specific for ABL/KIT-like inactive kinase conformations (Fig. 3A,D)13, 35.
T2KI binding may involve DFG-D-out specific DFG and YαC interactions. T2KIs have
improved potency and selectivity, because HP2 and type 2/3 allosteric site are not involved
in ATP-binding and hence less conserved. This and their ability to induce and/or stabilize
the ABL-type inactive KD conformation (Fig. 2,3)44 make T2KIs powerful therapeutics.
T2KIs may extend into the ATP-adenine region and form hinge hydrogen-bonds. This
property can be rationally added to improve potency35. The ABL/KIT-like inactive
conformation was observed in ABL, insulin-receptor, p38, BRAF, EGFR, HDR, KIT, CSK,
FLT3 and AURORA-A, but is energetically unfavorable in certain other kinases including
SFKs and cyclin-dependent kinases (CDKs)35. This allows augmented T2KI selectivity,
exemplified by the ~2000-fold higher Imatinib affinity for ABL over SFKs35, 38, 56. Access
to HP2 and type 2/3 allosteric site is controlled by a “gatekeeper” residue between adenine-
site and HP2 (Fig. 3). In many kinases, a small gatekeeper side-chain allows KI binding.
Gatekeeper mutations such as ABL-1a T315I (Tab. 4) that introduce bulky side-chains are a
main cause of KI-resistance through several mechanisms, including steric hindrance of drug
access to both sites13, 58, 59.

Recently developed type 3 cSRC KIs (T3KIs) exclusively bind the type 2/3 allosteric site 60.
Like T2KIs, they stabilize the inactive kinase conformation. Their fusion to T1KI-scaffolds
can generate T2KIs through “hybrid design”35, 61.

Attempts to overcome type 1/2 KI drug-resistance in ABL and other kinases have recently
provided ATP-noncompetitive “type 4” allosteric KIs (T4KIs) . These bind kinase regions
outside the ATP-pocket, often in remote locations (Fig. 3C)13, 49, 50, 60. Because these sites
are less conserved, T4KIs can have high target-selectivity. Examples are GNF-2/5 inhibitors
(Fig. 3)13, 55, 62, 63. GNF-2/5 or, likely, myristate-binding to the ABL myristate binding-site
inhibit catalysis by stabilizing the inactive conformation and causing conformational
changes at the ATP-site through mechanisms that involve SH2/SH3 domain interactions
(Fig. 2,3). Interestingly, SRC also possesses a C-lobe myristate-site but is not inhibited by
myristate or GNF-2/562. Additional allosteric inhibitors have been developed for mTOR,
AKT, MEK, IKK, CHK and CAMKII55. Intriguingly, allosteric kinase activators also
exist13.

Another KI-type are covalent inhibitors (cKI), including five EGFR-inhibitors in clinical
trials. These bind covalently to nucleophilic cysteines in the active site and irreversibly
inhibit ATP-binding or activity13, 64. Cysteines near the ATP-pockets of ~200 human
kinases provide opportunities to broadly explore the potential benefit of high cKI potency,
and the potential liability of covalently modifying unanticipated targets13.

3. Mechanisms of Kinase Inhibitor Drug-resistance
Many factors can contribute to pre-existing/primary or acquired/secondary KI-resistance
(Fig. 4A,B). Target-cell extrinsic mechanisms include well-established pharmacokinetic
(PK) factors that primarily affect drug efficacy9, 16, 22, 65. Another factor is the tumor
microenvironment. EGFR inhibitors likely inhibit angiogenesis both by inhibiting tumor cell
VEGF production, and by inhibiting EGFR signaling in surrounding endothelial cells9.
Stromal cell paracrine HGF secretion may promote gefitinib-resistance in EGFR-mutant
NSCLC66.

Pharmacogenomic factors including gene polymorphisms can cause considerable variation
in drug efficacy and toxicity. They can contribute to primary drug-resistance and may
necessitate individually optimized dosing regimen9, 65. For example, EGFR polymorphisms
affect EGFR expression, gefitinib sensitivity and toxicity, possibly contributing to variations
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in EGFR-inhibitor clinical efficacy between Asian versus Caucasian lung cancer patient
populations9.

3.1 Acquired drug-resistance involves primarily target cell intrinsic mechanisms
Cell-intrinsic drug-resistance mechanisms include target gene amplification, overexpression
or epigenetic activation, upregulation/activation of redundant or downstream signaling
effectors, or secondary missense mutations in the targeted kinase which reduce drug-affinity
or -effect (Fig. 4A,B) 9, 16, 21-24, 66, 67. BCR-ABL overexpression due to gene amplification
occurred in some imatinib-resistant CML patients 16, 26. Elevated histone-deacetylase
(HDAC) and reduced histone-acetyltransferase activities in imatinib-resistant CML cells and
synergistic pro-apoptotic effects of KIs and HDAC-inhibitors suggest that altered epigenetic
modifications can contribute to imatinib-resistance. It will be interesting to explore the
clinical benefit of this approach16.

Augmented redundant/downstream signaling can result from upregulation of positive or
downregulation of negative effectors. Upregulation of BCR-ABL downstream effectors
including SFKs (Lyn), PI3K, JAK/STAT or Ras/Erk-pathways was found in imatinib-
resistant CML cell subsets 16, 22, 56. Although ABL-independent SFK signaling may
contribute to imatinib-resistance, SFK-binding may also stabilize the BCR-ABL active
conformation. ABL-phosphorylation by SFKs may reduce imatinib-sensitivity, possibly
through allosteric effects16. Therefore, the ability of dasatinib to overcome imatinib-
resistance in CML may sometimes include SFK-inhibition in addition to the inhibition of
many ABL mutants. In GIST cells, AXL-upregulation and subsequent AKT activation may
contribute to imatinib-resistance. PI3K-activation via oncogenic PIK3CA mutation, PTEN-
loss or MET-amplification and ERBB3-signaling can confer EGFR-KI-resistance9, 21.
PTEN-downregulation in ~70% of NSCLC may contribute to gefitinib/erlotinib-
hyposensitivity9, 68. This provides a rationale for evaluating co-inhibition of targeted kinase
and upregulated effectors clinically9. However, if target-effectors participate in signaling
loops, their (co-)inhibition can cause complications: mTORC1-inhibitors promoted AKT
activation and potentially tumor growth by downregulating PI3K feedback-inhibition 9.

Leukemic stem cells (LSCs) may play an important role in KI-resistance in CML, and in the
importance of disease-stage for prognosis24, 67. Their quiescence, or environmental survival
signals in the stem-cell niche, may render LSC-viability BCR-ABL-independent, causing
ABL-inhibitor resistance 24. LSC-subsets harboring drug-resistant mutations can thus
provide a reservoir of drug-resistant CML cell precursors despite a complete cytogenetic
response to KI-treatment24.

Finally, tumor cell genetic instability might facilitate the emergence of different drug-
resistance mechanisms in different metastases in a patient, seriously complicating attempts
to overcome drug-resistance. One NSCLC patient had one metastasis with MET-
amplifications and another one with an EGFR-T790M mutation69. Both mechanisms can
cause gefitinib/erlotinib-resistance.

Most relapsing CML patients show acquisition of one or more of >50 different missense
mutations in the BCR-ABL KD, or BCR-ABL oncogene-amplification (Table 4, Fig.
4,5)13, 21, 25, 26, 56. Clinical studies have implicated FLT3, KIT, PDGFRA, EGFR or ERBB2
mutations in KI-resistance in various cancers (Table 5). Intriguingly, many of these
mutations are located in similar positions in the different kinases, and may engage similar
mechanisms (Tables 4,5; Fig. 5). Below, we discuss how studying the most important
mutations advanced our mechanistic understanding of KI-resistance and enabled the
development of less resistance-prone therapeutics.
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3.2 Oncogenic and drug-resistance mutations occur in hotspots
For ABL, oncogenic mutation usually relies on translocations like the Philadelphia
Chromosome. These cause expression of fusion proteins like BCR-ABL, which are
hyperactive due to loss of the auto-inhibitory ABL1b myristate-moiety, and to dimerization
through the fused domain1. In contrast, oncogenic mutation of EGFR, which contrary to
ABL does not require A-loop phosphorylation for activity1, can result from deletions 64, 68.
Moreover, EGFR overexpression (observed in 62% of NSCLC cases) and hyperstimulation
by the secreted ligands EGF and TGFα in auto-/paracrine feedback-loops can confer growth
advantages to tumors and promote metastasis. Biological EGFR-antagonists act primarily by
disrupting these loops68. 50-80% of EGFR-mutant NSLCs respond to the small-molecule
KIs gefitinib or erlotinib68. KI-treated NSCLC patients showed an accumulation of small
deletions, insertions or point mutations in the EGFR-KD that often positively associate with
tumor-sensitivity to KIs (Table 5)64, 68, 70. Their use as clinical markers for patient selection
strongly increased TKI response rates, although ≤20% of mutation-carrying patients are
gefitinib-resistant64, 70. The topological locations of several primary EGFR-mutations
overlap with those of KI-resistant ABL-mutations. Yet, many do not alter EGFR-KI
binding-affinities64. Instead, they may hyperactivate EGFR and augment/prolong
downstream signaling. However, some data are conflicting, and primary mutations can
reduce ATP-affinity68, 71. The precise mechanism through which they increase drug
sensitivity is still unclear but may vary with cellular context and genetic background. It
likely involves destabilization of inactive, or stabilization of active kinase conformations,
oncogene addiction, where tumor growth/survival become dependent on the presence of a
specific EGFR-mutant, and stronger KI-inhibition of pro-survival than pro-apoptotic EGFR-
mutant signaling64, 68, 71-73. The resulting “oncogenic shock” may explain why KIs often
have maximal efficacy against cancers that harbor deregulated target-kinase alleles9.

Other EGFR-mutations variably reduce drug binding or -efficacy (Table 4). Again, several
have analogous drug-resistant ABL-mutations. Further complicating the issue, some EGFR-
mutations including E884K confer gefitinib-sensitivity but erlotinib-resistance in NSCLC74.
Similarly to EGFR, clinical ERBB2, KIT or PDGFR KI-resistance mutations often occur
secondary to oncogenic mutations and involve topologically analogous residues to drug-
resistance mutations in ABL or other kinases (Table 5).

Comparing imatinib-resistant ABL point-mutations identified in a cell-based mutagenesis
screen48 with clinically resistance-associated mutations in BCR-ABL (Table 4), FLT3,
EGFR, ERBB2, PDGFRA, KIT and FMS (Table 5, Fig. 5) unveils several conserved
mutational “hot spots” within the KD. They usually harbor missense mutations, although
small deletions and insertions can also occur 3, 13, 16, 22, 26, 55, 68. Most drug-resistance
mutations arise in protein regions involved in drug interactions (HP1/2, adenine-region, type
2/3 allosteric site, G-loop), or in the transitions between active and inactive kinase
conformations (G-loop, A-loop, αC-helix, Fig. 1-3). To cause drug-resistance, a mutation
must impair drug binding or the involved conformational changes more than ATP-binding
and catalysis. Consequently, directly ATP-interacting residues of hinge or ATP-phosphate
binding region are infrequently involved (Fig. 3). Mutation of directly drug- but not ATP-
binding residues loosens drug binding selectively. Examples are ABL1b-L267(248 in
ABL1a, the common clinical nomenclature), Y272(253), V308(289), M309(290),
T334(315), F336(317), G340(321), F401(382), FLT3-N676 or KIT-V654 (Table 4,5).
Additional clinical mutations occur throughout the N-lobe and in several C-lobe locations
including the substrate-binding site (Fig. 5, Tables 4,5). Structural and often sequence
conservation among analogous drug-resistant mutations in different kinases suggest
conserved mechanisms. Hence, the lessons learned from studying drug-resistance in CML
and other cancers can likely be applied to other kinasopathies. We therefore next discuss the
key principles identified and their relevance for overcoming KI-resistance.
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3.2.1 The gatekeeper mutation—Besides drug-binding residues, small side-chains that
sterically accommodate drugs can be mutated into bulky side-chains that hinder drug access.
A prominent example is the aforementioned ABL1a-T315I mutation of the small T315
“gatekeeper” residue between adenine-site and HP2 (Fig. 3). This “gatekeeper mutation”
remains resistant to most currently approved ABL-inhibitors, including imatinib, dasatinib
and nilotinib (Tables 1,4). Replacement of the small T315 side-chain by a bulky isoleucine
side-chain sterically blocks T1/2KI-access to HP2 and type 2/3 allosteric site without
impairing ATP-binding. This was initially considered the main mechanism through which
T315I causes imatinib-resistance, besides removal of a T315-imatinib hydrogen-bond.
However, recent results showed that gatekeeper-mutation stabilizes a “hydrophobic spine”
linking gatekeeper-residue and A-loop YA in active kinases (Fig. 1,2) 58, 59. This
destabilizes the T2KI-binding inactive, but stabilizes the ATP-binding active conformation,
causing re-gained catalysis, drug-resistance and increased transforming potential58.
Hydrogen-deuterium-exchange mass-spectrometric (HDX-MS) analyses confirmed that
gatekeeper-mutation enhanced imatinib-binding site conformational flexibility. They also
suggest enhanced SH3 domain RT-loop flexibility, possibly indicating distant allosteric
effects that might reduce inhibitory SH3-KD interactions, or Abl-binding to other
proteins 75. Consistent with a perturbed inactive conformation, T315I-mutation activated
myristoylated ABL, thought to be auto-inhibited75.

A small gatekeeper residue is conserved in many kinases. Its mutation in KIT, PDGFRA,
EGFR and ERBB2 causes KI-resistance (Tables 4,5)13, 16, 22, 25, 26, 48, 55, 56, 58, 75-79.
Importantly, gatekeeper mutants are the most frequent clinical BCR-ABL, KIT, PDGFRα
and EGFR drug-resistance mutants 13. This demonstrates the clinical importance of the
general mechanism to cause drug-resistance through distributed allosteric effects that can
affect remote regions within the KD or even in other domains. Overcoming gatekeeper-
mutation induced drug-resistance clinically is extremely difficult. This may reflect the
“dominant” effect of stabilizing the active kinase conformation and obstructing drug access
along with the enhanced transforming potential of the mutation58. Moreover, ABL-T315I
might promote drug-resistance in neighboring cells through KI-induced paracrine IL-3
release, although the clinical relevance is unclear 80. Erkhyperactivation in KI-treated ABL-
T315I mutant cells might suggest additional contributions of upregulated downstream-
signaling (Fig. 4)24.

Stabilization of the active conformation, the different mode of EGFR-deregulation and the
usually secondary occurrence of KI-resistance mutations following primary mutations in the
same cell might explain why EGFR-T790M gatekeeper-mutation only mildly affects
gefitinib-binding, but restores the often reduced ATP-affinity of primary EGFR-mutants like
L858R to wildtype-EGFR levels81. T790M increases EGFR activity and oncogenicity,
occurs in ~50% of KI-resistant NSCLC patients, can occur as a primary resistance-mutation
and might contribute to inherited lung cancer susceptibility 25, 64, 68, 70, 82.

3.2.2 G-loop mutations—The G-loop binds ATP and, sometimes, substrate or other parts
of the kinase (Fig. 1-3). This flexible clamp anchors and orients the ATP α/β-phosphates to
properly position the γ-phosphate for transfer onto the substrate, may stabilize the catalytic
transition-state, controls nucleotide affinity/specificity and γ-phosphoryl transfer-
rate 34, 54, 83, 84. All canonical protein kinases harbor the conserved G-loop consensus motif
G-2x-1G0x1x2G3. G0 is most conserved34. X1/2 comprise the turn. The glycines provide
conformational flexibility, allow tight ATP “contouring”, precluding water-access and non-
productive ATP-hydrolysis, and enable backbone hydrogen-bonds with ATP-phosphates.
G-2 and G0 mutation impairs ATP binding and/or catalysis34. Analysis of 532 nonredundant
protein kinase/inhibitor-complex crystal-structures unveiled additional conservation of a
hydrophobic X-3, aromatic X2 and hydrophobic X5

54. X-3/5 interact nonpolarly with ATP-
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adenine and many ATP-competitive inhibitors 54, 85. Many KIs also interact with G-2, G0
and X-1. Typically, inhibitors contact 2-4, maximally 8 G-loop residues through mostly
hydrophobic interactions 54. 11 structures showed KI hydrogen-bonds with X2

54. Moreover,
58 kinases including SFKs and ABL share a X-4/X+4 salt-bridge across their G-loops 34. Its
mutational disruption in SFKs impairs ATP-binding and catalysis by augmenting the
flexibility of G-loop and other catalytically important KD-regions, including hinge and αC-
helix 34. This suggests important G-loop conformational interactions with other KD-regions.

Usually, the G-loop-conformation is extended (Fig. 1, 2H, 3B). However, several structures
of inactive and active ABL (Fig. 2G/I; 3A/C), p38α, FGFR1, CK2α1, JNK3, AURORA-A,
ROCK1 and CDK5 show a distorted G-loop with altered X-3/-2 dihedral angles 54. This
“kinked” G-loop was suggested to represent inactive kinase conformations, and to increase
surface-complementary with drugs. It may be induced or stabilized by T2KIs 44, 54, 77, 86.
However, kink-preservation in T1KI-bound ABL in the active conformation (Fig. 2I, 3C)87

may argue against a specific kink-role in inactive conformations.

The G-loop is a hotspot for primary oncogenic or drug sensitizing mutations in EGFR,
ERBB2 (Tab. 5), and BRAF (R461I, I462S, G463V/E, G465A/E/V, G468A/
E) 1, 5, 9, 64, 68, 71, 88-91. Many disrupt interactions that stabilize the inactive conformation,
causing hyperactivity and likely oncogene addiction 1, 71, 73. For example, oncogenic BRAF
G-loop or A-loop mutations may disrupt inhibitory G-loop/A-loop interactions, besides
variably affecting ATP-binding 90.

Some of the clinically most important kinase drug-resistance mutations also occur in the G-
loop (Tab. 4,5, Fig. 5)34, 54, 56, 83. In particular, G-loop mutations that destabilize inactive or
stabilize active conformations, or remove direct drug interactions cause clinical resistance to
T2KIs. In CML-patients, G-loop mutations represent ≤48% of all imatinib-resistant BCR-
ABL mutations. They associate with a particularly poor prognosis 16, 22, 76-78. Different G-
loop mutations occur with different frequencies and confer different levels of imatinib-
resistance. Consistent with the very similar ABL and BRAF inactive KD structures90, the
imatinib-resistant BCR-ABL G-loop Y253F and E255K mutations (clinical ABL1a
nomenclature) may be oncogenic48, 92, 93.

E255K/V and Y257C disrupt an electrostatic triad involving the K247-4, E255+4 and
Y257+6 side-chains. It incorporates the conserved X-4/X+4 salt-bridge 34, 77, 78 and was
suggested to be specific for the kinked G-loop of inactive ABL77, 78. E255K/V and Y257C
imatinib-resistance suggests that the triad is required for imatinib-binding. Its disruption
might reduce imatinib-binding by destabilizing the kinked conformation, decreasing G-loop
surface-complementarity with imatinib, and contributing to distributed allosteric effects that
destabilize the inactive BCR-ABL conformation 44, 56, 76-78, 94-96. However, preservation of
the K-4/E+4 salt-bridge in active ABL87, 97, inactive and active SFKs (Hck, protein data
bank (PDB) accession number 1AD5; Src 2SRC, 2OIQ, 3EL8, 1FMK, 1Y57; Lck 2OF2,
3LCK; Lyn 2ZV8, 2ZVA, 2ZV9), and the strongly reduced activity of salt-bridge disrupted
SFKs 34 suggest broader salt-bridge/triad roles beyond inactive conformations. Indeed,
E255K/V mildly reduced BCR-ABL inhibition by dasatinib, which binds active and inactive
conformations 57, 98.

Molecular dynamics simulations suggest that E255K/V might augment the flexibility of G-
loop and other N-lobe regions34, 99. E255K/V and M244V/I may moreover affect the
relative-binding-free-energy contributions of other G-loop and non G-loop residues, or the
electrostatic charge-distribution within the G-loop 99. However, small E255-mutation effects
on ABL-inhibition by some T2KIs 94, small conformational effects in HDX-MS analyses 75

and variable E255K/V effects on ABL kinase-activity depending on expressed construct and
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assay conditions probably indicate important contributions by the complex intra-molecular
domain interactions and covalent modifications regulating ABL in cells to the physiological
consequences of E255K/V-mutation (Fig. 3) 34, 44, 92, 93, 95.

Besides disrupting the G-loop triad, Y257C also prevents Y257-phosphorylation. Reduced
Y257F activity and oncogenicity suggest that triad and/or Y257-phosphorylation are
catalytically important 48, 78, 92. However, G-loop phosphorylation inhibits catalysis in
several kinases including ABL, disfavoring ATP- or substrate-binding. Y253F oncogenicity
supports a potential inhibitory role for Y253-phosphorylation 85, 92, 100. Clearly, more
studies are required to discern the specific Y253 versus Y257 roles in ABL-catalysis versus
KI-binding.

Surprisingly few drug-resistant G-loop mutations were clinically observed in other kinases
(Tab. 5). The Y253F/E255K analogous positions in PDGFR and KIT already harbor F or K
residues, respectively22, 78. Thus, destabilization of the inactive conformation by ABL-
Y253F/E255K need not translate to other kinases. Indeed, disruption of the K-4/E+4 salt-
bridge in SFKs reduced catalysis and might increase N-lobe conformational dynamics more
than in ABL34. Thus, G-loop salt-bridge disruption can reduce catalysis, or cause drug-
resistance or even oncogenicity. It will be interesting to determine how it affects catalysis
and KI-interactions in other kinases sharing the G-loop salt-bridge 34. Interestingly, ERBB2
lacks the G-loop salt-bridge but harbors lapatinib-resistant T733I at the ABL-E255K/V-
analogous position (Tab. 4,5) 5. The otherwise drug-sensitizing EGFR-E709A/G associated
with lapatinib-resistance in the presence of ERBB2 in vitro 64, 68, 88. Altogether, G-loop
mutation can have complex and diverse effects on catalysis and drug-interactions. This
reflects the G-loop importance in controlling kinase conformational dynamics, ATP and
inhibitor interactions.

3.2.3 αC helix mutations—The αC helix of the N-lobe undergoes major conformational
changes between inactive and active kinase conformations (Fig. 2,3)8, 35, 36, 38-44. In active
SFKs, active or ABL-type inactive ABL, the conserved EαC is oriented into the ATP-site
and salt-bridges with Kα in β-sheet 3 of the N-lobe. This is required for catalysis 1. In
inactive SFKs and SFK-like inactive ABL, EαC is flipped out and may salt-bridge with A-
loop KA, stabilizing the inactive conformation. Several KIs interact with αC residues. αC-
interactions cause higher ABL affinity for nilotinib over imatinib 1. Not surprisingly, αC is
another hotspot for inhibitor-resistant mutations (Tab. 4,5, Fig. 5). ABL-V289S/I (ABL1a
nomenclature) alters an imatinib contact-site. It is topologically analogous to drug-
sensitizing EGFRA-V765A 16, 48. EGFR-deletions N-terminal of αC likely destabilize the
inactive conformation. Most act drug-sensitizing/oncogenic 68, 71, 72. Interestingly, some
may reduce ATP-affinity and confer gefitinib-resistance (Tab. 5). Various deletions or
insertions starting at EGFR-L747 clinically associate with increased gefitinib/erlotinib
sensitivity 68, 88, 101. In contrast, several αC point mutations including S768I/V769L
associate with drug-resistance in EGFR and have ABL/ERBB2 analogs (Tab. 5) 5, 64, 68, 88.
Similar to the G-loop, αC-mutations may cause drug-sensitization, oncogenic activation and/
or drug-resistance primarily by destabilizing inactive kinase conformations, besides
abrogating drug interactions.

3.2.4 A-loop mutations—The main mutational hotspot in the C-lobe is the A-loop. Like
G-loop and αC helix, it undergoes major conformational changes between inactive and
active conformations (Fig. 2,3,5; Tab 4,5) 8, 35, 36, 38-44. Several A-loop mutations have
analogs in multiple kinases (Tab. 4,5, Fig. 5). A recurring motif among 6 clinical imatinib-
resistant ABL A-loop mutations are indirect effects that disfavor drug-binding by increasing
entropy or destabilizing the inactive conformation. F382L (ABL1a numbering) mutates the
DFG-F and might affect the hydrophobic spine that stabilizes the active conformation
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besides reducing imatinib-interactions 16, 44, 48, 76, 78. L387M/F may alter A-loop packing to
G-loop Y253/G254 78.

KIT-R815 corresponds to ABL1b-R405 (RA), which salt-bridges with E305 (EαC) in the
SFK-like inactive conformation and in inactive SFKs. KIT-R815-deletion might thus
destabilize inactive conformations. KIT-D816 and analogous PDGFRA-D842 mutation may
cause drug-resistance by abrogating hydrogen-bonds that stabilize inactive conformations.
The positionally analogous EGFR-L861Q is drug-sensitizing 102-107. KIT-Y823 corresponds
to ABL/SFK-YA. By mimicking YA-phosphorylation, KIT-Y823D might stabilize the active
or destabilize the inactive conformation, reducing T2KI binding 102-105, 107.

L858R represents ~41% of oncogenic EGFR mutations. L858R disrupts A-loop partial-helix
hydrophobic interactions with αC and G-loop F723 that stabilize the inactive conformation
and may reduce ATP-affinity 1, 64, 68, 71, 73. The analogous ABL-L403M is imatinib-
resistant. EGFR-E884K confers gefitinib-sensitivity, but erlotinib-resistance. It disrupts an
A-loop salt-bridge with C-lobe R958, may alter substrate-interactions and/or A-loop
flexibility 64, 74, 108.

Finally, BRAF A-loop mutants within and C-terminal of the DFG motif (D593V, F594L,
G595R, L596V/R, T598I, V599E/D/K/R, K600E) destabilize the inactive conformation by
disrupting hydrophobic G-loop interactions 89, 90. Thus, most A-loop mutations disrupt
interactions that stabilize inactive kinase conformations.

3.3 In vitro mutagenesis unveiled additional drug-resistance mutations
An important lesson taught by the mutation hotspots is that most drug-resistance-mutations
destabilize conformations of high, or stabilize conformations of low inhibitor affinity. The
frequent contribution of distributed and remote allosteric/conformational effects explains
their common resistance against several different KIs. Following these considerations, other
kinase-regions involved in functionally important structural/allosteric interactions might be
additional mutational hotspots. Candidates that stabilize inactive kinase conformations are
the SH3 domain/SH2-KD linker/N-lobe interactions in SFKs and ABL, SFK SH2 domain/
phospho-YC interactions, phospho-Y independent ABL SH2 domain/C-lobe interactions and
myristate-binding to the ABL C-lobe (Fig. 1,2) 39, 41-43, 48. Indeed, cell-based mutagenesis-
screens have unveiled KI-resistance mutations in all these interfaces and in the ABL-cap
whose SH3/SH2-domain interactions have been implicated in ABL-autoinhibition (Fig. 5,
Tab. 4) 39, 41, 47, 48, 62. Several of the mutations activate ABL in vitro. Drug-resistance
mutations outside of the ABL KD have not yet been reported clinically, possibly due to a
KD-bias in genotyping. An interesting question is whether such mutations account for some
of the ~50% of imatinib-resistant CML-patients lacking known ABL-mutations 24.

Mutations in the SFK SH3-SH2 domain linker or SH2 domain counteracted inhibitory
interactions 43, 48. Drug-resistant KIT-V559A6, 103, 107, and drug-sensitizing EGFR-V689M/
N700D68 map to interaction sites with non-KD regions (Tab. 5). It will be interesting to
explore KD-extrinsic mutations in cancers involving these kinases.

Finally, abrogation of inhibitory SH2 domain/C-lobe interactions, allosteric effects and
direct drug binding-site alterations may underlie drug-resistance caused by C-lobe mutations
including ABL1b-V357(ABL1a 338)G, M362(343)T, F378(359)A/C/V and M370(351)T/I,
which represents ≤20% of clinical imatinib-resistance (Tab. 4)16, 22, 40, 42, 48, 56, 76, 78. ABL-
I521(502)M and E528(509)D in myristate binding-site helix αI’ might reduce myristate-
inhibition. However, clinical data are unavailable 41, 42, 48. Drug-sensitizing (N826S,
A839T, K846R) and resistant (G796D/R/C, T854A) EGFR C-lobe mutations often have
positional ABL-analogs (Tab. 4,5, Fig. 5).
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Altogether, drug-sensitizing and drug resistance-mutations frequently employ allosteric/
conformational effects on remote catalytic or drug-binding regions. They can occur within
the KD or in other kinase regions mediating functionally important structural interactions.

4. Overcoming Kinase Inhibitor Drug-Resistance
Overcoming the different drug-resistance mechanisms is a major challenge for developing
KIs into safe, effective drugs. Because of their particular clinical importance, we here focus
on strategies to tackle drug-resistant point mutations. Additional approaches are discussed
briefly and summarized in Fig. 4C. Several excellent recent reviews discuss
details 9, 21-23, 109.

The optimization of drug pharmacokinetic/pharmacodynamic properties is well
established 65, 110. Importantly, maximized short-term kinase inhibition by high-affinity KIs
with 3-5 hr half-lifes (dasatinib, nilotinib) may be preferable to continuous inhibition by
long half-life TKIs (imatinib), yielding irreversible target-cell death while reducing toxicity
and, possibly, drug-resistance 17, 24, 111, 112.

Pharmacogenomic profiling using improved biomarkers can be combined with quantitative
structure-pharmacokinetic/pharmacodynamic relationship analyses to optimize drugs or
treatment regimen for different patient populations or individuals 110, 113. It can also unveil
which drug-resistance mechanisms exist in a patient, and allow one to select the most
efficacious treatment. Systemic drug-resistance mechanisms (Fig. 4A) may require
polypharmacologic drug combinations that co-target different mechanisms in a tumor, its
microenvironment or in different metastases53. For example, antibodies that block secreted
HGF in gefitinib-resistant EGFR-mutant NSCLC 66 could be co-administered with EGFR-
KIs.

Cell-autonomous target-kinase gene amplification or overexpression might be addressed
through increased KI-doses, or by co-targeting kinase and enzymes mediating its
overexpression, exemplified by the synergistic pro-apoptotic KI and HDAC-inhibitor effects
in CML cells 16. Co-targeting might also overcome drug-resistance due to upregulation of
target downstream-effectors 9. Beyond co-administering several drugs, appropriately poly-
targeted drugs could simplify treatment regimen and reduce toxicity due to combined off-
target effects of several drugs. The broad target spectrum of most approved or clinically
evaluated KI cancer-therapeutics may in some cases underlie their high efficacy (Tab.
1,2)15, 114. For example, dasatinib's ability to overcome certain cases of imatinib-resistance
in CML may involve SFK co-inhibition (Tab. 1). Broad target spectra can moreover allow to
use one drug for multiple indications, exemplified by imatinib efficacy in CML, GIST, HES
and other diseases through inhibition of BCR-ABL, KIT, PDGFR or other targets 15. The
toxicity of various pleiotropic KIs is surprisingly low and acceptable at least for life-
threatening cancer-indications15.

Finally, mobilizing leukemic stem cells (LSCs) could render this dormant reservoir of drug-
resistance mutations sensitive to cytostatics. Interestingly, triptolide might promote
apoptosis of drug-resistant CML cell quiescent precursors 115. However, preventing the co-
ablation of normal hematopoietic precursors remains a challenge 24, 67.

4.1 Improving kinase-inhibitors
Various approaches can yield compounds that inhibit drug-resistant mutant kinases (Fig.
4C). Key is the identification of drug-resistant kinase-mutations in patient samples or
through mutagenesis screens (Tab. 4,5) 48, 56, 98, 116-118. Their expression in cell-based or in
vitro assay systems, including differential cytotoxicity-screens, allowed the identification of
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compounds which inhibit first-generation-KI resistant mutant kinases 27, 33, 55, 62, 63, 119.
Rational approaches have combined quantitative structure-activity-relationships and
improved mechanistic understanding of drug-resistance mutations to design such
compounds. This resulted in multiple second/third generation ABL, KIT, EGFR and
PDGFR KIs in clinical studies (Tab. 1,2). Even more are in pre-clinical development. They
include improved T1/2KIs where additional kinase-interactions, often employing the type
2/3 allosteric site or non-conserved ATP-site residues, improve target-affinity, allosteric
T4KIs 50, and covalent KIs. Other compounds inhibit kinase-interactions with regulatory
proteins. The efficacy of several compounds may rely on the poly-targeted inhibition of
multiple kinases.

Among several particularly instructive examples, the approved T1KI dasatinib inhibits ABL
and other kinases including SFKs 4, 13, 15, 16, 56, 57, 114, 120. Some of these contribute to
imatinib-resistance (Tab. 1). Dasatinib binds adenine-site and HP2, and has 325-fold higher
BCR-ABL affinity than imatinib. It binds both active and inactive ABL, and 21 imatinib-
resistant ABL-mutants except G-loop, gatekeeper and a few others. Clinical trials showed
advantages over imatinib particularly in low imatinib-responders. However, second-line
dasatinib treated patients can accumulate secondary dasatinib-resistant ABL-mutations.
Other contributing factors and adverse effects possibly related to PDGFR-inhibition are
discussed elsewhere 16, 17, 20, 56, 109, 121. The efficacy of T1KIs against imatinib-resistant
ABL at least partially relies on the destabilization of the type-2-inactive ABL-conformation
by the mutations, which increases the representation of T1KI-susceptible active ABL-
conformations. Thus, targeting conformations enriched in drug-resistant mutants may
overcome drug-resistance. Co-inhibition of SFKs and other kinases contributing to imatinib-
resistance may contribute variably.

Another approach improves target-affinity over first-generation drugs. The rationally
designed nilotinib targets the type-2-inactive conformation of ABL and other kinases
excluding SFKs with higher affinity than imatinib (Tab. 1). It inhibited 32 imatinib-resistant
ABL-mutants but not G-loop, gatekeeper and others. Clinical trials showed efficacy in
imatinib-resistant patients. However, nilotinib-resistance can develop through incompletely
understood mechanisms, including novel ABL-mutants, MDR-1/Pgp drug exporter
overexpression or LYN-hyperactivation (Fig. 4). LYN-involvement can confer dasatinib-
sensitivity, providing a rationale for nilotinib/dasatinib co-
administration 16, 17, 19, 20, 56, 109, 116, 121.

Resistance of G-loop and gatekeeper-mutants limits the use of many first/second generation
drugs 17. The recent development of compounds that inhibit these recalcitrant alleles thus
represents an important milestone. Understanding their inhibition-mechanisms teaches
important lessons for designing improved KI-therapeutics. Among compounds in clinical
trials (Tab. 2), the rationally designed pleiotropic type-2 SFK/ABL-KI AP24534 inhibits
ABL-T315I and even compound imatinib-resistant mutants. AP24534 accommodates a
bulky gatekeeper-residue through a juxtaposed carbon-carbon triple-bond whose “flat”
structure prevents steric interference with the gatekeeper side-chain122. AURORA-kinases
control mitosis and can act oncogenic. AURORA-inhibition causes apoptosis. By inhibiting
proliferation and promoting death of cancer cells, and through co-inhibition of ABL, SFKs
and other kinases, AURORA-KIs may overcome imatinib-resistance. Examples which
inhibit gatekeeper-mutant ABL are XL-228, PHA-739358 and MK-0457(VX-680).
Compared to imatinib, MK-0457 forms stronger hinge-interactions and avoids clashes with
the enlarged T315I-side-chain 4, 16, 27, 56, 120. The non-ATP-competitive DCC2036
allosterically inhibits gatekeeper- and other ABL-mutants by binding to “switch-pockets”
mediating active-inactive conformation transitions 4, 16.
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Preclinical compounds include the type-4 allosteric GNF-2/5 class, which binds the BCR-
ABL myristate-pocket and stabilizes the inactive conformation 13, 55, 62, 63. GNF-5/imatinib
combination had some efficacy against BCR-ABL-T315. GNF-2/5 alone had little effect but
inhibited most clinical BCR-ABL mutants 55, 62. The substrate-competitive ON012380
potently inhibited BCR-ABL-T315I and LYN 27, 49, 56.

The T2KIs GNF-7123 and HG-7-85-01122 inhibit BCR-ABL, KIT or PDGFR gatekeeper-
mutants by bridging ATP- and type-2-hydrophobic site through a linker that accommodates
large gatekeeper-residues. Compound 14 binds the inactive DDFG-out conformation, disrupts
the hydrophobic spine and inhibits BCR-ABL-T315I 58. DSA-compounds bind inactive ABL
and SFK conformations and potently inhibit both kinase-families, including G-loop and
gatekeeper-mutant ABL, in part through altered adenine-site interactions 94. Thus,
gatekeeper-mutation overcoming KIs need not bind the active kinase conformation
stabilized by the mutation, but can act by stabilizing the energetically disfavored gatekeeper-
mutant inactive conformation.

Another KI-class that can overcome drug-resistance through very high potency are
irreversible inhibitors that covalently bind their targets 13, 64, 68. Examples are the EGFR/
ERBB2-inhibitors HKI-292/CL-387785 64, 68, 119. Several irreversible KIs are in clinical
trials68. A challenge is to minimize toxicity due to co-inhibition of the wildtype allele of the
targeted mutant kinase. Encouragingly, differential screens have yielded compounds that
inhibit drug-resistant EGFR-mutants 100-fold more potently than wildtype-EGFR 119.

These examples illustrate that introducing affinity-enhancing interactions with kinases,
increasing sterical compatibility with mutant binding pockets, or targeting allosteric binding
sites or mechanisms can yield improved KIs that may overcome drug-resistance 1, 50, 123.
Moreover, indirect mechanisms can be exploited: Omacetaxine causes apoptosis through
various mechanisms, including Mcl-1 downregulation and caspase-activation. Clinical trials
may suggest efficacy in imatinib-resistant CMLs including gatekeeper-mutants4, 16.
Targeting chaperones including HSP-90 with the clinically-explored IPI504 or 17-AAG
promotes degradation of oncogenic and KI-resistant kinases including EGFR-L858R/
T790M 21, 68.

5. Summary
Due to their major roles in disease and excellent druggability, kinases have become the
second-largest drug-target class. As larger patient populations were exposed to KIs, drug-
resistance emerged as an important clinical problem particularly in cancer where tumor cell
genetic instability facilitates mutagenesis to cause kinase oncogenic activation, drug
sensitization or resistance. Both drug sensitizing and resistance-conferring mutations are
frequently located in kinase-domain regions that undergo profound conformational changes
as kinases transition between active and inactive conformations. Drug-sensitizing mutations
often destabilize inactive kinase conformations, causing oncogenic hyperactivation and
oncogene addiction that enhances drug sensitivity. Drug-resistance mutations often alter
drug-kinase interactions, or contribute to distributed allosteric effects that stabilize inhibitor-
nonbinding, or destabilize inhibitor-binding conformations. Thus, drug-sensitization and
drug-resistance can involve similar mechanistic principles. They often affect conserved
structural features or residues in different kinases. Maximizing sensitization while avoiding
resistance is a major therapeutic challenge. Drug-resistance caused by structural/allosteric
alterations is often more difficult to overcome than resistance caused by disruption of direct
kinase-drug interactions which may be restored by adding functional groups to the
compound. The most promising, broadly applicable strategy to overcome allosteric drug-
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resistance mechanisms is to allosterically induce and stabilize inactive kinase conformations.
Indeed, promising results have recently been achieved with allosteric kinase-inhibitors.

6. Expert Opinion
Mutational disruption of a conserved G-loop salt-bridge in BCR-ABL causes imatinib-
resistance in CML-patients. The analogous SFK-mutation impairs catalysis and causes
autoimmune-glomerulonephritis in mice 34. Hence, the molecular and genetic mechanisms
causing KI-resistance or kinasopathies intersect. It will be interesting to examine whether
other drug-resistance mutations can cause kinasopathies, or whether kinase-mutations
underlying non-cancer diseases 3 can cause KI-drug resistance.

Multiple approaches have been devised to overcome drug-resistance (Fig. 4C). However,
clinical data demonstrating their efficacy in patients are largely missing. Optimized dosing-
regimen can sometimes improve imatinib-efficacy 17, 24. Second-generation drugs like
dasatinib or nilotinib can overcome certain cases of imatinib-resistance17. However, many
imatinib-resistant BCR-ABL mutants remain resistant to these drugs (Tab. 1). Moreover, the
sequential treatment of CML-patients with different ABL-inhibitors can cause the
emergence of additional resistance mutations, or of compound mutations with increased
transforming potential in the same cell21. Despite the recently discovered abilities of
allosteric and covalent KIs to inhibit even recalcitrant gatekeeper-mutant kinases and very
promising results in preclinical models, it remains to be seen whether poly-targeted
compounds or drug-cocktails that co-inhibit multiple drug-resistant target mutants and/or
other resistance-mechanisms (Fig. 4) will fully eradicate a tumor including LSCs22, 52, 53.
Similar approaches have proven very powerful in treating AIDS. An obvious potential
liability is toxicity. Moreover, it remains challenging to develop compounds that selectively
inhibit mutant oncogenic or drug-resistant kinases but leave the wildtype kinases unaffected
to avoid toxicity. Encouragingly, differential cytotoxicity screens and rational approaches
have yielded compounds that inhibit drug-resistant EGFR mutants 100-fold more potently
than wildtype-EGFR119.

Recent advances in genome sequencing technologies have enabled the pharmacogenomic
profiling of patients as a powerful approach to optimize treatments2, 9, 113, 124. By profiling
patients for oncogenic and drug-resistance mutations as genomic biomarkers, it becomes
possible to select the most efficacious drugs or drug-combinations for a given patient, to
monitor the potential emergence of additional drug-resistance mechanisms and to quickly
modify the therapy accordingly. Clinical evaluation of this approach is ongoing9, 113. A
clinically observed complication is the independent occurrence of different resistance-
mechanisms in different metastases. For example, a gefitinib/erlotinib-resistant patient
showed EGFR gatekeeper-mutation in one, and MET gene-amplification in another
metastasis69. This demonstrates the need to analyze multiple different tumor cells or
metastases in each patient. Due to the low frequencies of some genetic alterations, broad
application of this approach will require cost-effective high-throughput techniques that can
efficiently be implemented in the clinic. While whole-genome sequencing costs are
dropping rapidly, substantial technological development will be required to make profiling
of deregulated signaling pathways or epigenetic alterations affordable for personalized
treatments. Novel techniques including mass spectrometry-based flow cytometry provide
promising approaches125.

Recently developed high-throughput platforms for the simultaneous, multiplexed profiling
of large compound libraries against multiple kinases22, 53, 126 not only facilitate selectivity-
profiling but can also be used to test drug-efficacy against multiple different kinase-mutants.
This will accelerate the development of multi-targeted drugs and polypharmacologic drug
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cocktails that inhibit multiple drug-resistant kinase mutants or co-pathogenic pathways.
However, this approach is limited to known drug-resistance mechanisms, which are often
only identified once a drug is on the market.

The development of compounds that potently and safely inhibit existing and previously
unknown drug-resistance mechanisms that may emerge in a treated patient remains a
challenge. Drawing on lessons learned from ABL and other clinically targeted kinases (Tab.
4,5), we consider two approaches particularly powerful to overcome it. First, cell based and
in vitro mutagenesis-screens can broadly identify kinase mutations and possibly additional
KI-resistance mechanisms (Tab. 3, Fig. 5) and have been conducted for BCR-ABL, EGFR,
FLT3, BRAF, MEK1, PI3K-p110α and AURORA-kinases29-31, 33, 48, 56, 116-118, 127-129.
Microfluidic single-cell arrays might allow such screens in a highly cost-effective, large-
scale format130. Encouraging this approach, the need to preserve catalytic activity, cofactor,
substrate and other interactions limits the mutation spectrum a kinase can “employ” to
become drug-resistant. However, low recovery frequencies of drug-resistant mutants
indicate a need for more efficient mutagenesis methods. Moreover, even allosteric type 4
inhibitors are susceptible to drug-resistance55, 62. One reason is that the large conformational
plasticity of kinases opens many opportunities to alter inhibitor-interactions through
mutations in many different locations even remote from catalytic sites (Fig. 5). Thus, KI-
resistance will likely remain a clinical problem even for advanced compounds. Although
mutagenesis-screens are powerful tools to identify drug-resistance mechanisms, limited
efficiency, cost, logistics and time considerations make complementing approaches
desirable.

Second, computational advances such as heterogeneous computing, improved
supercomputer clusters, internet-based cloud, distributed and grid computing such as the
Open Science or Worldwide LHC Computing Grids that leverage enormous computing
powers at low cost, and large-capacity storage systems now reaching Exabyte capacities131

may eventually enable the combination of in silico mutagenesis-screens with large-
throughput structural modeling and molecular dynamics simulations to predict most drug-
resistance causing mutations for any given kinase and inhibitor. Structural genomics
approaches including virtual screening could then be used to rationally design compounds
which inhibit most or all of the predicted mutants132. As our understanding of intra- and
intercellular signaling networks advances and techniques to model them improve, similar
“systems” approaches could possibly be envisioned to in silico model compound effects on
other drug-resistance mechanisms (Fig. 4) identified via pharmacogenomic profiling.

In an integrated approach, mutagenesis-screen and simulation results could be used to
prioritize compounds for experimental evaluation in in vitro, cell-based and ultimately
whole animal models. Compared to traditional approaches, where drug-resistance
mechanisms are first identified in patients treated with first-generation drugs, then studied
and the results used to develop second and third generation drugs, the integrated approach
could identify the most relevant drug-resistance mechanisms at the beginning of the drug
development process, and yield drugs with minimized potential to cause drug-resistance
“up-front”. The potential benefit for patients and health-care system could be major.

Article Highlights Box

• Because of their important roles in many diseases and great “druggability”,
kinases have become the second largest drug target family, with 13 approved
kinase-inhibitor (KI) drugs, about 100 compounds in clinical trials and many
more in preclinical development.
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• Because many kinases have key and essential roles in cell metabolism, survival
and function, cells underlie significant selection pressure to compensate for the
loss of function of an important kinase. In a patient treated with a KI-
therapeutic, this can cause drug-resistance through various cell extrinsic and -
intrinsic mechanisms. In particular, genetically unstable tumor cells can harbor
pre-existing, or accumulate drug-resistant mutant alleles of targeted kinases.

• As KI drugs reach large patient populations for an expanding number of less
life-threatening indications, the development of drug-resistance could become a
major liability that limits the therapeutic use of KIs. Here, we critically discuss
this problem and highlight important recent advances in overcoming KI drug-
resistance.

• Analyses of over 800 kinase crystal structures and advances in the analysis of
solution structure dynamics have unveiled that kinases exist in a dynamic
equilibrium of many different active and inactive conformations. This
demonstrated the pivotal role of allosteric mechanisms in controlling kinase
activation. Physiologically, these are governed by interactions of kinase
regulatory and adaptor protein subunits, and by covalent modifications at key
regulatory sites.

• Among multiple different mechanisms, the mutational introduction of missense
mutations in the coding sequence accounts for most clinically observed cases of
KI drug-resistance. This is prominently illustrated by an ~33% relapse rate in
imatinib-treated chronic myelogenous leukemia patients. Most of these
mutations occur in “hotspots” that participate directly in the conformational
mechanisms which regulate kinase activation.

• Structural and biochemical studies showed that kinase missense mutations
primarily cause drug-resistance by abrogating specific molecular interactions
with the inhibitor, or by introducing distributed allosteric effects that destabilize
conformations with high, or stabilize conformations with low inhibitor affinity.

• KIs can target protein interaction sites involved in kinase regulation, sites
mediating allosteric regulation of a kinase, substrate or ATP-cofactor binding
sites. Traditional screens for KIs have primarily yielded ATP-competitive
compounds. More recently, attempts to improve selectivity and potency and to
overcome drug-resistance have unveiled allosteric KIs as very promising
compounds. They can target allosteric sites adjacent to, or remote from the
ATP-binding site. In addition, covalently binding KIs can provide high potency
and inhibit drug-resistant mutant kinases.

• Current strategies for overcoming KI drug-resistance focus on the development
of compounds that inhibit known drug-resistant mutant kinases, and on poly-
targeted compounds or compound-cocktails that simultaneously inhibit several
parallel or downstream pathways and mutant kinases mediating drug-resistance.
Combined with pharmacogenomic profiling to determine the precise
mechanisms and mutations present in a patient, the efficacy of these
polypharmacologic approaches can be optimized in personalized therapies,
albeit at a possibly high cost.

• The development of compounds that potently and safely inhibit existing and
previously unknown drug-resistance mechanisms that may emerge in a treated
patient and cause relapse remains a challenge. Recent technological advances
may eventually allow one to combine saturating mutagenesis screens with the
computational modeling of compound interactions with all possible mutant
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variants of a targeted kinase. Compared to traditional approaches, where drug-
resistance mechanisms are first identified in patients treated with first-generation
drugs, then studied and the results used to develop improved drugs, this
integrated approach could identify the most relevant drug-resistance
mechanisms at the beginning of the drug development process, and yield
improved drugs with minimized potential to cause drug-resistance “up-front”.
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Non-standard abbreviations

AA amino acid

A-loop activation loop

ADPKD autosomal-dominant polycystic kidney disease

ALL acute lymphoblastic leukemia

AML acute myelogenous leukemia

cKI covalent kinase inhibitor

CML chronic myelogenous leukemia

G-loop glycine-rich loop, identical with P-loop

GIST gastrointestinal stromal tumors

HCC hepatocellular carcinoma

HDAC histone deacetylase

HDX-MS hydrogen-deuterium-exchange mass-spectrometry

HES hypereosinophilic syndrome

HP1/2 hydrophobic pocket 1/2

HTS high-throughput screening

KD kinase domain

KI kinase inhibitor

LSC leukemic stem cell

MDS myelodysplastic syndrome

MM multiple myeloma

NBP nucleotide-binding protein

NSCLC non small-cell lung cancer

P-loop phosphate-binding loop, identical with G-loop

PCKD polycystic kidney disease
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Ph+ Philadelphia-chromosome positive

PK pharmacokinetics

PTK protein tyrosine kinase

RCC renal cell carcinoma

SFK SRC-family protein-tyrosine kinase

TKI tyrosine kinase inhibitor, T1/2/3/4KI, type 1/2/3/4 KI
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Fig. 1. Conformational changes mediating Src-family protein tyrosine kinase (SFK) activation
(A) SFK primary structure depicting conserved domains. Green, myristoyl- or farnesyl-
conjugated N-terminus. SH3, SH2, KD, Src-homology 3, 2 or KD, respectively. (B-G)
Schematic depictions (B,C) and crystal structures (D-G) of the inactive (B,D,F) or active
(C,E,G) SFK tertiary structures. The crystal structures shown are hHck-SH2-SH3-PP1 (Pdb
accession number 1QCF, D,F)144, hc-Src-des-methyl-Imatinib (1Y57, E)145 and hLck-
Furanopyrimidine (2OF2, G)146. (F,G) Kinase domains only. Highlighted in (B-G) and
annotated in (B,C) are typical characteristics of the inactive and active SFK conformations,
respectively. All structures were rendered and colored in Swiss-PdbViewer
(www.expasy.org/spdbv). Domains and interdomain linker regions are indicated and color-
coded. Bordeaux, SH3 domain; black, SH3-SH2 interdomain linker; orange, SH2 domain;
gray, SH2-KD linker, light blue, KD N-lobe with αC helix (yellow) and G-loop (pink); dark
blue, C-lobe with activation (A)-loop (brown); salmon, C-terminal tail (C-Tail). Also
indicated are key amino acid (AA) side-chains involved in catalysis, or whose orientation
differs markedly among the different conformations in Src or ABL family kinases. Red, D
and F of the A-loop DFG motif, D/EαC within the αC helix which forms a salt-bridge with
conserved Kβ (green) in N-lobe β-sheet 3 in active SFKs, YA in the A-loop which is auto-
phosphorylated into YP (red sphere in C) in active kinases, YC in the C-terminus which is
phosphorylated into YP (red sphere in B) by Csk and binds to the SH2-domain in inactive
SFKs. Also shown is A-loop KA (green) which may form a salt-bridge with D/EαC in the
“αC-out” conformation of inactive SFKs (B,D,F) and of ABL in the SFK-like inactive
structure (Fig. 2H). Cyan, bound ATP-competitive inhibitor.
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Fig. 2. Conformational changes mediating ABL/Arg-family protein tyrosine kinase activation
(A) ABL and oncogenic BCR-ABL primary structures depicting conserved domains. Green,
myristoyl-conjugated N-terminus only present in ABL1b (ABL-1b) due to alternative
splicing. SH3, SH2, KD, Src-homology 3, 2 or KD, respectively41. (B,C) Schemes (B) and
crystal structures (C) of myristate-bound, autoinhibited full length hAbl-PD166326 (Pdb
accession number 2FO0, left)39, or hAbl-P16 (1OPL chain B, right)41, which illustrates
potential N-lobe/SH2 domain interactions in active ABL. Domains and features are
indicated and color-coded as in fig. 1. Cayenne, N-terminal cap region (Cap) folding back
over and interacting with the SH2 domain through a phosphorylated serine39. Green,
myristate (Myr) binding site including myristate moiety and involving a unique αI helix. The
region between Cap and Myristate is disordered and harbors a deletion39. (D-I) Schematic
depictions (D-F) and crystal structures (G-I) of the following complexes: (D,G) hABL-
Imatinib (1IEP)97 in the type 2 inhibitor-binding ABL-type inactive conformation. (E,H)
hABL-ATPγS-substrate peptide (2G1T)40 in the type 1 inhibitor-binding competent SFK-
like inactive conformation. (F,I) hABLVX-680 (2F4J)87 in the type 1 inhibitor-bound active
conformation. The active conformation most likely results from synergy between a H396P
mutation, which destabilizes the ABL-type inactive conformation, and binding of VX-680,
which favors the active conformation through hydrogen-bonding and steric effects. VX-680
binds Abl in a mode that accommodates the T315I “gatekeeper” mutation87. Cyan, bound
ATP-analog. Bordeaux stick model, substrate peptide in (H). Key characteristics of each
conformation and other kinases for which the respective conformation has been reported are
summarized underneath the respective structures35.
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Fig. 3. Types and structural features of small-molecule inhibitor binding sites in ABL/Arg-family
protein tyrosine kinases
Shown are (A-C) the crystal structures and (D-F) schemes of the compound-bound ATP-
binding sites of (A,D) the type 2 inhibitor imatinib-bound human (h) ABL kinase domain
(KD, 1IEP)97, (B,E) the ATPγS/substrate peptide bound hABL KD in the SFK-like inactive
conformation (2F1T)40 and (C,F) the type 1 inhibitor PD166326-bound hABL KD in the
active conformation (1OPL)41. Domains and structural features are color-coded as in fig.
1,2. Colored spheres highlight the positions of the following key sites involved in inhibitor-
interactions: Hydrophobic pocket 1 (pink) or 2 (green), ATP-adenine binding region
(yellow), ATP-ribose binding region (violet), ATP-triphosphate binding region (blue), type
2/3 allosteric site (gray) and the myristate-binding region as an example for a type 4
allosteric site remote from the ATP-binding region (orange). Also indicated are the hinge
region, which forms conserved hydrogen-bonds (dashed lines) with the ATP-adenine or
adenine-analogous moieties of ATP-competitive inhibitors, the T315 “gatekeeper” residue
which can control access to hydrophobic pocket 2 and type 2/3 allosteric site, and
characteristic hydrogen-bonds between imatinib and residues in αC-helix and in the DFG-
motif at the beginning of the A-loop1, 8, 13, 35, 50.
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Fig. 4. Mechanisms of kinase inhibitor (KI) drug-resistance and approaches to overcome it
(A) Generalized mechanisms that can reduce KI drug efficacy or cause drug-resistance.
Pharmacokinetic (PK) factors such as drug sequestration in extracellular space or plasma,
suboptimal delivery, absorption, tissue penetration, enhanced metabolic turnover, clearance
and excretion primarily affect drug cellular availability and efficacy (Fig. 4A,B)65. In pre-
clinical models, drug-binding to plasma α1-acid glycoprotein (AGP) reduced drug delivery
into cancer cells. However, the clinical relevance is unclear. Imatinib-release by the AGP
competitive binder erythromycin could provide an avenue to overcome this potential
problem9, 16, 22. Pharmacogenomic factors can profoundly affect almost every PK/
pharmacodynamic (PD) property of a drug9. For example, polymorphisms in the drug-
importer OCT-1 or the drug exporters MDR-1/P-glycoprotein (Pgp) and ABCG2 may affect
imatinib, gefitinib or erlotinib pharmacokinetics and toxicity, although conflicting data
render the clinical relevance unclear9, 16, 24. Drug-resistance can be caused by target-cell
extrinsic “systemic” mechanisms, or by a broad array of target cell autonomous/intrinsic
mechanisms. In addition to those discussed in the text, the upregulation of cellular target
protein activators, or the downregulation of target-protein inhibitors might contribute to
drug-resistance or reduced drug efficacy9, 16, 21-24, 66, 67. (B) Schematic depiction of factors
influencing KI efficacy or drug-resistance, exemplified by ABL-inhibitors9, 16. To maximize
ease of use and patient compliance, drugs (blue stars) are preferably applied orally as tablets/
capsules (1). In the gut (2), they are released and enter the blood via the hepatic portal vein
(3). Unabsorbed drugs are excreted in the faeces. KIs enter their target cells (cells of the
immune system in the case of ABL-inhibitors) via import-proteins, including the organic
cation importer hOCT1 in case of imatinib (4). Cellular sequestration or metabolism may
affect cellular drug efficacy. KIs are exported by ATP binding-cassette transporter families
B and G2, including AGP in case of imatinib. Illustrated by BCR-ABL, several cell-
intrinsic, auto- and paracrine effects can cause drug-resistance, discussed in detail in the
text. Many of them are facilitated by the genomic instability of tumor cells. A major role of
target gene missense mutations complements contributions by target-gene amplification,
overexpression or epigenetic activation, or by the deregulation of redundant or downstream
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pathways. A recent review of KI PK properties65 suggests that overall, KIs reach their
maximum plasma levels relatively fast, have an unknown absolute bioavailability, are
extensively distributed and highly bound to plasma-proteins such as AGP in the blood (5,6).
KIs are primarily metabolized (red stars) in the liver by cytochrome P450 (CYP) 3A4 (5)
and excreted primarily via the biliary-fecal route (3). Only a minor fraction is eliminated
with the urine (6,7). In a small study, elevated CYP3A activity and production of the
therapeutically active metabolite CGP74588 associated with higher imatinib molecular
responses147. CYP1A1 induction by cigarette smoke may decrease erlotinib exposure. No
significant contribution of CYP3A4/5 polymorphisms to KI efficacy/toxicity has been
reported 9. Finally, the interesting KI ability to inhibit some of their own metabolizing
enzymes and transporters renders steady-state metabolism and drug-drug interactions
complex and unpredictable65. (C) General approaches to improve drug efficacy and
overcome drug-resistance. For details, see text and9, 15, 21-24, 65, 67, 109-112.
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Fig. 5. Topological locations of known drug-resistance causing point mutations in ABL
Shown is the crystal structure of myristate-bound, autoinhibited full length hAbl-PD166326
(Pdb accession number 2FO0)39. (A) shows the entire structure including regulatory subunit
interactions. (B) shows the KD only, oriented as those in fig. 2,3. Domains, structural
features and kinase-inhibitor interaction sites are labeled and color-coded as in fig. 1-3. The
colored spheres indicate the positions of drug-resistant point mutations clinically observed in
ABL only (red), clinically observed in ABL and other kinases (light green), observed
preclinically in ABL and clinically in other kinases (light blue), or only observed
preclinically in ABL to date (brown, tab. 4,5).
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