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Abstract: Protein kinases have emerged as the most important class of targets in oncology drug discovery because of 
their major roles in regulating cellular growth and survival. At least, 11 kinase inhibitors have received FDA approval to 
be used as cancer treatments, and there are continuous efforts to bring more candidates from laboratory benches to the 
clinic. Although many protein kinase inhibitors directly interact with the ATP binding site, other can alter the kinase 
conformation to prevent productive ATP binding. Herein we discuss the different mechanisms of action of kinase 
inhibitors and provide classification of the inhibitors according to their binding sites. Some of these are allosteric 
inhibitors, ATP competitive inhibitors, protein substrate competitive inhibitors, and covalent bond forming inhibitors. 
This review provides a broad overview of the relation between mechanism of action and the issues of target selectivity 
and resistance. Special attention was given to the kinase inhibitors currently in clinical trials.  
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INTRODUCTION 

 More than 500 human genes encode proteins that serve as 
kinases. 478 of these belong to a single group whose 
catalytic domains are related in sequence and are classified 
into a number of subsets or families based mainly on 
sequence and structure similarities [1-3]. Protein kinases 
catalyse the transfer of the terminal phosphoryl group of 
ATP to specific hydroxyl groups of serine, threonine or 
tyrosine amino acid residues of their protein substrates. 
Therefore, they can be grouped broadly as serine/threonine 
or tyrosine kinases. In some cases dual specificity kinases, 
such as mitogen-activated protein kinase kinases (MEKs) 
[4], phosphorylate both serine/threonine and tyrosine 
hydroxyl residues. Protein phosphorylation regulates a 
diverse range of cellular processes including proliferation 
and apoptosis, so even mild changes in kinase activity may 
lead to a variety of diseases such as cancer. This crucial role 
has made kinases an extremely important and tractable 
therapeutic class for anti tumour drug discovery [5-7]. 

KINASES AS DRUG TARGETS IN CANCER 

 Kinases, which are validated as targets for anti cancer 
agents development, fall into one of three main classes [5]. 
First, there are kinases which have become unresponsive to 
normal regulatory cascades after a mutation or translocation. 
These have transforming capability and are considered 
oncogenic. Many cancers that contain multiple genetic, 
epigenetic, and chromosomal abnormalities are dependent on  
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or addicted to one or few of this class of kinases for 
maintenance of proliferation, survival and malignant 
phenotype [8, 9]. The so-called oncogene addiction makes 
the malignant cell dramatically sensitive to the respective 
kinase inhibitor [10]. The MET tyrosine kinase gene 
deregulation with consequent kinase activation has been 
reported in MET-addicted cancers such as gastric, 
oesophageal and non small cell lung carcinomas and 
medulloblastomas [11]. Treatment of these cancers with 
MET inhibitors results in dramatic response such as massive 
apoptosis or proliferative block [12]. The importance of 
mutated kinases, to which cancers are addicted, has 
motivated an intensive effort to screen the kinome across a 
wide range of tumour types for mutations, amplifications and 
overexpression [13, 14]. The discovery that many tumours 
are addicted to Phosphatidylinositol 3 kinases (PI3Ks) 
mutations was one of the most notable successes [15-17]. 
Similarly, the discovery that many malignancies are addicted 
to the activating mutations of Janus kinase 2 (JAK-2) has 
stimulated the development of several JAK-2 inhibitors into 
Phase I trials [18-21]. Addiction to activating mutations in 
anaplastic lymphoma kinase (ALK) have also been found in 
neuroblastoma [22-24], non-small cell lung cancer and 
anaplastic large cell lymphomas [25]. 

 The second group of kinases that can be targeted by anti-
cancers consists in synthetic lethal kinases. Two genes are 
considered synthetic lethal if mutation of either gene alone 
does not affect cell viability but simultaneous mutation of 
both causes apoptosis [26, 27]. Targeting a kinase that is 
synthetic lethal to a tumour related mutated gene should 
affect only malignant and spare normal cells. Thus, synthetic 
lethality provides a basis for the discovery and development 
of cancer specific cytotoxic drugs [28-30]. Inhibition of the 
second class of kinase targets results in a synthetic lethal 
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Table 1. FDA-Approved Kinase Inhibitors 

Structure Name Targets Indications Ref 
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Sunitinib 
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Pfizer) 
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Sorafenib 
(Nexavar®; 

Bayer/ 
Onyx) 

 

c-KIT, PDGFR, 
VEGFR  

Renal cancer, 
advanced primary 

liver cancer 
[48, 52, 53] 
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Gefitinib 
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Erlotinib 
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Genentech/ 

Roche) 
 

EGFR, ERBB2 
NSCLC, pancreas 

cancer 
[48, 56, 57] 
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Structure Name Targets Indications Ref 
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Imatinib 
(Gleevec®; 
Novartis) 

 

Bcr-Abl, c-Abl, 
PDGFR, c-KIT, 

DDR1 
CML, GIST, HES [48] 
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Nilotinib 
(Tasigna®; 
Novartis) 

 

Bcr-Abl, c-Abl, 
PDGFR, c-KIT, 

DDR1 

Imatinib-resistant 
CML 

[5, 48] 
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Crizotinib 
(Xalkori®; 

Pfizer) 
 

ALK NSCLC with ALK 
mutation [58-60] 
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Pazopanib 
(Votrient®; 

GSK) 
 

c-KIT, PDGR, VEGFR Renal cell 
carcinoma [61-63] 
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Vandetanib 
(Caprelsa®; 

AstraZeneca) 
 

VEGFR, 
EGFR, RET 

Medullary thyroid 
cancer [64-66] 

CML (chronic myelogenous leukemia), NSCLC (non-small cell lung cancer), GIST (gastrointestinal stromal tumours), HES (hypereosinophilic syndrome). 

phenotype when it is coupled with the mutation in the 
particular pathology of the cancer cell. Although these kinase 
targets are neither oncogenic nor frequently mutated in 
cancer, they are required for the survival and proliferation of 
tumour cells and may be key players in vital signalling 
pathways. Examples include the mammalian target of 
rapamycin (mTOR), which is an important player in the 
Phosphatidylinositol 3 kinase-protein kinase B (PI3K–PKB) 
signalling pathway and has a synthetic sick relationship with 
the phosphatase and tensin homolog (PTEN) frequently 
mutated in cancer [31-33], and mitogen-activated protein 
kinase kinase 1 and 2 (MEK 1 and 2) which are synthetic 

lethal to activating mutation in B-Raf kinase [9, 34, 35]. 
Other important examples of this class of kinase targets 
include kinases required to maintain cell survival and 
proliferation, such as Aurora kinases, which are critical 
during mitosis for the maintenance of genomic stability [36, 
37]; the cyclin-dependent kinases (CDKs), which control cell 
cycle progression [38, 39]; and the polo-like kinases, which 
are crucial for mitosis and cytokinesis [40, 41]. 

 The third group of targets are expressed in the tumour or 
surrounding tissues and are required for tumour formation 
and maintenance in the human host. For instance, 
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Mammalian LIM kinase 1 (LIMK1) is reported to play an 
important role in cell motility, angiogenesis and invasion 
[42, 43] and the neurotrophic growth factor receptor tyrosine 
kinase (nTRK2) is essential for cells to survive detachment 
and is required for tumour cell metastasis [5]. Examples also 
include the vascular endothelial growth factor receptor 
(VEGFR) and the FGFR kinases, which are crucial in 
developing and maintaining tumour blood supply [5, 44]. 
Pyruvate kinase and protein kinase B, essential for the switch 
to aerobic glycolysis (Warburg effect) in tumour cells, 
represent another example [45-47]. 

 Molecular technologies facilitated the discovery of the 
recurrent kinases aberrations in cancer. The comprehensive 
analysis of the full spectrum of kinome changes in each 
human cancer will be essential for improved cancer 
diagnosis and treatment and will promote our fundamental 
understanding of the kinase pathways and networks 
perturbed by genomic aberrations. The full understanding of 
the kinase aberrations can improve cancer diagnosis through 
more developed molecular classification, enhance the 
selection of cellular targets for drug development and 
facilitate the design of faster and more efficient clinical trials 
using agents targeted to specific kinomic abnormalities. A 
comprehensive review of kinase aberrations implicated in 
different human cancer types was recently published [5]. 
Kinase inhibitors that have received FDA approval to be 
used as cancer treatments are summarised in Table 1. 

Kinase inhibitors according to their binding site 

 The popularity of kinases as oncology drug targets was 
driven by the high profile success, 80% response rates in 
chronic myelogenous leukemia (CML) patients [67], of the 
first FDA approved small molecule protein kinase inhibitor 
imatinib [68, 69]. Although many kinase inhibitors interact 
directly with the ATP binding pocket (type I inhibitors), 
alternative approaches targeting sites other than the ATP 
cleft are increasingly being pursued. Type II inhibitors also 
bind to the ATP binding pocket, but they also exploit unique 
interactions with a hydrophobic pocket directly adjacent to 
the ATP binding site [70].Type III kinase inhibitors, 
sometimes called simply allosteric inhibitors, bind to a 
hydrophobic pocket remote from the ATP binding site. They 
do not perturb the binding of ATP, but they rather induce 
conformational changes that make the kinase catalytically 
inert. Other types of kinase inhibitors, such as covalent 
bonding and protein substrate competitive will be also 
briefly discussed in this review.  

TYPE I KINASE INHIBITORS 

 Kinases share a bi-lobed catalytic structure with the ATP 
binding site in a deep cleft located between the lobes [1, 71]. 
ATP binds to the cleft through hydrogen bonds formed 
between the ATP adenine ring and the kinase hinge region, 
which connects the amino- and carboxy-terminal domains. 
ATP ribose and triphosphate groups bind to the hydrophilic 
channel near the substrate binding site that features 
conserved residues essential for catalysis. Kinases have a 
conserved activation loop that regulates the enzyme activity 
and is tagged by conserved DFG and APE motifs at the start 
and the end of the loop, respectively. The activation loop has 

different conformations which may be catalytically active 
and often phosphorylated or inactive in which case the loop 
blocks the substrate binding site. In the active conformation 
(also called DFG-in conformation), the aspartic acid of the 
DFG motif points into the ATP binding site and the 
phenylalanine points away from the ATP site. Type I 
inhibitors recognize the active conformation of the kinase in 
which transfer of phosphate from ATP to the substrate is 
facilitated. They bind to the hinge segment of the target 
kinase with up to three hydrogen bonds in a way mimicking 
the hydrogen bonds normally formed by the ATP adenine 
ring. The majority of ATP competitive kinase inhibitors do 
not exploit the ribose or the triphosphate binding site of ATP 
(one exception is the novel Src and Abl dual family kinase 
inhibitor AZD0530 [72-74]). This group includes the 
majority of ATP competitive inhibitors. The large number of 
members in this group may be a consequence of many 
inhibitor compounds having been discovered by means of in 
vitro enzymatic assays in which kinases were used in the 
active conformation with low ATP concentration and 
because many kinase inhibitors have been designed and 
synthesised to mimic ATP. Molecules in this group typically 
consist of a heterocyclic ring system that fills the Adenine 
binding site and serves as a scaffold for the side chains 
which occupy one or both of the neighbouring hydrophobic 
regions I and II (Fig. 1) [75, 76]. 

 

 

 

 

 

 

 

 

 

Fig. (1). ATP competitive inhibitors pharmacophore model. 
Hydrogen bonds are shown as dashed lines.  

 One recent example of this group is the MET tyrosine 
kinase inhibitor MK-2461 (Fig. 2) [77] which was designed 
around 5H benzo[4,5]cyclohepta[1,2-b]pyridin-5-one 
scaffold and was efficacious in preclinical animal models. 
X-ray analysis has proved that MK-2461 binds preferentially 
to the activated (phosphorylated) form of the kinase [78]. 
Protein kinase CK2 is considered a prime cancer drug target 
because of the key roles of deregulated CK2 in cancer anti-
apoptotic pathways. The suitability of CK2’s small ATP 
binding site for the design of relatively selective inhibitors, 
led to the identification of the novel, first in class, orally 
bioavailable, ATP competitive inhibitor CX-4945 (Fig. 2) 
[79] with an IC50 of 1nM in enzymatic assay and 100 nM in 
cellular assay [80]. The selective CK2 inhibitor CX-4945 is 
now progressing through phase I clinical trials. Another 
example of this type of inhibitor is the potent and relatively 
selective Polo-like kinase (PLK) family inhibitor BI-2536 
[81] (Fig. 2). Because PLK1 is the primary target, this 
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compound provided insights into the phenotypic outcome of 
PLK1 inhibition and showed that cells treated with BI-2536 
are delayed in prophase and enter prometaphase after import 
of Cdk1-cyclin B into the nucleus. Moreover, treated cells 
lack prophase microtubule asters and form monopolar 
spindles that are unstably attached to kinetochores. BI-2536 
prevents PLK1 localization at kinetochores and centrosomes 
and, when added to metaphase cells, leads to spindle 
collapse [81, 82]. BI-2536 is now progressing through phase 
II clinical trials for treating patients with recurrent or 
metastatic solid tumours. 

TYPE II KINASE INHIBITORS 

 Type II inhibitors cause allosteric kinase inhibition 
through altered ATP binding and recognise the inactive 
conformation of the kinase. This is sometimes referred to as 
‘DFG-out’ conformation where aspartic acid of the DFG 
motif points away from the ATP binding site and the 
phenylalanine points to the ATP site. Movement of the 
activation loop to the DFG out conformation exposes an 
additional hydrophobic allosteric binding pocket directly 
adjacent to the ATP binding site (Fig. 3) [83-85]. Type II 
inhibitors use the ATP binding site and also bind to the 
available allosteric site. Because the amino acids in the 
allosteric pocket are less conserved than those in the ATP 
binding site, it may be easier to achieve better selectivity 
profiles with type II inhibitors. Many type II inhibitors form 
one or two hydrogen bonds (using amide, urea or heteroatom 
linkers such as nitrogen, sulphur or oxygen) with residues 
near the allosteric site: one bond with the side chain of a 
conserved glutamic acid and the other with the backbone 
amide of aspartic acid in the DFG-out motif. All type II 
inhibitors also have a hydrophobic moiety that occupies the 
allosteric site and forms Van der Waal’s interactions with it 
[70].  

 The discovery that inhibitors like imatinib (Gleevec®) 
and sorafenib (Nexavar®) (Fig. 4) bind to the inactive 
conformation was serendipitous, but subsequent analysis of 
similar kinase inhibitor co-crystal structures has shown that 
all share a common pharmacophore and have a conserved set 
of hydrogen bonds [86]. The novel MET receptor tyrosine 
kinase SGX-523 (Fig. 4) is a notable example of type II 
inhibitors because it stabilizes MET in a unique inactive 
conformation that is inaccessible to other protein kinases, 
suggesting an explanation for the selectivity [87]. AAL-993 
(Fig. 4) inhibits angiogenesis through the inhibition of 

VEGF-R1, VEGF-R2 and VEGF-R3 and represents one of 
the latest examples of second type inhibitors. AAL-993 
targets the inactive DFG out conformation of these VEGF-
Rs and exhibits good biopharmaceutical properties and oral 
availability in animal models, with very good anti-tumour 
efficacy in an orthotopic animal model [75, 88]. VEGF-R 
inhibitors were recently reviewed in this journal [89]. The 
first reported case of a type II PLK1 inhibitor was SBE13 
(Fig. 4), which had sub-nanomolar (IC50 = 0.2 nM) 
inhibitory activity against PLK1. In addition to lack of 
activity on other mitotic kinases, such as Aurora A, SBE13 
was selective for PLK1 over other tested PLK isoforms, 
including PLK2 (IC50 > 66 µM) or PLK3 (IC50 = 875 nM). 
Treatment of tumour cells with SBE13 resulted in decreased 
cellular proliferation, a G2/M arrest followed by apoptosis, 
and formation of an abnormal mitotic phenotype, therefore 
justifying further preclinical investigation of this compound 
[90, 91]. 
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Fig. (3). Type II inhibitors pharmacophore model. Hydrogen bonds 
are shown as dashed lines.  

 The ATP competitive kinase inhibitors (type I and II) 
must have high affinity to be able to compete with 
intracellular ATP concentrations as high as 10 mM. 
Development of inhibitors that posses high target affinity 
and at the same time are selective enough to discriminate 
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Fig. (2). Chemical structure of type I kinase inhibitors.  
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between the 518 human kinases is complicated by the highly 
conserved nature of the ATP binding pocket across the 
protein kinase family [91, 92]. The lower specificity for their 
planned target may restrict the clinical use of this class of 
inhibitors, especially in the case of strong off-target 
toxicities or side effects. Another problem with ATP 
competitive protein kinase inhibitors is drug resistance as a 
result of mutations in the ATP binding site which has been 
observed in patients undergoing treatment with imatinib. 
Consequently, there is now considerable interest in 
discovering new classes of inhibitors that do not directly 
compete with ATP. The new inhibitors may enable the 
selective regulation of certain protein kinases associated with 
cancer without affecting other kinases involved in normal 
physiological functions [75, 93]. 

 However after the emerge of resistance of some cancers 
to kinase inhibitors, some researchers argued that the 
development of “clean” drug that selectively targets one 
protein in the aberrant pathway was not a great idea, and 
“dirty”, or sometimes called “promiscuous”, drugs that had 
been discovered few decades ago are still the most effective 
in treating cancer. The reason for this is that cancer is a 
complex disorder results from multiple molecular 
abnormalities, not from a single defect, e.g. the average 
number of mutant CAN-genes is 12 in breast cancers and 9 
in colorectal cancers. So, a drug with a single target is 
unlikely to help because cells can often find ways to 
compensate for a protein whose activity is affected by a 
drug. “Dirty” drugs, though more toxic, target several 
kinases and bind to them less precisely than “clean” 
inhibitors. This is why it is considerably more difficult to 
dislodge “dirty” inhibitors as the mutation required to 
prevent them binding is then so severe thus of no value to the 
cell in its struggle to survive [94, 95]. 

TYPE III KINASE INHIBITORS 

 Type III inhibitors, sometimes simply called allosteric 
inhibitors, are the most selective type of kinase inhibitors. 

They bind to a pocket remote from the ATP binding site. 
They induce conformational changes that make the kinase 
catalytically inactive. Two recent examples of type III 
inhibitors will be discussed here.  

MEK Inhibitors 

 The Ras-Raf-MEK-ERK signalling pathway, a crucial 
regulator of cell growth, differentiation and proliferation, 
continues to draw massive efforts to develop specific 
inhibitors to its components as potential treatment for cancer 
[96]. In early 1990s, researchers at Parke-Davis (now Pfizer 
Inc.) identified, by mass screening, PD0098059 and 
PD0045443 (Fig. 5) as weak MEK inhibitors [97, 98] 
Interestingly, they were found to be not ATP or ERK 
competitive. However, the role of PD0098059 was limited to 
the in-vitro studies due to its low inhibitory activity (IC50 = 
1.3 µM) and poor bioavailability. PD0045443, which 
exhibited a similar IC50 to PD0098059, was weakly active in 
cells at 30 µM. In attempts to increase the potency of this 
derivative, the 4-chloro substituent on the anthranilic acid 
was replaced by the H bond acceptor fluorine atom, resulting 
in PD0169373 with a resulting 70-fold increase of potency, 
however it also retained no cellular activity. This problem 
was partially resolved by masking the carboxylate function 
of PD0169373. The hydroxamic acid PD0170611 (Fig. 5) 
showed much improved potency compared to PD0169373 
attested by an IC50 of 7 nM against purified MEK and a 
cellular IC50 of 50 nM. However, the biological half-life of 
PD0170611 was too short at only 2h. This was attributed to 
the rapid metabolism of PD0170611 into a mixture of a 
glucuronide and the parent carboxylic acid. To overcome this 
rapid metabolism, the Parke-Davis medicinal chemists 
designed a focused array of hydroxamate esters. PD0184352 
turned out to be the most active compound in this array and 
it exhibited the best combination of potency and stability. 
PD0184352 was the first MEK inhibitor to reach clinical 
trials, but failed in phase II due to insufficient 
bioavailability. This low bioavailability can be explained by 
the poor water-solubility of PD0184352 (less than1 µM/mL). 
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Fig. (4). Chemical structure of type II kinase inhibitors.  
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A dramatic increase of water-solubility (190 µM/mL) was 
achieved by the concomitant replacement of the chloro 
substituent of PD0184352 by a fluorine atom and the 
cyclopentyl moiety by a dihydroxypropyl chain. The 
resultant PD0325901 was characterised by higher potency, 
better stability and improved bioavailability than PD0184352 
[99]. Unfortunately, the clinical trials of PD0325901 were 
terminated in phase II due to its unexpected ocular toxicity 
[100]. A structurally related analogue of PD0325901, 
AZD6244 (Fig. 5) was developed by Array BioPharma and 
later licensed to AstraZeneca. AZD6244 is currently 
progressing through phase II of the clinical trials [101]. 

 The 3D structure of MEK bound to a variant of 
PD0184352 was resolved in 2004 [102]. It showed that this 
type of inhibitor binds to a unique inhibitor-binding pocket 
within the catalytic cleft, but adjacent to the Mg-ATP 
binding site (Fig. 6). The binding of inhibitor to this site not 
only does not prevent the binding of ATP, but may well 
stabilize it. This explains why some allosteric inhibitors like 
AZD6244 are more active in inhibiting MEK in cellular 
assay than in enzymatic assay, as the ATP concentration in 
the former is considerably higher than in the later. The 
crystal structure showed that the binding of the inhibitor 
causes MEK to undergo important perturbations in the 
conformation of the kinase activation loop and N-terminal 
loop ensuring that this new conformation is catalytically 
inactive. The crystal structure also revealed that the sequence 
of this inhibitor-binding pocket has low homology with other 
kinases, explaining the high selectivity of these inhibitors. 

CHK1 Inhibitors 

 The cell cycle is controlled by several checkpoints to 
insure the genome stability. The checkpoint kinase CHK1 
protects cells that have suffered DNA damage by arresting 
the cell cycle at a G2/M checkpoint to allow DNA repair 
[103]. DNA damaging approaches such as chemotherapy and 
radiation are still one of the most relied upon cancer 
treatments. Since cancerous cells use checkpoints to 

facilitate DNA repair; the inhibition of CHK1 will abrogate 
the G2/M checkpoint in these tumour cells and allow 
premature mitotic entry in the presence of DNA damage, 
leading ultimately to cell death [103]. Several Chk1 ATP 
competitive inhibitors are already known, including natural 
products such as staurosporine. Some of them (e.g. UCN-01, 
XL-884 and PF-00477736) reached clinical trials phase I or 
II [104, 105]. The major disadvantages of this type of 
inhibitors are their lack of selectivity and their difference in 
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Fig. (5). Chemical structures of allosteric MEK inhibitors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). ATP and PD0318088 occupy distinct and adjacent binding 
sites within the catalytic cleft of MEK kinase. PDBid 1S9J. 
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potency when tested in cell and biochemical assays. This is 
the reason why a lot of effort is now concentrated in 
developing CHK1 non-ATP competitive inhibitors. A high 
throughput screening project was started at Merck & Co to 
identify CHK1 allosteric inhibitors [106]. Hits were 
evaluated in the presence of physiological ATP 
concentrations (0.1 and 2.0 mM) in order to eliminate ATP 
competitive compounds, as the potency of allosteric 
inhibitors should be insensitive to ATP concentration. The 
thioquinazolinone derivative 1 (Fig. 7) was isolated with an 
IC50 of 17 and 24 µM at anATP concentration of 0.1 and 2.0 
mM, respectively. The optimisation of this hit led the team at 
Merck & Co to compound 2 (Fig. 7) with an IC50 of 1.3 µM 
in presence of 0.1 mM ATP [106]. The crystal structure of 2 
bound to CHK1 confirmed 2 as an allosteric inhibitor. It 
binds to a hydrophobic pocket 13 Å away from ATP binding 
site [106]. More recently, scientists in Pfizer described two 
potent CHK1 allosteric inhibitors 3 and 4 (Fig. 7) with Ki of 
1.89 and 0.146 µM respectively [107]. Crystallographic 
studies showed that these compounds bind to an allosteric 
site that shares a pocket with the previously reported site 
[107]. The identification of this allosteric site provides an 
opportunity to develop more selective and potent CHK1 
inhbitors for the treatment of cancer. 

OTHER TYPES OF KINASE INHIBITORS 

Covalent Inhibitors 

 The inhibitors in this family are capable of forming an 
irreversible covalent bond to the kinase active site by 
reacting with a nucleophilic thiol of a cysteine residue [108]. 
The irreversible kinase inhibitors of the epidermal growth 
factor receptor (EGFR), CL-387785 [109-111] and Neratinib 
(HKI-272) [112] (Fig. 8), were designed to target the 
cysteine residue (C773) located at the lip of the ATP binding 
pocket [5]. These compounds were rationally developed by 
attaching an electrophile, which is reactive with the electron 
rich sulfur in cysteine, to the well established EGFR 
selective 4-anilinoquinazoline and 4-anilinoquinoline-3-
carbonitrile scaffolds. The structure of 4-anilinoquinazolines 
complexes with EGFR was used to anticipate the optimal 
position for electrophile attachment. The designed inhibitors 

undergo Michael addition reaction, the cysteine residue in 
EGFR (C773) forming a covalent bond with the inhibitor. 
Consequently, the inhibitor, with infinite affinity due to the 
covalent bond, irreversibly blocks binding of ATP to the 
kinase and inactivates the enzyme. Neratinib, which inhabits 
HER2 and HER4 kinases in addition to EGFR, is now 
progressing in phase III clinical trials.  

 Analysis of the human kinome showed 46 kinases that 
have this particular cysteine and around 200 different kinases 
that have a cysteine residue located in the vicinity of the 
ATP binding site suggesting that many kinases could be 
targeted by irreversible inhibitors. However, many natural 
toxic compounds have also evolved to exhibit their toxicity 
by irreversibly reacting with kinase cysteine residues. Thus, 
many drug developers are concerned about the possible 
toxicity of covalent inhibitors as a result of reacting with 
unpredicted targets [5, 113-115]. 

Protein Substrate Competitive Inhibitors 

 Protein kinases normally phosphorylate different protein 
substrates. Thus, the specificity in targeting particular 
protein kinases can be achieved more easily by targeting 
remote sites like the substrate binding regions with substrate 
competitive inhibitors. One example is the tyrosine kinase 
inhibitor AG538 (Fig. 9) that has been identified as a protein 
substrate competitive inhibitor of the insulin-like growth 
factor receptor (IGF-R1) and has been further chemically 
modified by introducing the catechol moiety instead of 
benzoxazolone groups on either side of the molecule to 
increase its stability in cells. The ability of AG538 and its 
derivatives to stop growth of prostate and breast cancer cells 
in vitro suggested that these substrate competitive inhibitors 
may be useful as anticancer agents [5, 75, 76, 116-118]. 

 A further example of a small molecule protein kinase 
inhibitor is ON 01910.Na [119] (Fig. 9), a substrate 
competitive inhibitor of polo-like kinase 1 (PLK1). 
However, 20 to 40 fold higher concentrations of ON 
01910.Na inhibit other kinases including PDGFR, FLT-1, 
Abl, PI3K, Fyn and polo-like kinase-2 as well as the 
serine/threonine cyclin-dependent kinase-1. Whether the 
efficacy of ON 01910.Na in inhibiting tumour growth is the 
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direct result of inhibiting polo-like kinase-1 or other protein 
kinases remains a controversial issue that requires further 
investigation [119-122]. Recent phase I studies in human B-
cell chronic lymphocytic leukemia (CLL) demonstrated that 
ON 01910.Na selectively induced apoptosis in all CLL 
samples tested and reduced PLK1 activity in the leukemic 
cells [123, 124]. ON 01910.Na is currently also being tested 
in phase I and II combination therapy in patients with solid 
tumours. FDA granted ON 01910.Na orphan drug 
designation for the treatment of myelodysplastic syndromes 
(MDS), and agreed special protocol assessment (SPA) for 
phase III trial as monotherapy in patients with MDS. 

 LS-104 (Fig. 9) is a kinase inhibitor that inhibits the 
growth of leukemia cell lines in vitro by targeting JAK2. It 
works in ATP independent and substrate competitive 
manner. The activating JAK2 V617F mutation is described 
in the majority of patients with BCR-ABL negative 
myeloproliferative disorders (MPD). Treatment of V617F-
positive cells with LS104 resulted in dose dependent 
induction of apoptosis and inhibition of JAK2. This effect 
was not altered using elevated ATP concentrations, whereas 
variation of the substrate peptide resulted in modulation of 
the IC50 value. LS104 is currently being tested in a Phase 1 
clinical trial [125, 126]. 

CONCLUSION 

 The selective inhibition of protein kinases is an important 
approach for the treatment of cancer. The discovery of 
allosteric non-ATP competitive kinase inhibitors has had a 
major impact on the development of promising new 
strategies to tackle human cancers. Since this type of 
inhibitor does not interact with the ATP binding site, and 
consequently does not have to compete with high 

physiological ATP concentrations, they are much more 
selective and potent than their ATP competitive analogues. 
Some of these allosteric non-ATP competitive kinase 
inhibitors are now in advanced stages of clinical trials.  

REFERENCES 
[1] Manning, G.; Whyte, D. B.; Martinez, R.; Hunter, T.; Sudarsanam, 

S., The protein kinase complement of the human genome. Science 
2002, 298 (5600), 1912-34. 

[2] Torkamani, A.; Schork, N. J., Distribution analysis of 
nonsynonymous polymorphisms within the human kinase gene 
family. Genomics 2007, 90 (1), 49-58. 

[3] Martin, J.; Anamika, K.; Srinivasan, N., Classification of protein 
kinases on the basis of both kinase and non-kinase regions. PLoS 
One 2010, 5 (9), e12460. 

[4] Catalanotti, F.; Reyes, G.; Jesenberger, V.; Galabova-Kovacs, G.; 
de Matos Simoes, R.; Carugo, O.; Baccarini, M., A Mek1-Mek2 
heterodimer determines the strength and duration of the Erk signal. 
Nat Struct Mol Biol 2009, 16 (3), 294-303. 

[5] Zhang, J.; Yang, P. L.; Gray, N. S., Targeting cancer with small 
molecule kinase inhibitors. Nat Rev Cancer 2009, 9 (1), 28-39. 

[6] Anamika, K.; Garnier, N.; Srinivasan, N., Functional diversity of 
human protein kinase splice variants marks significant expansion of 
human kinome. BMC Genomics 2009, 10, 622. 

[7] Eglen, R. M.; Reisine, T., The current status of drug discovery 
against the human kinome. Assay Drug Dev Technol 2009, 7 (1), 
22-43. 

[8] Weinstein, I. B.; Joe, A. K., Mechanisms of disease: Oncogene 
addiction--a rationale for molecular targeting in cancer therapy. Nat 
Clin Pract Oncol 2006, 3 (8), 448-57. 

[9] McCormick, F., Cancer therapy based on oncogene addiction. J 
Surg Oncol 2011, 103 (6), 464-7. 

[10] Weinstein, I. B.; Begemann, M.; Zhou, P.; Han, E. K.; Sgambato, 
A.; Doki, Y.; Arber, N.; Ciaparrone, M.; Yamamoto, H., Disorders 
in cell circuitry associated with multistage carcinogenesis: 
exploitable targets for cancer prevention and therapy. Clin Cancer 
Res 1997, 3 (12 Pt 2), 2696-702. 

[11] Benvenuti, S.; Lazzari, L.; Arnesano, A.; Li Chiavi, G.; Gentile, A.; 
Comoglio, P. M., Ron kinase transphosphorylation sustains MET 
oncogene addiction. Cancer Res 2011, 71 (5), 1945-55. 

N

N

HN Br

HN

O

CL-387785

N

HN Cl

H
N

O

CN

O

N

O

N

HKI-272 (Neratinib)  
Fig. (8). Chemical structure of kinase covalent inhibitors. 

 

O

OH

OH

HO

HO

CN

AG538

S

O
O

HN

O

NaOOC

O O

O

ON 01910.Na

N

O O

O

HO

HO

O

N
H

LS104

 
Fig. (9). Chemical structure of substrate-competitive kinase inhibitors. 



408    Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 5 Chahrour et al. 

[12] Comoglio, P. M.; Giordano, S.; Trusolino, L., Drug development of 
MET inhibitors: targeting oncogene addiction and expedience. Nat 
Rev Drug Discov 2008, 7 (6), 504-16. 

[13] Santarius, T.; Shipley, J.; Brewer, D.; Stratton, M. R.; Cooper, C. 
S., A census of amplified and overexpressed human cancer genes. 
Nat Rev Cancer 2010, 10 (1), 59-64. 

[14] Futreal, P. A.; Coin, L.; Marshall, M.; Down, T.; Hubbard, T.; 
Wooster, R.; Rahman, N.; Stratton, M. R., A census of human 
cancer genes. Nat Rev Cancer 2004, 4 (3), 177-83. 

[15] Ameur, N.; Lacroix, L.; Motte, N.; Baudin, E.; Caillou, B.; 
Ducreux, M.; Elias, D.; Chanson, P.; Schlumberger, M.; Bidart, J. 
M., Mutational status of EGFR, BRAF, PI3KCA and JAK2 genes 
in endocrine tumors. Int J Cancer 2009, 124 (3), 751-3. 

[16] Perrone, F.; Lampis, A.; Orsenigo, M.; Di Bartolomeo, M.; 
Gevorgyan, A.; Losa, M.; Frattini, M.; Riva, C.; Andreola, S.; 
Bajetta, E.; Bertario, L.; Leo, E.; Pierotti, M. A.; Pilotti, S., 
PI3KCA/PTEN deregulation contributes to impaired responses to 
cetuximab in metastatic colorectal cancer patients. Ann Oncol 
2009, 20 (1), 84-90. 

[17] Oikonomou, E.; Pintzas, A., Cancer genetics of sporadic colorectal 
cancer: BRAF and PI3KCA mutations, their impact on signaling 
and novel targeted therapies. Anticancer Res 2006, 26 (2A), 1077-
84. 

[18] Santos, F. P.; Kantarjian, H. M.; Jain, N.; Manshouri, T.; Thomas, 
D. A.; Garcia-Manero, G.; Kennedy, D.; Estrov, Z.; Cortes, J.; 
Verstovsek, S., Phase 2 study of CEP-701, an orally available 
JAK2 inhibitor, in patients with primary or post-polycythemia 
vera/essential thrombocythemia myelofibrosis. Blood 115 (6), 
1131-6. 

[19] Benjamini, O.; Koren-Michowitz, M.; Amariglio, N.; Kroger, N.; 
Nagler, A.; Shimoni, A., Relapse of postpolycythemia 
myelofibrosis after allogeneic stem cell transplantation in a 
polycythemic phase: successful treatment with donor lymphocyte 
infusion directed by quantitative PCR test for V617F-JAK2 
mutation. Leukemia 2008, 22 (10), 1961-3. 

[20] Ohyashiki, K.; Ito, Y.; Hori, K.; Sato, K.; Makino, T.; Ohyashiki, J. 
H., Thrombosis can occur at any phase of essential 
thrombocythemia with JAK2(V617F) mutation: a single 
institutional study in Japan. Leukemia 2007, 21 (7), 1570-1. 

[21] Walz, C.; Crowley, B. J.; Hudon, H. E.; Gramlich, J. L.; Neuberg, 
D. S.; Podar, K.; Griffin, J. D.; Sattler, M., Activated Jak2 with the 
V617F point mutation promotes G1/S phase transition. J Biol Chem 
2006, 281 (26), 18177-83. 

[22] Wasik, M. A.; Zhang, Q.; Marzec, M.; Kasprzycka, M.; Wang, H. 
Y.; Liu, X., Anaplastic lymphoma kinase (ALK)-induced 
malignancies: novel mechanisms of cell transformation and 
potential therapeutic approaches. Semin Oncol 2009, 36 (2 Suppl 
1), S27-35. 

[23] Mastini, C.; Martinengo, C.; Inghirami, G.; Chiarle, R., Anaplastic 
lymphoma kinase: an oncogene for tumor vaccination. J Mol Med 
2009, 87 (7), 669-77. 

[24] Kruczynski, A.; Mayer, P.; Marchand, A.; Vispe, S.; Fournier, E.; 
Annereau, J. P.; Brel, V.; Barret, J. M.; Delsol, G.; Imbert, T.; 
Fahy, J.; Bailly, C., Antitumor activity of pyridoisoquinoline 
derivatives F91873 and F91874, novel multikinase inhibitors with 
activity against the anaplastic lymphoma kinase. Anticancer Drugs 
2009, 20 (5), 364-72. 

[25] Shaw, A. T.; Solomon, B., Targeting anaplastic lymphoma kinase 
in lung cancer. Clin Cancer Res 2011, 17 (8), 2081-6. 

[26] Shaheen, M.; Allen, C.; Nickoloff, J. A.; Hromas, R., Synthetic 
lethality: exploiting the addiction of cancer to DNA repair. Blood 
2011, 117 (23), 6074-82. 

[27] Kamb, A., Mutation load, functional overlap, and synthetic 
lethality in the evolution and treatment of cancer. J Theor Biol 
2003, 223 (2), 205-13. 

[28] Kaelin, W. G., Jr., The concept of synthetic lethality in the context 
of anticancer therapy. Nat Rev Cancer 2005, 5 (9), 689-98. 

[29] Brough, R.; Frankum, J. R.; Costa-Cabral, S.; Lord, C. J.; 
Ashworth, A., Searching for synthetic lethality in cancer. Curr 
Opin Genet Dev 2011, 21 (1), 34-41. 

[30] Ferrari, E.; Lucca, C.; Foiani, M., A lethal combination for cancer 
cells: synthetic lethality screenings for drug discovery. Eur J 
Cancer 2010, 46 (16), 2889-95. 

[31] McCubrey, J. A.; Steelman, L. S.; Kempf, C. R.; Chappell, W.; 
Abrams, S. L.; Stivala, F.; Malaponte, G.; Nicoletti, F.; Libra, M.; 

Basecke, J.; Maksimovic-Ivanic, D.; Mijatovic, S.; Montalto, G.; 
Cervello, M.; Cocco, L.; Martelli, A. M., Therapeutic Resistance 
Resulting from Mutations in Raf/MEK/ERK and 
PI3K/PTEN/Akt/mTOR Signaling Pathways. J Cell Physiol 2011, 
226 (11), 2762-2781. 

[32] Bhaskar, K.; Miller, M.; Chludzinski, A.; Herrup, K.; Zagorski, M.; 
Lamb, B. T., The PI3K-Akt-mTOR pathway regulates Abeta 
oligomer induced neuronal cell cycle events. Mol Neurodegener 
2009, 4, 14. 

[33] Brachmann, S.; Fritsch, C.; Maira, S. M.; Garcia-Echeverria, C., 
PI3K and mTOR inhibitors: a new generation of targeted 
anticancer agents. Curr Opin Cell Biol 2009, 21 (2), 194-8. 

[34] Dangle, P. P.; Zaharieva, B.; Jia, H.; Pohar, K. S., Ras-MAPK 
pathway as a therapeutic target in cancer--emphasis on bladder 
cancer. Recent Pat Anticancer Drug Discov 2009, 4 (2), 125-36. 

[35] Zafon, C.; Obiols, G., [The mitogen-activated protein kinase 
(MAPK) signaling pathway in papillary thyroid cancer. From the 
molecular bases to clinical practice]. Endocrinol Nutr 2009, 56 (4), 
176-86. 

[36] Cheung, C. H.; Coumar, M. S.; Hsieh, H. P.; Chang, J. Y., Aurora 
kinase inhibitors in preclinical and clinical testing. Expert Opin 
Investig Drugs 2009, 18 (4), 379-98. 

[37] Perez Fidalgo, J. A.; Roda, D.; Rosello, S.; Rodriguez-Braun, E.; 
Cervantes, A., Aurora kinase inhibitors: a new class of drugs 
targeting the regulatory mitotic system. Clin Transl Oncol 2009, 11 
(12), 787-98. 

[38] Suryadinata, R.; Sadowski, M.; Sarcevic, B., Control of cell cycle 
progression by phosphorylation of cyclin-dependent kinase (CDK) 
substrates. Biosci Rep 2010, 30 (4), 243-55. 

[39] Besson, A.; Dowdy, S. F.; Roberts, J. M., CDK inhibitors: cell 
cycle regulators and beyond. Dev Cell 2008, 14 (2), 159-69. 

[40] Schmidt, M.; Hofmann, H. P.; Sanders, K.; Gekeler, V.; Beckers, 
T., Targeting Plk1 for cancer therapy. Ejc Supplements 2006, 4 (6), 
16-16. 

[41] Golsteyn, R. M.; Lane, H. A.; Mundt, K. E.; Arnaud, L.; Nigg, E. 
A., The family of polo-like kinases. Prog Cell Cycle Res 1996, 2, 
107-14. 

[42] Bagheri-Yarmand, R.; Mazumdar, A.; Sahin, A. A.; Kumar, R., 
LIM kinase 1 increases tumor metastasis of human breast cancer 
cells via regulation of the urokinase-type plasminogen activator 
system. Int J Cancer 2006, 118 (11), 2703-10. 

[43] Mishima, T.; Naotsuka, M.; Horita, Y.; Sato, M.; Ohashi, K.; 
Mizuno, K., LIM-kinase is critical for the mesenchymal-to-
amoeboid cell morphological transition in 3D matrices. Biochem 
Biophys Res Commun 2010, 392 (4), 577-81. 

[44] Wang, F. Q.; Barfield, E.; Dutta, S.; Pua, T.; Fishman, D. A., 
VEGFR-2 silencing by small interference RNA (siRNA) 
suppresses LPA-induced epithelial ovarian cancer (EOC) invasion. 
Gynecol Oncol 2009, 115 (3), 414-23. 

[45] Robey, I. F.; Stephen, R. M.; Brown, K. S.; Baggett, B. K.; 
Gatenby, R. A.; Gillies, R. J., Regulation of the Warburg effect in 
early-passage breast cancer cells. Neoplasia 2008, 10 (8), 745-56. 

[46] Pavlides, S.; Whitaker-Menezes, D.; Castello-Cros, R.; 
Flomenberg, N.; Witkiewicz, A. K.; Frank, P. G.; Casimiro, M. C.; 
Wang, C.; Fortina, P.; Addya, S.; Pestell, R. G.; Martinez-
Outschoorn, U. E.; Sotgia, F.; Lisanti, M. P., The reverse Warburg 
effect: aerobic glycolysis in cancer associated fibroblasts and the 
tumor stroma. Cell Cycle 2009, 8 (23), 3984-4001. 

[47] Martinez-Balibrea, E.; Plasencia, C.; Gines, A.; Martinez-Cardus, 
A.; Musulen, E.; Aguilera, R.; Manzano, J. L.; Neamati, N.; Abad, 
A., A proteomic approach links decreased pyruvate kinase M2 
expression to oxaliplatin resistance in patients with colorectal 
cancer and in human cell lines. Mol Cancer Ther 2009, 8 (4), 771-
8. 

[48] Janne, P. A.; Gray, N.; Settleman, J., Factors underlying sensitivity 
of cancers to small-molecule kinase inhibitors. Nat Rev Drug 
Discov 2009, 8 (9), 709-23. 

[49] McCormack, P. L.; Keam, S. J., Dasatinib: a review of its use in the 
treatment of chronic myeloid leukaemia and Philadelphia 
chromosome-positive acute lymphoblastic leukaemia. Drugs 2011, 
71 (13), 1771-95. 

[50] Wood, E. R.; Truesdale, A. T.; McDonald, O. B.; Yuan, D.; 
Hassell, A.; Dickerson, S. H.; Ellis, B.; Pennisi, C.; Horne, E.; 
Lackey, K.; Alligood, K. J.; Rusnak, D. W.; Gilmer, T. M.; 
Shewchuk, L., A unique structure for epidermal growth factor 



Small Molecule Kinase Inhibitors as Anti-Cancer Therapeutics Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 5    409 

receptor bound to GW572016 (Lapatinib): relationships among 
protein conformation, inhibitor off-rate, and receptor activity in 
tumor cells. Cancer Res 2004, 64 (18), 6652-9. 

[51] Zhang, X.; Gureasko, J.; Shen, K.; Cole, P. A.; Kuriyan, J., An 
allosteric mechanism for activation of the kinase domain of 
epidermal growth factor receptor. Cell 2006, 125 (6), 1137-49. 

[52] Llovet, J. M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; 
Blanc, J. F.; de Oliveira, A. C.; Santoro, A.; Raoul, J. L.; Forner, 
A.; Schwartz, M.; Porta, C.; Zeuzem, S.; Bolondi, L.; Greten, T. F.; 
Galle, P. R.; Seitz, J. F.; Borbath, I.; Haussinger, D.; Giannaris, T.; 
Shan, M.; Moscovici, M.; Voliotis, D.; Bruix, J., Sorafenib in 
advanced hepatocellular carcinoma. N Engl J Med 2008, 359 (4), 
378-90. 

[53] Feher, J.; Lengyel, G., Hepatocellular carcinoma: occurrence, risk 
factors, biomarkers. Orv Hetil 2010, 151 (23), 933-40. 

[54] D'Incecco, A.; Cappuzzo, F., Gefitinib for non-small-cell lung 
cancer treatment. Expert Opin Drug Saf 2011, 10 (6), 987-96. 

[55] Gridelli, C.; De Marinis, F.; Di Maio, M.; Cortinovis, D.; 
Cappuzzo, F.; Mok, T., Gefitinib as first-line treatment for patients 
with advanced non-small-cell lung cancer with activating 
epidermal growth factor receptor mutation: Review of the 
evidence. Lung Cancer 2011, 71 (3), 249-57. 

[56] Choi, D. R.; Lee, D. H.; Choi, C. M.; Kim, S. W.; Suh, C.; Lee, J. 
S., Erlotinib in First-line Therapy for Non-small Cell Lung Cancer: 
A Prospective Phase II Study. Anticancer Res 2011, 31 (10), 3457-
62. 

[57] Muir, V. J.; Dhillon, S., Erlotinib: as maintenance monotherapy in 
non-small-cell lung cancer. BioDrugs 2011, 25 (3), 139-46. 

[58] Shaw, A. T.; Yeap, B. Y.; Solomon, B. J.; Riely, G. J.; Gainor, J.; 
Engelman, J. A.; Shapiro, G. I.; Costa, D. B.; Ou, S. H.; Butaney, 
M.; Salgia, R.; Maki, R. G.; Varella-Garcia, M.; Doebele, R. C.; 
Bang, Y. J.; Kulig, K.; Selaru, P.; Tang, Y.; Wilner, K. D.; Kwak, 
E. L.; Clark, J. W.; Iafrate, A. J.; Camidge, D. R., Effect of 
crizotinib on overall survival in patients with advanced non-small-
cell lung cancer harbouring ALK gene rearrangement: a 
retrospective analysis. Lancet Oncol 2011, 12 (11), 1004-12. 

[59] Gadgeel, S. M.; Bepler, G., Crizotinib: an anaplastic lymphoma 
kinase inhibitor. Future Oncol 2011, 7 (8), 947-53. 

[60] Tanizaki, J.; Okamoto, I.; Okamoto, K.; Takezawa, K.; Kuwata, K.; 
Yamaguchi, H.; Nakagawa, K., MET tyrosine kinase inhibitor 
crizotinib (PF-02341066) shows differential antitumor effects in 
non-small cell lung cancer according to MET alterations. J Thorac 
Oncol 2011, 6 (10), 1624-31. 

[61] Sonpavde, G.; Hutson, T. E.; Sternberg, C. N., Pazopanib for the 
treatment of renal cell carcinoma and other malignancies. Drugs 
Today (Barc) 2009, 45 (9), 651-61. 

[62] Sonpavde, G.; Hutson, T. E., Pazopanib: a novel multitargeted 
tyrosine kinase inhibitor. Curr Oncol Rep 2007, 9 (2), 115-9. 

[63] Ward, J. E.; Stadler, W. M., Pazopanib in renal cell carcinoma. 
Clin Cancer Res 2010, 16 (24), 5923-7. 

[64] Sathornsumetee, S.; Rich, J. N., Vandetanib, a novel multitargeted 
kinase inhibitor, in cancer therapy. Drugs Today (Barc) 2006, 42 
(10), 657-70. 

[65] Morabito, A.; Piccirillo, M. C.; Falasconi, F.; De Feo, G.; Del 
Giudice, A.; Bryce, J.; Di Maio, M.; De Maio, E.; Normanno, N.; 
Perrone, F., Vandetanib (ZD6474), a dual inhibitor of vascular 
endothelial growth factor receptor (VEGFR) and epidermal growth 
factor receptor (EGFR) tyrosine kinases: current status and future 
directions. Oncologist 2009, 14 (4), 378-90. 

[66] Robinson, B. G.; Paz-Ares, L.; Krebs, A.; Vasselli, J.; Haddad, R., 
Vandetanib (100 mg) in patients with locally advanced or 
metastatic hereditary medullary thyroid cancer. J Clin Endocrinol 
Metab 2010, 95 (6), 2664-71. 

[67] O'Brien, S. G.; Guilhot, F.; Larson, R. A.; Gathmann, I.; Baccarani, 
M.; Cervantes, F.; Cornelissen, J. J.; Fischer, T.; Hochhaus, A.; 
Hughes, T.; Lechner, K.; Nielsen, J. L.; Rousselot, P.; Reiffers, J.; 
Saglio, G.; Shepherd, J.; Simonsson, B.; Gratwohl, A.; Goldman, J. 
M.; Kantarjian, H.; Taylor, K.; Verhoef, G.; Bolton, A. E.; 
Capdeville, R.; Druker, B. J., Imatinib compared with interferon 
and low-dose cytarabine for newly diagnosed chronic-phase 
chronic myeloid leukemia. N Engl J Med 2003, 348 (11), 994-
1004. 

[68] Druker, B. J.; Tamura, S.; Buchdunger, E.; Ohno, S.; Segal, G. M.; 
Fanning, S.; Zimmermann, J.; Lydon, N. B., Effects of a selective 

inhibitor of the Abl tyrosine kinase on the growth of Bcr-Abl 
positive cells. Nat Med 1996, 2 (5), 561-6. 

[69] Scapin, G., Protein kinase inhibition: different approaches to 
selective inhibitor design. Curr Drug Targets 2006, 7 (11), 1443-
54. 

[70] Liu, Y.; Gray, N. S., Rational design of inhibitors that bind to 
inactive kinase conformations. Nat Chem Biol 2006, 2 (7), 358-64. 

[71] Huang, D.; Zhou, T.; Lafleur, K.; Nevado, C.; Caflisch, A., Kinase 
selectivity potential for inhibitors targeting the ATP binding site: a 
network analysis. Bioinformatics 2010, 26 (2), 198-204. 

[72] Hennequin, L. F.; Allen, J.; Breed, J.; Curwen, J.; Fennell, M.; 
Green, T. P.; Lambert-van der Brempt, C.; Morgentin, R.; Norman, 
R. A.; Olivier, A.; Otterbein, L.; Ple, P. A.; Warin, N.; Costello, G., 
N-(5-chloro-1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin-1-
yl)ethoxy]-5- (tetrahydro-2H-pyran-4-yloxy)quinazolin-4-amine, a 
novel, highly selective, orally available, dual-specific c-Src/Abl 
kinase inhibitor. J Med Chem 2006, 49 (22), 6465-88. 

[73] Green, T. P.; Fennell, M.; Whittaker, R.; Curwen, J.; Jacobs, V.; 
Allen, J.; Logie, A.; Hargreaves, J.; Hickinson, D. M.; Wilkinson, 
R. W.; Elvin, P.; Boyer, B.; Carragher, N.; Ple, P. A.; Bermingham, 
A.; Holdgate, G. A.; Ward, W. H.; Hennequin, L. F.; Davies, B. R.; 
Costello, G. F., Preclinical anticancer activity of the potent, oral 
Src inhibitor AZD0530. Mol Oncol 2009, 248-261. 

[74] Gwanmesia, P. M.; Romanski, A.; Schwarz, K.; Bacic, B.; 
Ruthardt, M.; Ottmann, O. G., The effect of the dual Src/Abl kinase 
inhibitor AZD0530 on Philadelphia positive leukaemia cell lines. 
BMC Cancer 2009, 9, 53. 

[75] Kirkland, L. O.; McInnes, C., Non-ATP competitive protein kinase 
inhibitors as anti-tumor therapeutics. Biochem Pharmacol 2009, 77 
(10), 1561-71. 

[76] Bogoyevitch, M. A.; Fairlie, D. P., A new paradigm for protein 
kinase inhibition: blocking phosphorylation without directly 
targeting ATP binding. Drug Discov Today 2007, 12 (15-16), 622-
33. 

[77] Pan, B. S.; Chan, G. K.; Chenard, M.; Chi, A.; Davis, L. J.; 
Deshmukh, S. V.; Gibbs, J. B.; Gil, S.; Hang, G.; Hatch, H.; Jewell, 
J. P.; Kariv, I.; Katz, J. D.; Kunii, K.; Lu, W.; Lutterbach, B. A.; 
Paweletz, C. P.; Qu, X.; Reilly, J. F.; Szewczak, A. A.; Zeng, Q.; 
Kohl, N. E.; Dinsmore, C. J., MK-2461, a novel multitargeted 
kinase inhibitor, preferentially inhibits the activated c-Met receptor. 
Cancer Res 2010, 70 (4), 1524-33. 

[78] Rickert, K. W.; Patel, S. B.; Allison, T. J.; Byrne, N. J.; Darke, P. 
L.; Ford, R. E.; Guerin, D. J.; Hall, D. L.; Kornienko, M.; Lu, J.; 
Munshi, S. K.; Reid, J. C.; Shipman, J. M.; Stanton, E. F.; Wilson, 
K. J.; Young, J. R.; Soisson, S. M.; Lumb, K. J., Structural basis for 
selective small molecule kinase inhibition of activated c-Met. J 
Biol Chem 2011, 286 (13), 11218-25. 

[79] Siddiqui-Jain, A.; Drygin, D.; Streiner, N.; Chua, P.; Pierre, F.; 
O'Brien, S. E.; Bliesath, J.; Omori, M.; Huser, N.; Ho, C.; Proffitt, 
C.; Schwaebe, M. K.; Ryckman, D. M.; Rice, W. G.; Anderes, K., 
CX-4945, an orally bioavailable selective inhibitor of protein 
kinase CK2, inhibits prosurvival and angiogenic signaling and 
exhibits antitumor efficacy. Cancer Res 2010, 70 (24), 10288-98. 

[80] Pierre, F.; Chua, P. C.; O'Brien, S. E.; Siddiqui-Jain, A.; Bourbon, 
P.; Haddach, M.; Michaux, J.; Nagasawa, J.; Schwaebe, M. K.; 
Stefan, E.; Vialettes, A.; Whitten, J. P.; Chen, T. K.; Darjania, L.; 
Stansfield, R.; Anderes, K.; Bliesath, J.; Drygin, D.; Ho, C.; Omori, 
M.; Proffitt, C.; Streiner, N.; Trent, K.; Rice, W. G.; Ryckman, D. 
M., Discovery and SAR of 5-(3-
chlorophenylamino)benzo[c][2,6]naphthyridine-8-carboxylic acid 
(CX-4945), the first clinical stage inhibitor of protein kinase CK2 
for the treatment of cancer. J Med Chem 2011, 54 (2), 635-54. 

[81] Lenart, P.; Petronczki, M.; Steegmaier, M.; Di Fiore, B.; Lipp, J. J.; 
Hoffmann, M.; Rettig, W. J.; Kraut, N.; Peters, J. M., The small-
molecule inhibitor BI 2536 reveals novel insights into mitotic roles 
of polo-like kinase 1. Curr Biol 2007, 17 (4), 304-15. 

[82] Steegmaier, M.; Hoffmann, M.; Baum, A.; Lenart, P.; Petronczki, 
M.; Krssak, M.; Gurtler, U.; Garin-Chesa, P.; Lieb, S.; Quant, J.; 
Grauert, M.; Adolf, G. R.; Kraut, N.; Peters, J. M.; Rettig, W. J., BI 
2536, a potent and selective inhibitor of polo-like kinase 1, inhibits 
tumor growth in vivo. Curr Biol 2007, 17 (4), 316-22. 

[83] Badrinarayan, P.; Sastry, G. N., Sequence, structure, and active site 
analyses of p38 MAP kinase: exploiting DFG-out conformation as 
a strategy to design new type II leads. J Chem Inf Model 2010, 51 
(1), 115-29. 



410    Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 5 Chahrour et al. 

[84] Kuglstatter, A.; Ghate, M.; Tsing, S.; Villasenor, A. G.; Shaw, D.; 
Barnett, J. W.; Browner, M. F., X-ray crystal structure of JNK2 
complexed with the p38alpha inhibitor BIRB796: insights into the 
rational design of DFG-out binding MAP kinase inhibitors. Bioorg 
Med Chem Lett 2010, 20 (17), 5217-20. 

[85] Ranjitkar, P.; Brock, A. M.; Maly, D. J., Affinity reagents that 
target a specific inactive form of protein kinases. Chem Biol 2010, 
17 (2), 195-206. 

[86] Namboodiri, H. V.; Bukhtiyarova, M.; Ramcharan, J.; Karpusas, 
M.; Lee, Y.; Springman, E. B., Analysis of imatinib and sorafenib 
binding to p38alpha compared with c-Abl and b-Raf provides 
structural insights for understanding the selectivity of inhibitors 
targeting the DFG-out form of protein kinases. Biochemistry 49 
(17), 3611-8. 

[87] Buchanan, S. G.; Hendle, J.; Lee, P. S.; Smith, C. R.; Bounaud, P. 
Y.; Jessen, K. A.; Tang, C. M.; Huser, N. H.; Felce, J. D.; Froning, 
K. J.; Peterman, M. C.; Aubol, B. E.; Gessert, S. F.; Sauder, J. M.; 
Schwinn, K. D.; Russell, M.; Rooney, I. A.; Adams, J.; Leon, B. 
C.; Do, T. H.; Blaney, J. M.; Sprengeler, P. A.; Thompson, D. A.; 
Smyth, L.; Pelletier, L. A.; Atwell, S.; Holme, K.; Wasserman, S. 
R.; Emtage, S.; Burley, S. K.; Reich, S. H., SGX523 is an 
exquisitely selective, ATP-competitive inhibitor of the MET 
receptor tyrosine kinase with antitumor activity in vivo. Mol 
Cancer Ther 2009, 8 (12), 3181-90. 

[88] Manley, P. W.; Bold, G.; Bruggen, J.; Fendrich, G.; Furet, P.; 
Mestan, J.; Schnell, C.; Stolz, B.; Meyer, T.; Meyhack, B.; Stark, 
W.; Strauss, A.; Wood, J., Advances in the structural biology, 
design and clinical development of VEGF-R kinase inhibitors for 
the treatment of angiogenesis. Biochim Biophys Acta 2004, 1697 
(1-2), 17-27. 

[89] Xu, D.; Wang, T. L.; Sun, L. P.; You, Q. D., Recent progress of 
small molecular VEGFR inhibitors as anticancer agents. Mini Rev 
Med Chem 2011, 11 (1), 18-31. 

[90] Keppner, S.; Proschak, E.; Kaufmann, M.; Strebhardt, K.; 
Schneider, G.; Spankuch, B., Biological impact of freezing Plk1 in 
its inactive conformation in cancer cells. Cell Cycle 2010, 9 (4), 
761-73. 

[91] Bogoyevitch, M. A.; Barr, R. K.; Ketterman, A. J., Peptide 
inhibitors of protein kinases-discovery, characterisation and use. 
Biochim Biophys Acta 2005, 1754 (1-2), 79-99. 

[92] Fischer, P. M., The design of drug candidate molecules as selective 
inhibitors of therapeutically relevant protein kinases. Curr Med 
Chem 2004, 11 (12), 1563-83. 

[93] Garuti, L.; Roberti, M.; Bottegoni, G., Non-ATP competitive 
protein kinase inhibitors. Curr Med Chem 2010, 17 (25), 2804-21. 

[94] Frantz, S., Drug discovery: playing dirty. Nature 2005, 437 (7061), 
942-3. 

[95] Fojo, T., Commentary: Novel therapies for cancer: why dirty might 
be better. Oncologist 2008, 13 (3), 277-83. 

[96] Sebolt-Leopold, J. S., Advances in the development of cancer 
therapeutics directed against the RAS-mitogen-activated protein 
kinase pathway. Clin Cancer Res 2008, 14 (12), 3651-6. 

[97] Dudley, D. T.; Pang, L.; Decker, S. J.; Bridges, A. J.; Saltiel, A. R., 
A synthetic inhibitor of the mitogen-activated protein kinase 
cascade. Proc Natl Acad Sci U S A 1995, 92 (17), 7686-9. 

[98] Sebolt-Leopold, J. S.; Bridges, A. J., Road to PD0325901 and 
beyond: The MEK Inhibitor Quest. In Kinase Inhibitor Drugs, John 
Wiley & Sons, Inc.: 2009; pp 203-227. 

[99] Barrett, S. D.; Bridges, A. J.; Dudley, D. T.; Saltiel, A. R.; Fergus, 
J. H.; Flamme, C. M.; Delaney, A. M.; Kaufman, M.; LePage, S.; 
Leopold, W. R.; Przybranowski, S. A.; Sebolt-Leopold, J.; Van 
Becelaere, K.; Doherty, A. M.; Kennedy, R. M.; Marston, D.; 
Howard, W. A., Jr.; Smith, Y.; Warmus, J. S.; Tecle, H., The 
discovery of the benzhydroxamate MEK inhibitors CI-1040 and PD 
0325901. Bioorg Med Chem Lett 2008, 18 (24), 6501-4. 

[100] 5- LoRusso, P. A., Krishnamurthi , S. S. , Rinehart , J. J. , et al. ( 
2007 ). Clinical aspects of a Phase I study of PD - 0325901,a 
selective oral MEK inhibitor, in patients with advanced cancer . 
Mol Cancer Ther . 6 , 3649s [abstr B113]. 

[101] 6- Dummer , R., Robert , C. , Chapman , P. , et al. ( 2008 ). 
AZD6244 (ARRY - 142886) vs temozolomide (TMZ) in patients 
(pts) with advanced melanoma: an open - label, randomized, 
multicenter, Phase II study . J Clin Oncol . 26 (May 20 Suppl), 
Abst 9033. 

[102] Ohren, J. F.; Chen, H.; Pavlovsky, A.; Whitehead, C.; Zhang, E.; 
Kuffa, P.; Yan, C.; McConnell, P.; Spessard, C.; Banotai, C.; 
Mueller, W. T.; Delaney, A.; Omer, C.; Sebolt-Leopold, J.; Dudley, 
D. T.; Leung, I. K.; Flamme, C.; Warmus, J.; Kaufman, M.; 
Barrett, S.; Tecle, H.; Hasemann, C. A., Structures of human MAP 
kinase kinase 1 (MEK1) and MEK2 describe novel noncompetitive 
kinase inhibition. Nat Struct Mol Biol 2004, 11 (12), 1192-7. 

[103] Chen, Y.; Poon, R. Y., The multiple checkpoint functions of CHK1 
and CHK2 in maintenance of genome stability. Front Biosci 2008, 
13, 5016-29. 

[104] Ashwell, S.; Janetka, J. W.; Zabludoff, S., Keeping checkpoint 
kinases in line: new selective inhibitors in clinical trials. Expert 
Opin Investig Drugs 2008, 17 (9), 1331-40. 

[105] Blasina, A.; Hallin, J.; Chen, E.; Arango, M. E.; Kraynov, E.; 
Register, J.; Grant, S.; Ninkovic, S.; Chen, P.; Nichols, T.; 
O'Connor, P.; Anderes, K., Breaching the DNA damage checkpoint 
via PF-00477736, a novel small-molecule inhibitor of checkpoint 
kinase 1. Mol Cancer Ther 2008, 7 (8), 2394-404. 

[106] Converso, A.; Hartingh, T.; Garbaccio, R. M.; Tasber, E.; Rickert, 
K.; Fraley, M. E.; Yan, Y.; Kreatsoulas, C.; Stirdivant, S.; Drakas, 
B.; Walsh, E. S.; Hamilton, K.; Buser, C. A.; Mao, X.; Abrams, M. 
T.; Beck, S. C.; Tao, W.; Lobell, R.; Sepp-Lorenzino, L.; Zugay-
Murphy, J.; Sardana, V.; Munshi, S. K.; Jezequel-Sur, S. M.; Zuck, 
P. D.; Hartman, G. D., Development of thioquinazolinones, 
allosteric Chk1 kinase inhibitors. Bioorg Med Chem Lett 2009, 19 
(4), 1240-4. 

[107] Vanderpool, D.; Johnson, T. O.; Ping, C.; Bergqvist, S.; Alton, G.; 
Phonephaly, S.; Rui, E.; Luo, C.; Deng, Y. L.; Grant, S.; Quenzer, 
T.; Margosiak, S.; Register, J.; Brown, E.; Ermolieff, J., 
Characterization of the CHK1 allosteric inhibitor binding site. 
Biochemistry 2009, 48 (41), 9823-30. 

[108] Kwak, E. L.; Sordella, R.; Bell, D. W.; Godin-Heymann, N.; 
Okimoto, R. A.; Brannigan, B. W.; Harris, P. L.; Driscoll, D. R.; 
Fidias, P.; Lynch, T. J.; Rabindran, S. K.; McGinnis, J. P.; Wissner, 
A.; Sharma, S. V.; Isselbacher, K. J.; Settleman, J.; Haber, D. A., 
Irreversible inhibitors of the EGF receptor may circumvent 
acquired resistance to gefitinib. Proc Natl Acad Sci U S A 2005, 
102 (21), 7665-70. 

[109] Discafani, C. M.; Carroll, M. L.; Floyd, M. B., Jr.; Hollander, I. J.; 
Husain, Z.; Johnson, B. D.; Kitchen, D.; May, M. K.; Malo, M. S.; 
Minnick, A. A., Jr.; Nilakantan, R.; Shen, R.; Wang, Y. F.; 
Wissner, A.; Greenberger, L. M., Irreversible inhibition of 
epidermal growth factor receptor tyrosine kinase with in vivo 
activity by N-[4-[(3-bromophenyl)amino]-6-quinazolinyl]-2-
butynamide (CL-387,785). Biochem Pharmacol 1999, 57 (8), 917-
25. 

[110] Yu, Z.; Boggon, T. J.; Kobayashi, S.; Jin, C.; Ma, P. C.; Dowlati, 
A.; Kern, J. A.; Tenen, D. G.; Halmos, B., Resistance to an 
irreversible epidermal growth factor receptor (EGFR) inhibitor in 
EGFR-mutant lung cancer reveals novel treatment strategies. 
Cancer Res 2007, 67 (21), 10417-27. 

[111] Kobayashi, S.; Ji, H.; Yuza, Y.; Meyerson, M.; Wong, K. K.; 
Tenen, D. G.; Halmos, B., An alternative inhibitor overcomes 
resistance caused by a mutation of the epidermal growth factor 
receptor. Cancer Res 2005, 65 (16), 7096-101. 

[112] Wissner, A.; Mansour, T. S., The development of HKI-272 and 
related compounds for the treatment of cancer. Arch Pharm 
(Weinheim) 2008, 341 (8), 465-77. 

[113] Pan, Z.; Scheerens, H.; Li, S. J.; Schultz, B. E.; Sprengeler, P. A.; 
Burrill, L. C.; Mendonca, R. V.; Sweeney, M. D.; Scott, K. C.; 
Grothaus, P. G.; Jeffery, D. A.; Spoerke, J. M.; Honigberg, L. A.; 
Young, P. R.; Dalrymple, S. A.; Palmer, J. T., Discovery of 
selective irreversible inhibitors for Bruton's tyrosine kinase. 
ChemMedChem 2007, 2 (1), 58-61. 

[114] Cohen, M. S.; Zhang, C.; Shokat, K. M.; Taunton, J., Structural 
bioinformatics-based design of selective, irreversible kinase 
inhibitors. Science 2005, 308 (5726), 1318-21. 

[115] Schirmer, A.; Kennedy, J.; Murli, S.; Reid, R.; Santi, D. V., 
Targeted covalent inactivation of protein kinases by resorcylic acid 
lactone polyketides. Proc Natl Acad Sci U S A 2006, 103 (11), 
4234-9. 

[116] Momose, I.; Kunimoto, S.; Osono, M.; Ikeda, D., Inhibitors of 
insulin-like growth factor-1 receptor tyrosine kinase are 
preferentially cytotoxic to nutrient-deprived pancreatic cancer cells. 
Biochem Biophys Res Commun 2009, 380 (1), 171-6. 



Small Molecule Kinase Inhibitors as Anti-Cancer Therapeutics Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 5    411 

[117] Nahta, R.; Yuan, L. X.; Zhang, B.; Kobayashi, R.; Esteva, F. J., 
Insulin-like growth factor-I receptor/human epidermal growth 
factor receptor 2 heterodimerization contributes to trastuzumab 
resistance of breast cancer cells. Cancer Res 2005, 65 (23), 11118-
28. 

[118] Blum, G.; Gazit, A.; Levitzki, A., Development of new insulin-like 
growth factor-1 receptor kinase inhibitors using catechol mimics. J 
Biol Chem 2003, 278 (42), 40442-54. 

[119] Gumireddy, K.; Reddy, M. V.; Cosenza, S. C.; Boominathan, R.; 
Baker, S. J.; Papathi, N.; Jiang, J.; Holland, J.; Reddy, E. P., 
ON01910, a non-ATP-competitive small molecule inhibitor of 
Plk1, is a potent anticancer agent. Cancer Cell 2005, 7 (3), 275-86. 

[120] van de Weerdt, B. C.; Medema, R. H., Polo-like kinases: a team in 
control of the division. Cell Cycle 2006, 5 (8), 853-64. 

[121] McInnes, C.; Mezna, M.; Fischer, P. M., Progress in the discovery 
of polo-like kinase inhibitors. Current Topics in Medicinal 
Chemistry 2005, 5 (2), 181-197. 

[122] Chahrour, O.; Abdalla, A.; Lam, F.; Midgley, C.; Wang, S., 
Synthesis and biological evaluation of benzyl styrylsulfonyl 
derivatives as potent anticancer mitotic inhibitors. Bioorg Med 
Chem Lett 2011, 21 (10), 3066-9. 

[123] Schoffski, P., Polo-like kinase (PLK) inhibitors in preclinical and 
early clinical development in oncology. Oncologist 2009, 14 (6), 
559-70. 

[124] Reddy, P. E. V., PA, US), Reddy V, Ramana M. (Upper Darby, 
PA, US), Bell, Stanley C. (Narberth, PA, US) Amino-substituted 
(e)-2,6-dialkoxystyryl 4-substituted-benzylsulfones for treating 
proliferative disorders. 2005. 

[125] Kasper, S.; Breitenbuecher, F.; Hoehn, Y.; Heidel, F.; Lipka, D. B.; 
Markova, B.; Huber, C.; Kindler, T.; Fischer, T., The kinase 
inhibitor LS104 induces apoptosis, enhances cytotoxic effects of 
chemotherapeutic drugs and is targeting the receptor tyrosine 
kinase FLT3 in acute myeloid leukemia. Leukemia Research 2008, 
32 (11), 1698-1708. 

[126] Lipka, D. B.; Hoffmann, L. S.; Heidel, F.; Markova, B.; Blum, M. 
C.; Breitenbuecher, F.; Kasper, S.; Kindler, T.; Levine, R. L.; 
Huber, C.; Fischer, T., LS104, a non-ATP-competitive small-
molecule inhibitor of JAK2, is potently inducing apoptosis in 
JAK2V617F-positive cells. Mol Cancer Ther 2008, 7 (5), 1176-84. 

 

 
 

Received: May 29, 2011 Revised: November 10, 2011  Accepted: November 20, 2011 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




