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ABSTRACT: As highlighted by other articles in this review issue, great progress has been made in the development of targeted
treatment modalities directed against particular oncogenic kinases, and the translation of these therapies into the clinic. However,
recent data from cancer genome sequencing projects indicate that the spectrum of kinases that contribute to cancer progression is
wider than previously imagined, and as international projects in this area gather momentum, it appears likely that further kinase
oncogenes will be identified, and the roles of previously characterized ones will be extended to subsets of additional cancers. In
addition, complementary approaches such as functional genomics and mass spectrometry (MS)-based proteomics are providing
important insights into the functional roles played by specific kinases in particular cancers, the dependency of these roles on
genetic background, how altered kinase regulation perturbs intracellular signaling networks, and how the latter respond to targeted
agents that target the kinase in question. While other articles in this issue focus on individual cancer-associated kinases and their
therapeutic targeting, the aim of this review is to take a broader perspective regarding our current knowledge of the cancer kinome
and how this can be expanded and exploited for clinical utility.
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ABBREVIATIONS
AGC: containing protein kinase A, G, and C; AML: acute myeloid leukemia; CAMK: calcium/calmodulin-dependent protein
kinase; CMGC: containing cyclin-dependent kinase, mitogen-activated protein kinase, glycogen synthase kinase 3, and CDC2like; CML: chronic myeloid leukemia; CK1: casein kinase 1; EGFR: epidermal growth factor receptor; FDA: Food and Drug
Administration; FGFR: fibroblast growth factor receptor; GIST: gastrointestinal stromal tumor; HK2: hexokinase 2; LC-MS/
MS: liquid chromatography-tandem mass spectrometry; mAb: monoclonal antibody; MS: mass spectrometry; NSCLC: nonsmall-cell lung cancer; PDGFR: platelet-derived growth factor receptor; PI3K: phosphatidylinositol 3-kinase; RGC: receptor
guanylate cyclase; RTK: receptor tyrosine kinase; SILAC: stable isotope labeling by amino acids in culture; SK1: sphingosine
kinase 1; SFK: Src family kinase; STE: homologs of yeast sterile 7, sterile 11, and sterile 20; TK: tyrosine kinase; TKI: tyrosine
kinase inhibitor; TKL: tyrosine kinase-like; VEGF: vascular endothelial growth factor.

I. INTRODUCTION
Kinases act as phosphotransferases, transferring
phosphate from a high-energy donor molecule, usually ATP, to specific substrates that include proteins,
lipids, and carbohydrates, and in doing so act as key
regulators of fundamental cellular processes such
as growth factor signaling, intracellular trafficking,
and metabolism. The human genome encodes 518
protein kinases,1 categorized into 10 broad groups:
AGC (containing protein kinase A, G, and C);
CAMK (calcium/calmodulin-dependent protein
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kinase); CMGC (containing cyclin-dependent kinase,
mitogen-activated protein kinase, glycogen synthase
kinase 3, and CDC2-like); RGC (receptor guanylate
cyclase); TK (tyrosine kinase); TKL (tyrosine kinase–
like); STE (homologs of yeast sterile 7, sterile 11,
and sterile 20); CK1 (casein kinase 1); atypical; and
“other.” It also encodes 152 non-protein kinases2 that
are relatively diverse in structure and function and
include, for example, 3 families of phosphoinositide lipid kinases. Protein kinases, in particular, are
strongly implicated in human disease. For example,
approximately one third of all protein kinase genes
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map to cancer-associated amplicons,1 and this gene
family comprises the most common class of mutated
genes causally implicated in cancer development.3 In
this article we assess the untapped potential of the
human protein and non-protein kinomes in terms of
novel targets for cancer therapy, and the approaches
that are being used to identify these opportunities.
II. MINING THE CANCER KINOME FOR
THERAPEUTIC TARGETS
A. The Mutational Landscape of the Human
Kinome
A relatively small number of human cancers are
driven by a single, dominant kinase oncogene. Clear
examples are chronic myeloid leukemia (CML),
where the Bcr-Abl oncoprotein is present in 95
% of cases,4,5 and gastrointestinal stromal tumors
(GIST), where activating mutations in the receptor
tyrosine kinase KIT are present in up to 85% of
patients.6 Both malignancies often exhibit impressive
clinical responses to imatinib, a kinase inhibitor that
targets both Abl and Kit.4,6 Certain other cancers
are more heterogenous in terms of their suite of
oncogenic changes, but dysregulated signaling by a
particular kinase occurs in a significant proportion
of patients, due to either mutation or other types of
genomic alteration such as amplification or translocation. Examples of this class are: non-small-cell
lung cancer (NSCLC), where activating mutations
in the epidermal growth factor receptor (EGFR)
occur in 15%–30% of patients;7,8 melanoma, which
features mutations in BRaf in approximately 50% of
patients;9,10 and breast cancer, where erbB2 amplification occurs in approximately 25% of cases.11,12
Significant clinical responses to targeted therapy (i.e.,
erlotinib, PLX4032 and trastuzumab, respectively)
can also be achieved in these cancers if the responsive
subgroup is selected based on the presence of the
oncogenic lesion. In addition, activating mutations
in Flt3 occur in 30% of acute myeloid leukemia
(AML) patients,13,14 and mutations in PIK3CA,
encoding the catalytic subunit of phosphatidylinositol
3-kinase (PI3K), are detected at a similar high frequency in breast, colon, and endometrial cancers.15,16
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Small-molecule inhibitors targeted against these two
kinases are currently in clinical development.14,16
Consequently, when one views the landscape of
mutated or dysregulated kinases in human cancer,
there are clear “mountains” that stand out on the
skyline, and excellent progress has been made in the
development and clinical application of therapeutic
agents directed against these targets.
However, despite these data, a relatively small
fraction of the kinome is currently being targeted,
or evaluated, for cancer therapy. If the anti-vascular
endothelial growth factor (VEGF)-A mAb bevacizumab is included, then 18 targeted therapies aimed
at blocking protein kinase signaling in cancer are
currently FDA approved.17 These are directed against
a relatively small number of protein kinases and
their oncogenic counterparts, including Abl, Src,
platelet-derived growth factor receptor (PDGFR),
Kit, BRaf, ALK, EGFR, erbB2, mTOR, and the
VEGF receptor (VEGFR) family (Fig. 1). In addition, the number of protein kinases currently being
targeted in clinical trials represents approximately
10% of this protein family (Fig. 1).18–20 Notably, the
relatively narrow focus of current kinase drug discovery efforts is mirrored by that of academic kinase
research,19 suggesting that there is a general tendency
to build upon existing knowledge rather than diverge
from the well-beaten track. As discussed below, this
engrained behavior has left approximately half of
the known protein kinases largely uncharacterized,
despite data from either cancer genome sequencing
and/or functional genomic approaches that implicate
a broad and diverse array of these enzymes in cancer
development and cancer cell viability.
Recent cancer genome sequencing initiatives
have provided novel and important insights into the
distribution of cancer-associated mutations across
the protein kinase superfamily. For example, mutation analysis of all protein kinases in 210 specimens
derived from 10 common human cancers identified
potential “driver” mutations in approximately 120
protein kinases, these occurring in about one-third
of the cancer specimens studied (Fig. 1).21 In addition, a survey of five common cancers for mutations
in “candidate” genes that were either implicated in
cancer development or encode “druggable” targets
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FIGURE 1. The untapped potential of the human kinome. A. Human protein kinases targeted by FDA-approved
therapies.17 Targeted kinases are highlighted by a red circle. B. Targets of kinase inhibitors that are currently in
clinical trials in cancer patients.18–20 C. Kinases that are mutated in common human cancers. The top 100 kinases
ordered by conditional probability of carrying at least one driver mutation are highlighted.21 D. Essential kinases in
HeLa cells, as determined by a shRNA screen.38 Note how the current focus on targeted therapies directed against
tyrosine kinases (A and B) contrasts with the number and broad distribution of mutated kinases (C) and essential
kinases (D). Kinome tree reproduced courtesy of Cell Signaling Technology, Inc.
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identified mutations in 157 of the 230 protein kinases
studied.22 Consequently, these studies indicate that
at least 25% of all protein kinases may play a role in
oncogenesis. Aside from this revelation, what are the
other take-home messages from these studies? First,
they indicate that certain kinase families may play
a greater role in human malignancy then perhaps
envisaged. For example, mutations were detected in
11 different EPH receptors, including EphB1 and
EphA6.21,22 Second, many mutations were found
outside of the protein kinase families usually associated with cancer development, such as the AGC and
TK groups. As an indication, the selection pressure
for mutations was highest in the CAMK, TKL,
and atypical/other groups of kinases.21 Examples
of poorly characterized kinases that are mutated in
a significant proportion of human cancers include
DCAMKL1/DCLK1, which is mutated in 15% of
gastric cancers, and LRRK2, which is mutated in 8%
of multiple myelomas and 11% of ovarian cancers.21
Third, the mutated kinases may function in processes
not classically linked to cancer development. Thus,
TAF1L is a component of the TFIID basal transcription factor complex, while ERN1 functions in
endoplasmic reticulum stress signaling. Finally, while
some mutations, for example within the extracellular
domain of FGFRs, are known or are predicted to be
activating based on previous research, a significant
number of mutations are likely to inactivate the
kinase concerned. In this context, loss-of-function
mutations in ATM, which functions in DNA damage
signaling, and TGFBR2 and BMPR1A, which are
receptors for TGFb superfamily ligands, might be
expected due to the nature of the pathways in which
these kinases reside. However, likely loss-of-function
mutations occur in other kinases, such as DAPK3,
HCK, and LYN, all of which exhibit a substitution
in the critical aspartate residue of the DFG motif
critical for catalysis. In the case of DAPK3, the
negative effect of this mutation on kinase activity
has been confirmed, and the mutant kinase acts to
dominantly inhibit the function of the wild-type
kinase,23 identifying DAPK3 as a tumor suppressor
kinase. Similarly, several cancer-associated mutations
in MAP2K4, which functions in the JNK pathway, reduce kinase activity, and expression of these
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mutants promotes anchorage-independent growth.22
However, this situation is complicated by recent
findings regarding BRaf, where D594 substitutions
in the DFG motif, the third most common B-Raf
mutation in human cancer, can promote signaling to
MEK and ERK in the presence of activated K-Ras.
This occurs due to heterodimerization of BRaf with
CRaf and activation of the latter kinase.24 These
findings highlight the need to carefully characterize
the functional effects of individual kinase mutations,
which may be context dependent.
B. Identification of Oncogenic Protein
Kinases by Mass Spectrometry–Based
Phosphoproteomics
An alternative strategy for detecting aberrantly activated kinases in cancer cells is through the application of mass spectrometry (MS)-based proteomic
approaches in combination with affinity-based
purification techniques that enrich particular subproteomes, and/or quantification strategies such as
stable isotope labeling by amino acids in culture
(SILAC).25 Such strategies provide important information not provided by cancer genome sequencing,
such as the identification of kinases dysregulated due
to overexpression rather than mutation, the context
of aberrant kinase signaling (such as the presence
of other, potentially cooperating kinases), and the
global impact of an oncogenically activated kinase
on a particular type of signaling event within the
cell (such as tyrosine phosphorylation).
One powerful strategy is the use of anti-phosphotyrosine antibodies to purify tyrosine-phosphorylated
peptides from proteolytically digested lysates derived
from cancer cell lines or tumors, followed by peptide
identification and quantification by liquid chromatography–tandem MS (LC-MS/MS). This approach
led to the identification of TEL-ARG, BCR-ABL,
and FGFR1OP2-FGFR1 fusion oncoproteins, and
a JAK2 pseudokinase domain mutation, in 4 AML
cell lines,26,27 and a novel JAK2 mutation in an
acute megakaryoblastic leukemia cell line.28 Extension of this approach to a large panel of NSCLC
tumors and cell lines identified aberrant activation
of several novel driver kinases in this malignancy,
Critical Reviews™ in Oncogenesis
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including ALK and ROS fusion proteins, DDR1,
and PDGFRa.29 Interestingly, the approach also
resolved subgroups of NSCLCs characterized by
distinct patterns of activated tyrosine kinases that
might be expected to exhibit contrasting sensitivity
to particular TK-directed therapies. More recently,
tyrosine phosphorylation profiling of a wide panel
of breast cancer cell lines revealed that the basal
subgroup is characterized by a prominent Src family
kinase (SFK) signaling network, and identified several
tyrosine kinases exhibiting marked phosphorylation
in this subgroup, including EGFR, Met, EphA2,
and Lyn.30 This suggests that effective therapeutic
targeting of basal breast cancers may necessitate
the use of multi-kinase inhibitors or combination
therapies. A further application of this strategy
is the characterization of kinase-mediated bypass
mechanisms that lead to resistance to targeted
therapies. For example, the approach has been used
to identify an important role for SFKs in mediating
lapatinib resistance in HER2-overexpressing breast
cancer cells,31 as well as Syk and Lyn in promoting
nilotinib resistance in CML.32
Application of alternative purification methodologies allows other kinase-linked sub-proteomes to
be interrogated by MS. As described elsewhere in
this issue,16 PI3K is commonly activated in human
cancers, and this can occur due to genetic changes in
the cancer, such as PIK3CA mutation or PTEN loss,
or coupling to particular tyrosine kinases.16 Identification of these kinases may lead to improved strategies
for therapeutic targeting. In a recent study, Yang and
colleagues used immunoaffinity purification of the
p85 subunit of PI3K, in combination with a targeted
MS/MS approach, to identify docking proteins and
receptor tyrosine kinases (RTKs) associated with
PI3K. This successfully identified key PI3K interactors in cancer cell lines and in a xenograft model,
and revealed how PI3K complexes were altered by
treatment with specific TK inhibitors (TKIs), or
rapamycin, which relieves negative feedback regulation of PI3K signaling to Akt.33 Finally, while the
aforementioned approaches focus largely on tyrosine
kinases, the use of broad-selectivity kinase inhibitors
as capture reagents can be used to extend purification
to the significant fraction of the human kinome that
Volume 17, Number 2 2012

is not tyrosine phosphorylated. This had previously
presented a technical challenge, because peptide
enrichment based solely on protein phosphorylation
status leads to an under-representation of the protein
kinase subclass in subsequent MS analyses, reflecting
the low cellular abundance of many protein kinases.34
However, coupling of multiple broad-specificity
kinase ligands to beads (to create “kinobeads”),35 or
use of a series of affinity columns containing inhibitors with distinct but overlapping selectivity profiles,34
enables MS-based detection of approximately 200
different protein kinases from cell extracts. Since a
given mammalian cell is thought to express approximately 300 different protein kinases,36 this approach
provides coverage of the majority of the expressed
kinome. Furthermore, when used in combination
with quantitation techniques such as SILAC, it can
be used to compare the expressed kinome, in terms
of both protein levels and activation status, between
different cell types and treatment conditions.34,37 It
should be noted that comparable insights cannot
be obtained by antibody-based strategies, since the
reagents required to attain this coverage have yet
to be generated and validated. Consequently, this
represents a powerful strategy for identification of
novel oncogenic kinases, particularly if dysregulation
is primarily at the post-transcriptional level. In addition, by providing important information such as the
phosphorylation status of a novel oncogenic kinase,
and how the remainder of the kinome responds
to its expression, it is likely to complement other
approaches such as cancer genome sequencing.
C. Functional Annotation of the Human
Kinome in Cancer Cells
Clearly, the presence of an activating mutation,
or marked overexpression, can highlight a driver
kinase that is essential for cancer cell proliferation
and/or survival. However, an alternative strategy for
identifying potential cancer drug targets is to go
straight to the heart of the matter and ask which
kinases, irrespective of their mutation or expression status, are essential for the viability of a given
cancer cell. The development of high-throughput
functional si/shRNA screening methodologies has
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enabled this question to be addressed, and the results
are surprising.
Using a lentiviral shRNA library that targeted
~85% of the kinome, Grueneberg and colleagues
screened a variety of cell lines for essential kinases
whose knockdown significantly reduced cell proliferation and survival.38 The main findings from the initial
screens, undertaken in HeLa and 293-T cells as well
as four NSCLC lines, can be summarized as follows:
first, a relatively large number of kinases (on average
50–100) were identified as being essential in any one
line (Fig. 1); second, similar to the results of cancer
genome sequencing studies, many of the identified
kinases were relatively uncharacterized; and third,
there was remarkably little overlap between different
cell lines in their kinase requirements. To emphasize
the latter point, only 5% of the 430 kinases tested
were required in all four NSCLC cell lines. The closest
kinase requirements were observed for primary cell
lines from identical tissue sources, followed by essentially isogenic cancer lines that differed in expression
of a single oncoprotein. These findings indicate that
due to the myriad of genetic and epigenetic events
that occur during cancer development and progression, different cancers arising in a particular tissue
type can differ greatly in the composition and wiring
of their kinase networks, and hence their suite of
essential kinases. While this complicates development of kinase-directed therapeutics for particular
malignancies, the discovery that otherwise isogenic
lines differing in expression of a single oncogene39
or tumor suppressor40 exhibit differential dependency
on a discrete subset of kinases presents the opportunity to identify resistance mechanisms for certain
targeted therapeutics, as well as the Achilles’ heel for
cancer cells exhibiting specific genetic alterations.
For example, VHL-/- renal carcinoma cells exhibit
a greater dependency on Cdk6 than their pVHLreconstituted counterparts and are preferentially
inhibited by a small-molecule Cdk4/6 inhibitor.40
More recently, several groups have used RNAi
screens to identify kinases that exhibit “syntheticlethal” interactions with defined cancer-related
genetic alterations, and therefore represent potential
genotype-selective therapeutic targets. An additional
value of such screens is their ability to identify drug-
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gable targets for cancers where the driving oncogenic
event has proven refractory to therapeutic development. For example, focused RNAi screens identified
the serine/threonine kinases TBK141 and STK3342 as
being selectively essential in cells expressing mutant
KRas, although the role of STK33 has been called
into question,43 and a genome-wide shRNA screen
revealed that KRas mutant cells exhibit mitotic stress
and exhibit increased sensitivity to PLK1 inhibition.44
In addition, a recent study determined that primary
human epithelial cells from three different tissues
exhibit a requirement for either SGK2 or PAK3
following p53 inactivation.45 Finally, the Ashworth
group has extended this approach by integrating data
from kinome-wide RNAi screens across a wide breast
cancer cell line panel with corresponding genomic,
transcriptomic and mutation analyses in order to
characterize the kinase dependency of breast cancer
subtypes.46 This identified many candidate genetic
dependencies, and two key genetic interactions,
the requirement for the mitotic checkpoint kinase
TTK in PTEN-deficient cells, and for ADCK2 in
estrogen receptor-positive cells, were validated by
additional experimentation. An important aspect
of this approach is that it identifies candidate synthetic lethal effects that are relatively unaffected
by additional genetic changes, and which therefore
highlight potential strategies for therapeutic targeting
of a significant proportion of a given cancer subtype.
Subsequent validation can then be undertaken using
near-isogenic pairs of lines differing only in the
genetic alteration of interest.
D. Non-Protein Kinases and Cancer
Although this review has largely focused on the protein kinase family, specific members of other kinase
categories are also strongly implicated in human
cancer. As reviewed elsewhere in this issue, the most
striking example is PIK3CA,16 but other lipid kinases
also contribute to cancer progression and some are
being pursued as therapeutic targets. For example:
high expression of PIP5K1C (which promotes
formation of PI4,5P2 from PI4P) in breast cancer
is associated with poor prognosis, and knockdown
of this enzyme reduces breast cancer cell migration,
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invasion, and proliferation;47 ERBB2-amplified breast
cancer cells appear to be sensitized to knockdown of
PIP5K1A, compared to non-amplified counterparts;46
and overexpression of sphingosine kinase 1 (SK1)
occurs in a variety of human cancers, leading to major
efforts to develop novel therapeutics that target this
enzyme, its product S1P, or S1P-specific G protein
coupled receptors.48 Other kinases phosphorylate
small-molecule vitamins and metabolites, and particular members of this grouping also have roles in
human malignancies. One example is choline kinase
a, which displays increased expression in many cancers, and targeting this enzyme with a small-molecule
competitive inhibitor of substrate binding attenuated
growth of lung cancer cells in a xenograft model.49
In addition, partly reflecting a recent resurgence in
interest in the Warburg effect, whereby cancer cells
switch to aerobic glycolysis to promote growth, several
kinases that function in the glycolytic pathway are
being investigated as potential therapeutic targets.
These include the cancer-selective M2 isoform of
pyruvate kinase (PKM2),50 hexokinase 2 (HK2),
which is critical for the Warburg effect in glioblastoma
multiforme,51 and the 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase PFKFB3, which is
overexpressed in several cancers and validated as a
potential therapeutic target in preclinical models.52
Since recent high-profile findings regarding the role
of particular metabolic enzymes in cancer53,54 and the
dependency of particular cancers on specific metabolic
or biosynthetic pathways55,56 have provided added
momentum to the field of cancer cell metabolism, it
appears likely that additional small-molecule kinases
will be identified as potential cancer drug targets.
III. THERAPEUTIC TARGETING OF THE
CANCER KINOME
A. Therapeutic Development
The development of small-molecule,57,58 antibodybased,59 and non-immunoglobulin protein scaffolds60
as cancer therapeutics has been the subject of several
excellent reviews, and so only certain broad concepts will be addressed here, with the major focus
on small-molecule inhibitors. Two issues deserve
Volume 17, Number 2 2012
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emphasis. First, in order to exploit recent findings
regarding kinase mutations and dependencies in cancer cells, the number of kinases that can be targeted
by highly selective therapeutic agents needs to be
greatly expanded. Second, since acquired resistance
to existing therapies presents a major clinical problem, additional strategies to counter such resistance
mechanisms must be developed. With regard to both
issues, several important lessons have been learned
from our experience with therapeutic targeting of
Bcr-Abl in CML. Here, a variety of drugs have
been developed that exhibit different binding modes
to the Abl kinase domain, and these are used to
treat different stages of the disease, depending on the
emergence of specific kinase domain mutations. The
discovery that the front-line drug imatinib binds to
the Abl kinase domain in the inactive “DFG-out”
conformation was important because it identified
an inhibitor binding mode that is potentially more
amenable to the development of kinase-selective
agents.58 Other kinase inhibitors are now known to
bind their targets in this manner, such as lapatinib
and sorafenib, and are classified as type II inhibitors.61
Of the two second-generation Bcr-Abl inhibitors
developed to counter the emergence of imatinibresistant Bcr-Abl mutants, dasatinib binds to
the active conformation in the ATP pocket (type I
inhibitor), while nilotinib, like imatinib, is type II.61
However, a particular Bcr-Abl mutant, T315I,
is resistant to all three inhibitors, and has spurred
the development of third-generation TKIs. Two of
these highlight other modes of action. Specifically,
the “switch-control” inhibitor DCC-2036 induces an
inactive conformation of the Abl kinase domain and
represents a distinct subclass of type II inhibitor,62
while GNF-5 is an allosteric, type III inhibitor that
binds the myristoyl pocket of Abl and overcomes
T315I-mediated resistance if used in combination
with imatinib or nilotinib.63
Overall, these findings indicate that for certain
driver kinases the evolution of drug resistance through
target mutation can be repeatedly countered with
different inhibitors. In addition, it highlights the
multiple types of inhibitor that have been developed,
with type II and type III inhibitors in particular holding great promise in terms of attaining high target
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selectivity.64,65 Importantly, these concepts have been
applied to other kinases, indicating that they have
broader applicability. For example, type III inhibitors
have been developed against a range of other kinases,
including Akt, CHK1, and PDK1,58,65 as well as
EGFR kinase inhibitors that are selective for the
EGFR T790M mutation, which confers resistance to
gefitinib and erlotinib.66 Extension of these concepts
across the kinome will require detailed structural
information regarding currently uncharacterized
kinases, as well as mutant forms of characterized
ones, in order to facilitate rational drug design, and
a thorough understanding of kinase regulation and
function. The latter point is underscored by recent
findings regarding the complexity of action of BRaf
inhibitors.10 In addition, it is likely that new scaffolds
will need to be developed in order to hit new targets
while maintaining target selectivity,57,67 although
recent large-scale profiling studies of kinase inhibitor selectivity provide lead chemotypes for certain
orphan kinases, such as haspin.64,68
Although some cancers, such as CML, can be
effectively treated by inhibiting a single oncogenic
kinase, it is becoming increasingly evident that other
cancers will require targeting of multiple kinases. This
may reflect, for example, the concomitant activation
of multiple receptor tyrosine kinases, as observed in
basal breast cancer30 and glioblastoma,69 or mutation
of a downstream signaling molecule that is itself a
kinase (e.g., PI3K) or couples to kinase effectors
(e.g., KRas).8,10,12,70 In addition, kinase crosstalk or
negative feedback loops may lead to activation of
other kinases following inhibitor treatment, and
resistance to specific kinase inhibitors may arise via
kinase bypass mechanisms.8,70 Inhibition of multiple
kinases can be achieved via combining two or more
therapeutic agents, using multikinase inhibitors
such as sorafenib (therapeutically relevant targets:
VEGFR2 and PDGFR), sunitinib (VEGFR2,
PDGFR, KIT), and vandetanib (VEGFR, EGFR,
RET), or using bispecific antibodies (examples
include HER2/VEGF- and HER2/HER3-specific
immunotherapeutics).70–73 Therapeutic strategies that
target multiple kinase pathways and are currently in
clinical trials include the use of various mTOR inhibitors in combination with antibodies or inhibitors that
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target signaling by specific RTKs (e.g., bevacizumab,
trastuzumab), MK2206 (Akt) in combination
with AZD6244 (MEK), and various multikinase
inhibitors.16,70,71 Further characterization of signaling
networks associated with particular cancers, and how
these are perturbed by kinase-directed therapeutics,
is likely to identify additional settings where effective treatment necessitates targeting multiple kinases.
Such advances will be complemented by burgeoning
interest in the rational design of multitargeted drugs,
or targeted polypharmacology.71 Recent advances in
this area include the generation of a kinome interaction network based on both sequence information
and kinase inhibitor profiling data, which enables the
pharmacological relationships between two kinases
to be interrogated in the context of particular chemotypes,74 and comprehensive analyses of kinase
inhibitor selectivity across the kinome that have
identified shared chemotype preferences between
unrelated kinases.64, 68
B. Patient Stratification and Predictive
Biomarkers
The importance of matching targeted therapy with
the appropriate patient population is highlighted
by prior experience with trastuzumab, where its
efficacy against HER2-amplified/overexpressing
breast cancers may have gone undetected if the trial
had utilized an unselected patient population,75 and
with EGFR kinase inhibitors in NSCLC, where the
utility of these drugs in the clinical setting was not
clarified until EGFR mutations were detected in
the subset of patients that respond to these drugs.7
As a consequence, it is now widely accepted that
companion biomarkers should be developed in parallel with novel therapeutic agents. In the context
of kinase-directed therapies, such markers usually
represent the presence of mutation or amplification
of the target. However, these may not always correlate
tightly with sensitivity to target inhibition, as found
with PIK3CA mutations.16 Consequently, additional
markers that associate positively or negatively with
response may need to be identified, for example, via
phosphoproteomic analysis of the kinase-regulated
pathway,76 or detailed characterization of signaling by
Critical Reviews™ in Oncogenesis

241

Kinome Perspectives

the target kinase, as exemplified by recent research on
BRaf.10,24,77,78 An excellent example of a predictive
biomarker that has entered clinical use is the presence of mutant KRas in colorectal cancer, which is
associated with lack of response to cetuximab.8 Of
note, while a coordinated effort towards predictive
biomarker identification and validation is necessary for optimal translation of new therapies into
the clinic, discovery and refinement of companion
biomarkers for existing targeted agents will improve
their efficacy and may also identify novel responsive
patient subgroups.
It appears likely that further characterization of
cancer kinomes will lead to a significant expansion of
our armory of candidate targeted therapeutics, each
directed against a particular molecular phenotype.
While this is an exciting prospect, rapid exploitation
of these advances for patient benefit will necessitate
major changes to the drug development pipeline
and novel clinical trial design. One potential strategy will be to implement more rational early-phase
clinical trial designs, so that phase I trials not only
determine drug dosage but also attempt to identify
patient subpopulations that respond, leading to more
efficient phase I–III development strategies.79,80 In
addition, adaptive-type clinical trials will provide
the capability to respond to evolving information
regarding predictive biomarker/targeted therapy relationships as the trial is running. An example of this
is the BATTLE adaptive phase II trial in advanced
NSCLC, where following patient recruitment,
fresh core needle biopsy specimens were taken and
assayed for four biomarkers mechanistically related
to targeted therapies involved in the trial.81 A subset
of the patient cohort (38%) was initially randomized equally to one of four treatments. Following
assessment of disease control rate, randomization
probabilities for the remaining patients were adjusted
in the subsequent adaptive phase using a Bayesian
model, so that patients with a particular biomarker
profile had a greater than 25% chance of being
assigned to a treatment that appeared effective, based
on previous disease control rates for patients with
the same signature. Among the biomarker/treatment
relationships reported in this study were positive
associations between EGFR mutations or VEGF/
Volume 17, Number 2 2012

VEGFR2 expression and erlotinib response, as well
as between KRAS or BRAF mutation positivity and
sorafenib response. Interestingly, EGFR mutation
or polysomy was associated with a poor response to
sorafenib. Finally, since a particular molecular phenotype (e.g., activating mutation in a given kinase)
may occur in cancers from multiple organs, but at
a low frequency in each, a “biotype” classification
of cancer where malignancies are grouped together
based on molecular phenotypes rather than organ
of origin or morphology may be necessary to enable
recruitment of sufficient patients into clinical trials
of an appropriate targeted therapeutic.82 Overall, it
is anticipated that these novel approaches to clinical trial design will facilitate the rapid evaluation of
novel targeted treatments and companion biomarkers,
and hence expedite progress towards personalized
cancer therapy.
IV. CONCLUSION
Recent advances in our knowledge of the cancer
kinome and strategies for kinase-directed drug
development place us in a strong position to build on
previous achievements regarding therapeutic targeting of oncogenic kinases. However, past experiences
have taught us that development of clinically effective
targeted therapies requires a detailed understanding
of target mechanism and function, its network role,
the mode of action of the therapy and its impact on
intracellular signaling, the elucidation of resistance
mechanisms, identification of companion biomarkers,
and effective patient stratification for therapy. In light
of these considerations, it is increasingly evident that
integrative research approaches, as well as extensive
cross-disciplinary collaboration between scientists
and clinicians, will be necessary to efficiently deliver
positive clinical outcomes.
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