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Many human malignancies are associated with aberrant regulation of protein or lipid kinases due to mutations, chromosomal
rearrangements and/or gene amplification. Protein and lipid kinases represent an important target class for treating human
disorders. This review focus on ‘the 10 things you should know about protein kinases and their inhibitors’, including a short
introduction on the history of protein kinases and their inhibitors and ending with a perspective on kinase drug discovery.
Although the ‘10 things’ have been, to a certain extent, chosen arbitrarily, they cover in a comprehensive way the past and
present efforts in kinase drug discovery and summarize the status quo of the current kinase inhibitors as well as knowledge
about kinase structure and binding modes. Besides describing the potentials of protein kinase inhibitors as drugs, this review
also focus on their limitations, particularly on how to circumvent emerging resistance against kinase inhibitors in oncological
indications.

Abbreviations
ABL, Abelson kinase; Akt, protein kinase B or kinase from the transforming oncogene Akt8; ALK, anaplastic lymphoma
kinase; A-loop, activation loop also called activation segment; BTK, Bruton tyrosine kinase; Catalytic loop, Y/HRD or
Tyr/His-Arg-Asp; CHEK1 (CHK1), checkpoint kinase-1; DGF-motif, Aspartate-Glycine-Phenylalanine or Asp-Gly-Phe;
EGFR, epidermal growth factor receptor; ELK, eukaryotic-like kinase; ePK, eukaryotic protein kinases; FAK, focal
adhesion kinase; FDA, Food and Drug Administration; Fes, Feline sarcoma oncogene kinase; FGFR1, fibroblast growth
factor recptor-1; FLT3, fetal liver kinase-3; GIST, gastrointestinal stromal tumours; G-loop, glycine-rich loop also known
as P-loop Gly-loop; GSK3β, glycogen synthase kinase-3beta; HES, hyper-eosinophilic syndrome; JH2, Jak homology
domain-2; LKB1, serine/threonine-protein kinase STK11; MAP2K, mitogen activated kinase kinase; MAP3K, mitogen
activated kinase kinase kinase; MAP4K, mitogen activated kinase kinase kinase kinase; MAPK, mitogen activated kinase;
MEK1, mitogen activated kinase kinase-1; MET, mesenchymal epithelial transition factor or hepatocyte growth or
scatter factor receptor; mTOR, mammalian target of rapamycin; Myr-pocket, myristate-pocket; P450, cytochromes P450
(CYPs); PDGFR, platelet-derived growth factor receptor; PDK1, 3-phosphoinositide-dependent protein kinase-1; PI,
phosphatidyl-inositol; PIF, PDK1 interacting fragment; PK/PD, pharmacokinetic/pharmacodynamic; PKL, protein
kinase-like; pSer, pThr, pTyr, phospho-Serine (pS), phospho-Threonine (pT), phosphor-Tyrosine (pY); P-site, peptide-site;
PTEN, phosphatase and tensin homologue; RAF, rapidly accelerated fibrosarcoma; SMAD, SMAD is the composite of
MAD form drosophila Mothers Against Decapentaplegic and SMA of Caenorhabditis elegans (from gene sma for small
body size); STPK, serine- and threonine-specific protein kinase; STRAD1, STE20-related adapter alpha; TPK, tyrosine
protein kinase; TrkB or NTRK-2, tropomyosin receptor kinase B or neurotrophin receptor kinase-2
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Short history on protein kinases
and inhibitors

Post-translational modifications such as phosphorylation,
glycosylation, ubiquitination, nitrosylation, acylation, meth-
ylation, lipidation and proteolysis, which are known to
increase the diversity of the proteome, influence various
aspects of normal and pathological physiology (Walsh et al.,
2005; Liu et al., 2013). Kinases carry out the phosphorylation
reactions by transferring the gamma phosphate of ATP onto
hydroxyl groups of various substrates including lipids, sugars
or amino acids and is reversed by the corresponding phos-
phatases. Phosphorylation plays a pivotal role in many cel-
lular and extracellular processes (Blume-Jensen and Hunter,
2001; Cohen, 2001; Walsh et al., 2005; Kannan et al., 2007;
Ubersax and Ferrell, 2007). While bacterial signalling occurs
through His-Asp kinases and some eukaryotic-like proteins as
well as small molecule kinases [eukaryotic protein kinase
(ePK)-like kinases or eukaryotic-like kinase (ELK)], the protein
kinases of eukaryotes which include the ePKs phosphorylate
either tyrosine (TPKs; tyrosine-specific protein kinases),
serine/threonine (STPKs; Ser-/Thr-specific protein kinases) or
both tyrosine and threonine (dual-specificity protein kinases)
(Cohen, 2001; 2002b; Kennelly, 2002; 2003; Kannan et al.,
2007; Ubersax and Ferrell, 2007). In addition, eukaryotes
have kinases that specifically phosphorylate small molecules,
including lipids and sugars (Figure 1A) (Kannan et al., 2007;
Yuan and Cantley, 2008; Bornancin, 2011; Kunkel et al.,

2013). Aberrant phosphorylation in eukaryotes is associated
with a variety of disorders ranging from cancer to inflamma-
tory diseases, diabetes, infectious diseases, cardiovascular dis-
orders, cell growth and survival (Blume-Jensen and Hunter,
2001; Cohen, 2001; Walsh et al., 2005; Ubersax and Ferrell,
2007; Lahiry et al., 2010).

The first phosphorylation of proteins was described for
casein [by phosphorylase kinase (PHK)] in 1954 (reviewed in
Cohen, 2002a). In the late 1970s, only a handful of biochemi-
cally characterized STPKs were known against which some
inhibitors were identified that were neither potent nor selec-
tive (Figure 1A) (Glossmann et al., 1981; Hidaka et al., 1984;
Inagaki et al., 1986; Davies et al., 2000). The identification of
PKCs as receptors for tumour-promoting phorbol esters,
together with the discovery of TPKs as oncogenes in the
1980s, with the advent of molecular cloning led to the ini-
tiation of more rational kinase drug discovery approaches.
The foundation for the medicinal chemistry on kinase inhibi-
tors at that time was derived from just a few lead compounds,
including the natural compound staurosporine and the syn-
thetic tyrphostins (Tamaoki et al., 1986; Levitzki, 1990)
(Figure 1B). The first protein kinase inhibitor was fasudil (HA-
1077), which was approved in Japan in 1995 for cerebral
vasospasm (Shibuya and Suzuki, 1993). Fasudil was followed
by sirolimus (Rapamune), the first allosteric kinase inhibitor,
which was approved in 1999 for use in combination with
cyclosporine for the prevention of organ rejection in patients
receiving renal transplants (Kelly et al., 1997; Vasquez, 2000).
The target of this natural compound, the kinase mTOR

Tables of Links

TARGETS

Catalytic receptorsa Enzymesb

ALK ABL (Abl) MAPK

AXL Akt (PKB) MEK1

CSF1R AMPK MLKL

EGFR Aurora kinase mTOR

FGFR1 B-Raf (BRAF) PDK1

FLT3 BTK PHK

HER2 (Neu) CHEK1 (CHK1) PI3Kδ

IGF1R ELK (EphB1) PIK3CA

Insulin receptor FAK PKCζ

KIT Fes PTEN

MET (c-Met) Glucokinase PTK

PDGFRα GSK3β RAF

PDGFRβ Haspin Ribosomal S6 kinase

RET Hck ROCK

ROS1 JAK2 STK11

TIE2 JNK1 STRAD1

TrkB LKB1 Src

LIGANDS

ADP Lapatinib

ATP Myristate

Afatinib Nilotinib

AZD6244 Nintedanib

Crizotinib Pertuzumab

Cyclosporine Ponatinib

Dabrafenib Sirolimus (rapamycin)

Dasatinib Sorafenib

Erlotinib Staurosporine

Fasudil (HA1077) Sunitinib

Gefitinib Tofacitinib

GNF-2 Trametinib

Ibrutinib Trastuzumab

Imatinib Vemurafenib

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (a,bAlexander et al., 2013a,b).
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(mammalian target of rapamycin), was discovered by a
genetic screen just a few years before (Kunz et al., 1993).

The first economically successful protein kinase inhibitor
imatinib (CGP57148, STI571, Glivec, Gleevec) designed to
inhibit the Abelson (ABL) kinase in the context of the BCR-
ABL translocation was approved in 2001 for chronic myeloid
leukaemia (CML) (Figure 1B) (Buchdunger et al., 2001). The
success of imatinib is due to its efficacy during the chronic
phase of CML, which is an almost monogenic BCR-ABL-
driven myeloproliferative disorder. Imatinib is much less
effective against the more aggressive disease state of CML, the
blast crisis, an acute leukaemia, which marks the fatal end
stage of the disease (Goldman and Druker, 2001; Druker et al.,
2006). The success of imatinib is also due to its ‘selectivity’ or
rather the lack thereof. The poly-pharmacology of imatinib
allowed proof of clinical concept in indications other than
CML, including GIST (gastrointestinal stromal tumour), HES
(hyper-eosinophilic syndrome) and others (Fabbro et al.,
2005). These successes convinced the pharmaceutical indus-
try to invest in protein and lipid kinase inhibitors as targeted
therapies for various cancers (Fabbro et al., 2002b; 2011;
Engelman, 2009; Sellers, 2011; Bartholomeusz and
Gonzalez-Angulo, 2012; Workman and Al-Lazikani, 2013a;
Workman et al., 2013b). The sequencing of the human

kinome in 2002, the steady increase in structural analysis of
protein kinases, the advent of cancer genetics in conjunction
with the development of high-throughput biochemical and
cell-based profiling for protein kinases led to a continuous
flow of kinase inhibitor approval into the clinical space
(Table 1 and Figure 1B) (Manning et al., 2002; Fedorov et al.,
2010; Fabbro et al., 2011; Workman and Al-Lazikani, 2013a;
Workman et al., 2013b). Thus, protein kinases have been suc-
cessfully pursued since the late 1980s in the pharmaceutical
industry as potential drug targets mainly for the treatment of
cancer indications.

The ePK and PI3K

According to the latest counts, the human kinome contains
538 ePK genes, which are subdivided into seven families of
typical and seven families of atypical protein kinases (http://
kinase.com/kinbase/; http://kinase.com/human/kinome/)
(Hanks and Hunter, 1995; Hunter, 2000; Manning et al.,
2002). The majority of ePKs are STPKs, a fact that is reflected
in the ratio of cellular phosphorylation (pSer : pThr : pTyr =
1000:100:1) (Hanks and Hunter, 1995; Hunter, 2000; Cohen,
2001; 2002b; Manning et al., 2002; Ubersax and Ferrell,

Figure 1
(A) Reversible phosphorylation and (B) kinase drug discovery. For explanation, see text. DualPase, dual-specificity phosphatases; DualPK,
dual-specificity kinases; PI, phosphatidylinositol; PIP, phosphatidylinositolphosphate; PI3K, phosphatidylinositol kinases; STPase, Ser/Thr-specific
phosphatases; STPK, Ser/Thr-specific kinases; TPK, Tyr-specific kinases.
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Table 1
Approved kinase inhibitors as of February 2015

Generic name (compound
code, trade names) Kinase target Disease Company (year, type)

Fasudil (HA-1077) ROCK1/2 Cerebral vasospam, PAH Asahi Kasei (1995, type-1)

Sirolimus (Rapamune) mTOR Kidney transplants Pfizer, Wyeth (1999, type-3)

Imatinib (STI571, Glivec, Gleevec) ABL, PDGFR, KIT CML, Ph+ B-ALL, CMML, HES, GIST Novartis (2001, type-2)

Gefitinib (ZD1839, Iressa) EGFR NSCLC AZ (2003, type-1)

Erlotinib (OSI-774,Tarceva) EGFR NSCLC, pancreatic cancer Roche, OSI (2004, type-1)

Sorafenib (BAY 43-9006, Nexavar) VEGFR2, PDGFR, KIT, FLT3, BRAF RCC, HCC Bayer, Onyx (2005, type-2)

Sunitinib (SU11248, Sutent) VEGFR, KIT, PDGFR, RET, CSF1R,
FLT3

RCC, imatinib resistant GIST Pfizer (2006, type-1)

Lapatinib (GW2016, Tykerb) EGFR, ERBB2 BC GSK (2007, type-1.5)

Dasatinib (BM-354825,Sprycel) ABL], PDGFR, KIT, SRC CML BMS (2007, type-1)

Nilotinib (AMN107,Tasigna) ABL, PDGFR, KIT CML Novartis (2007, type-2)

Everolimus (Rad001, Certican,
Zortress, Afinitor, Votubia)

mTOR RCC, SEGA, Transplantation Novartis (2009, type-3)

Temsirolimus (CCI-779, Torisel) mTOR RCC Pfizer, Wyeth (2009, type-3)

Crizotinib (PF-02341066, Xalcori) MET and ALK NSCLC with ALK translocations Pfizer (2011, type-1)

Vandetanib (ZD6474, Caprelsa) RET, VEGFR1-2, FGFR, EGFR MTC AZ (2011, type-1)

Ruxolitinib (INC424, Jakafi) JAK2 IMF with JAK2V617F mutations Novartis, Incyte (2011, type-1)

Vemurafenib (PLX4032, RG7204, Zelboraf) BRAF Metastatic melanoma with
BRAFV600E mutations

Roche, Plexxikon (2011, type-2)

Axitinib (AG013736, Inlyta) VEGFR, KIT, PDGFR, RET,
CSF1R, FLT3

RCC Pfizer (2012, type-1)

Regorafenib (BAY 73-4506, Stivarga) VEGFR2, Tie2 CRC, GIST Bayer (2012, type-2)

Pazopanib (GW-786034, Votrient) VEGFR, PDGFR, KIT RCC GSK (2012, type-1)

Tofacitinib (CP-690550, Xeljanz Tasocitinib) JAK3 RA Pfizer (2012, type-1)

Cabozantinib (XL184, BMS907351,
Cometriq)

VEGFR2, PDGFR, KIT, FLT3 MTC Exelexis (2012, type-1)

Ponatinib (AP24534, Iclusig) ABL Imatinib resistant CML with T315I mutations Ariad (2012, type-1)

Bosutinib (SKI-606, Bosulif) ABL CML resistant/ intolerant to therapy Pfizer (2012, type-1)

Dabrafenib (Tafinlar) [6494] BRAF Metastatic melanoma with
BRAFV600E mutations

GSK (2013, type-2)

Trametinib (Mekinist) [6495] MEK Metastatic melanoma with
BRAFV600E mutations

GSK (2013, type-3)

Afatnib (Gilotrif, Tomtovok, Tovok) EGFR NSCLC with EGFR activating mutations BI (2013, covalent)

Ibrutinib (PCI-32765, Imbruvica) BTK MCL, CLL Janssen, Pharmacyclic (2013, covalent)

Ceritinib (LDK378, Zykadia) ALK NSCLC with ALK translocations Novartis (2014, type-1)

Idelalisib (CAL101, GS1101, Zydelig) PI3Kdelta CLL, FL and SLL Gilead, Calistoga, ICOS (2014, type-1)

Nintedanib (BIBF 1120, Vargatef, Intedanib) VEGFR, PDGFR, FGFR Idiopathic Pulmonary Fibrosis BI (2014, type-1)

Alectinib (AF802, RO5424802) ALK ALK-rearranged NSCLC Roche (2014)

Palbociclib (PD-0332991, Ibrance) CDK4/6 Advanced (metastatic) BC Pfizer (2015)

Lenvatinib (E7080) VEGFRs Thyroid cancer Eisai Co (2015)

The biochemical profiles of the 33 approved kinase inhibitors are stored in the IUPHAR database (http://www.guidetopharmacology.org/GRAC/
LigandListForward?type=Approved&database=all). The 33 kinase inhibitors approved to date are shown with generic compound name, compound code, trade
name, primary indications, company and mode of binding. The approved kinase inhibitors include fasudil (HA-1077) (Shibuya and Suzuki, 1993; Shibuya et al.,
2001), sirolimus (Rapamycin, Rapamune®) (Kelly et al., 1997; Vasquez, 2000), imatinib (Glivec®) (Druker et al., 1996), gefitinib (IressaTM ) (Barker et al., 2001),
erlotinib (TarcevaTM) (Perez-Soler, 2004), lapatinib (Tykerb®) (Gaul et al., 2003), sorafenib (Nexavar®) (Lowinger et al., 2002), sunitinib (Sutent®) (Sun et al., 2003),
dasatinib (Sprycel®) (Lombardo et al., 2004), nilotinib (Tasigna®) (Weisberg et al., 2005), torisel (Temsirolimus®) (Galanis et al., 2005), everolimus (Rad001) as
Afinitor® (Chan et al., 2010; Baselga et al., 2012; Beck et al., 2014) as Zortress® and CerticanTM (Cibrik et al., 2013) as Votubia® for SEGA (Krueger et al., 2010),
crizotinib (Xalcori®) (Shaw et al., 2011), vandetanib (Caprelsa®) (Carlomagno and Santoro, 2004; Chau and Haddad, 2013), ruxolitinib (Jakafi®) (Harrison et al.,
2012), vemurafenib (Zelboraf®) (Flaherty et al., 2010), axitinib (Inlyta®) (Ansari et al., 2013; Rini et al., 2013), regorafenib (Stivarga®) (Shahda and Saif, 2013),
pazopanib (VotrientTM) (Sternberg, 2009), tofacitinib (Xeljanz) (Simmons, 2013), cabozantinib (Cometriq) (Viola et al., 2013), ponatinib (Iclusig®) (Nicolini et al.,
2013), bosutinib (Bosulif®) (Amsberg and Koschmieder, 2013), dabrafenib (Tafinlar®) (Ballantyne and Garnock-Jones, 2013; King et al., 2013), trametinib
(Mekinist®) (Salama and Kim, 2013; Wright and McCormack, 2013), afatinib (Gilotrif®) (Nelson et al., 2013; Ninomiya et al., 2013), ibrutinib (Imbruvica®)
(McDermott and Jimeno, 2014), ceritinib (Zykadia®) (Friboulet et al., 2014), idelalisib (Zydelig®) (Gopal et al., 2014) and nintedanib (Vargatef®, OfevTM) (Reck
et al., 2014; Richeldi et al., 2014), alectinib (Yang, 2013), palbociclib (Ibrance®) (http://www.onclive.com/web-exclusives/FDA-Approves-Palbociclib-for-
Metastatic-Breast-Cancer) and levantinib (http://www.eisai.com/news/enews201407pdf.pdf). All compounds are commercially available. AZ, Astra-Zeneca; BI,
Boehringer-Ingelheim; GSK, Glaxo-Wellcome.
CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; CMML, chronic myeloid monocytic leukaemia; CSF1R, colony stimulating factor 1
receptor; FL, folliclular lymphoma; HCC, hepatocellular cancer; IMF, idiopathic myelofibrosis; MCL, mantle cell lymphoma; MTC, medullary thyroid cancer;
NSCLC, non-small-cell lung cancer; PAH, pulmonary arterial hypertension; RCC, renal cell carcinoma.
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2007). Although only a minor number of substrates are phos-
phorylated by TPKs, the importance of tyrosine phosphoryla-
tion is demonstrated by the many gain of function (GOF)
and/or loss of function (LOF) mutations that are found in
TPKs (Hunter, 2000; Blume-Jensen and Hunter, 2001; Cohen,
2001; 2002b; Greenman et al., 2007; Thomas et al., 2007;
Fedorov et al., 2010; Lahiry et al., 2010; Fabbro et al., 2011;
Workman et al., 2013b). TPKs can be subdivided into two
main classes (receptor TPKs and non-receptor TPKs). In con-
trast, the STPKs are a more heterogeneous class of enzymes
and are divided into six main families of typical ePKs, includ-
ing the TKL (the Tyrosine Kinase Like group closely related to
the TPKs), the CMGC (the cyclin-dependent kinases, MAP
kinases, Glycogen synthase kinases, Casein kinases 2), the
AGC (PKA, PKG and PKC), the CAMK (CAlcium/calModulin-
dependent Kinases), the STE20 [homologues of yeast Sterile 7,
Sterile 11, STErile 20 kinases which include the MAP2Ks
(mitogen activated kinase kinase), MAP3Ks (mitogen acti-
vated kinase kinase kinase) and MAP4Ks (mitogen activated
kinase kinase kinase kinase)] and finally the CK1 (Casein
Kinases 1). Most of the atypical ePKs are STPKs, which indi-
cates that the ePK domain phylogeny may reflect substrate
specificity and/or mode of regulation (http://kinase.com/
kinbase/) (Manning et al., 2002). About 10% of the human
protein kinases are so-called pseudo-kinases because they are
either only weakly active or presumed to be inactive. These
pseudo-kinases are evenly distributed over the human
kinome (Boudeau et al., 2006; Kannan and Taylor, 2008).
They lack at least one of three motifs in the catalytic domain
that are essential for catalysis (Figure 2B). Although the non-
catalytic functions are poorly understood, the pseudo-kinases
can bind ATP and appear to have important regulatory func-
tions as exemplified by the regulation of the LKB1 (serine/
threonine-protein kinase STK11) by the pseudo-kinase
STRAD1 (STE20-related adapter alpha) or the ‘activation’ of
Janus kinase 2 (JAK2) catalytic domain (JH1) via a single
amino acid substitution (V617F) in its JH2 (JAK homology
domain-2)-pseudo-kinase domain (Kralovics et al., 2005;
Boudeau et al., 2006; Kannan and Taylor, 2008; Zeqiraj et al.,
2009; Rajakulendran and Sicheri, 2010).

Another important set of kinases that play essential roles
in the eukaryotic signalling and which share the protein
kinase-like (PKL) fold with the ePKs include the
phosphatidyl-inositol (PI) kinases and related protein kinases
(Kannan et al., 2007). In particular, the PI3Ks, which phos-
phorylate PI together with the atypical STPK mTOR, have
been implicated in cancer and immunological disorders
(Engelman, 2009; Courtney et al., 2010; Rommel, 2010;
Fruman and Rommel, 2014).

The physiological activation of kinase occurs in many
different ways and their mechanisms of activation have
been summarized in excellent reviews (Taylor et al., 2005;
Murray, 2007; Rommel et al., 2007; Schmierer and Hill,
2007; Engelman, 2009; Malumbres and Barbacid, 2009;
Kawai and Akira, 2010; Lemmon and Schlessinger, 2010;
Mendoza et al., 2011; Hoesel and Schmid, 2013; Brooks
et al., 2014; Hardie, 2014). Kinases are organized in cas-
cades, which are typically initiated by various receptors
including receptor and non-receptor TPKs or STPKs, which
further pass their signals through various downstream effec-
tors such as the PI3K/mTOR, the RAS-RAF-MAPK, the SMAD

[composite of MAD from drosophila Mothers Against
Decapentaplegic and SMA of Caenorhabditis elegans (from
gene sma for small body size)], the STAT to the cell cycle
kinases and kinases regulating transcription (Lahiry et al.,
2010; Lemmon and Schlessinger, 2010). Besides transferring
the gamma phosphate of ATP onto hydroxyl groups of sub-
strates protein and lipid kinase, protein kinases also utilize
non-catalytic functions for scaffolding, relocation, allosteric
effects, subcellular targeting, DNA binding as well as
protein–protein interactions (Rauch et al., 2011). Abnormal
hyperactivity, due to mutations, chromosomal rearrange-
ments and/or gene amplification or LOFs of protein and
PI3K kinases, plays a role in a wide variety of diseases,
including cancer, inflammatory diseases, diabetes, athero-
sclerosis and immunological disorders (Blume-Jensen and
Hunter, 2001; Cohen, 2001; Chico et al., 2009; Lahiry et al.,
2010; Muller and Knapp, 2010; Rommel, 2010; Fabbro et al.,
2011; Angulo et al., 2013). One-third of all protein targets
under investigation in the pharmaceutical industry are
protein or PI3K kinases, although their potential has so far
not been fully exploited (Fedorov et al., 2010). In summary,
at present, a set of divergent protein and PI3Ks represent an
important class of enzymes for treating human disorders.

Approved protein kinase inhibitors
to date

Since the approval of fasudil in 1995, the number of
approved kinase inhibitors has increased to 33 with many
others still in preclinical development (Figure 1B and
Table 1). More than 130 kinase inhibitors are reported to
be in Phase-2/3 clinical trials (Vieth et al., 2005) (http://
www.clinicaltrials.gov/) (http://chembl.blogspot.ch/2013/
09/the-clinical-kinome-in-2013.html). It is beyond the scope
of this review to discuss all the protein kinase inhibitors that
are in preclinical or in early clinical development. It should
be emphasized that all of the mentioned approved and clini-
cally advanced kinase inhibitors (Phase-3) with a few excep-
tions, like the rapalogs and trametinib, are directed towards
the ATP binding site and do not cover more than 20% of the
whole kinome (Fedorov et al., 2010).

Most of the approved kinase drugs are active against more
than one type of cancer. Only a few of them have been used
for the treatment of non-oncological indications, namely
tofacitinib for rheumatoid arthritis, sirolimus for organ rejec-
tion, fasudil for cerebral vasospasm and more recently nint-
edanib for idiopathic pulmonary fibrosis (Table 1, http://
www.discoverx.com/tools-resources/interaction-maps). In
contrast, there are numerous kinase drugs for one single indi-
cation. For example, imatinib, nilotinib, dasatinib, bosutinib
and ponatinib have all been approved for CML, whereas
sorafenib, sunitinib, everolimus, temsirolimus, axitinib or
pazopanib are indicated for various stages of renal cell cancer.
Ceritinib, crizotinib and alectinib are used for the treatment
of non-small-cell lung cancer (NSCLC) with anaplastic lym-
phoma kinase (ALK) translocations, while gefitinib, erlotinib
and afatinib are indicated for NSCLC with activated EGFR.
Vandetanib, cabozantinib and levantinib are used for the
treatment for medullary thyroid carcinoma, while imatinib,
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sunitinib and regorafenib are indicated also for GIST. Finally,
vemurafenib or dabrafenib in combination with trametinib is
indicated for metastatic melanoma with BRAFV600 muta-
tions (Table 1).

The conservation of the ATP binding site in the human
kinome often causes these ‘ATP-mimetics’ to cross-react with
many other different kinases, resulting in compounds with
promiscuous profiles. Promiscuous compounds like, for
example, dasatinib (Lombardo et al., 2004) or sunitinib

(Motzer et al., 2006; Faivre et al., 2007) have been termed
multi-kinase inhibitors but have some toxicological liabilities
(Cheng and Force, 2010). In contrast, kinase inhibitors tar-
geting the ATP site, such as lapatinib, tofacitinib or imatinib,
are reasonably selective (http://www.discoverx.com/tools-
resources/interaction-maps).

These ATP-site-directed inhibitors may be viewed as first
generation, as they have demonstrated appropriate selectiv-
ity, potency and pharmacokinetic (PK) properties. However,

Figure 2
Kinase (inactive), pseudokinase and atypical kinase conformational states. Various examples of the positions and forms of structural elements in
different kinases. The same colour scheme as in Figure 2 is used. Panels (A)–(C) show the inactive states of three kinases, with only those structural
elements where there are large shifts compared with the active state coloured. (A) Inactive conformation of Hck: C-helix out and closed A-loop
(PDB entry 1HCK). (B) Inactive conformation of Abl1 kinase: Collapsed P-loop and closed A-loop with DFG-motif out (PDB entry 1IEP). (C) Inactive
conformation of c-Met: C-helix out and yet another conformation of the A-loop (PDB entry 3CCN). Panels (D) and (E) show the structures of the
pseudokinases JAK2 (PDB entry 4FVR), where the HRD sequence motif is not conserved, and MLKL (PDB entry 4MWI), where both the DFG and
HRD sequence motifs are not conserved respectively. Panel (F) shows the structure of the atypical kinase, haspin (PDB entry 2VUW).

BJP D Fabbro et al.

2680 British Journal of Pharmacology (2015) 172 2675–2700

http://www.discoverx.com/tools-resources/interaction-maps
http://www.discoverx.com/tools-resources/interaction-maps


the usually poor physicochemical properties, the limited
selectivity and the relatively restricted ATP pharmacophore
with an extensive coverage of chemo-types remain as the
main challenges for kinase drug discovery (Traxler et al.,
2001; Cowan-Jacob, 2006; Engelman, 2009; Zhang et al.,
2009; Fabbro et al., 2011; Liu et al., 2013). We are just begin-
ning to have a molecular and structural understanding
of the regulation of the kinase activity, both at the level
of the kinase domain as well as at the level of the full-length
protein kinases. There is now increasing interest in identify-
ing inhibitors that do not compete with ATP. Kinase inhibi-
tors with outstanding selectivity are likely to become
important not only for minimizing side effects and allowing
chronic treatment of non-life-threatening diseases, but also
to better understand the on- and off-target pharmacology of
kinase inhibitors (Robert et al., 2005; Force et al., 2007;
Fabbro et al., 2011; Moebitz and Fabbro, 2012; Cowan-Jacob
et al., 2014).

While the mutational status of kinases may be associated
with various cancer conditions, the identification and valida-
tion of the driver kinase(s) in these diseases by genome-wide
screening for kinase amplifications, translocations and/or
mutations as well as studying the multiple mechanisms of
resistance is an area of intense research to improve the effi-
cacy of these targeted therapies (Hunter, 2000; Blume-Jensen
and Hunter, 2001; Cohen, 2002b; Weinstein, 2002; Bardelli
et al., 2003; Sawyers, 2004; Vieth et al., 2004; Takano et al.,
2005; Ventura and Nebreda, 2006; Wolf-Yadlin et al., 2006;
Ali and Ali, 2007; Engelman et al., 2007; Greenman et al.,
2007; Thomas et al., 2007; Luo et al., 2009; Stransky et al.,
2014).

In conclusion, the actual landscape of kinase inhibitor
drugs developed over the last two decades shows that

• only a small number of protein and lipid kinase targets
(about 80) out of the 500+ protein kinases in the human
kinome have been successfully targeted

• most of the kinase inhibitor drugs are used for oncological
indications

• many kinase inhibitor drugs are used to target the same
indication (mainly due to the generation of resistance)

The structure and catalytic
mechanisms of ePKs

The ePK protein kinase domain has evolved to have many
different regulatory mechanisms and is often associated with
a large variety of other protein domains that directly or indi-
rectly contribute to the regulation of the kinase activity
(Nolen et al., 2004; Cowan-Jacob et al., 2009; 2014; Scott and
Pawson, 2009; Zhang et al., 2009; Taylor and Kornev, 2011;
Jin and Pawson, 2012). The ePKs and ELKs share the PKL-fold
and similar catalytic mechanisms, although ELKs generally
display very low sequence identity with ePKs and with each
other (Kannan et al., 2007). The overall structural organiza-
tion of the ca. 300 residue protein kinase domain is con-
served with 10 key residues mediating the core functions of
the catalytic domain (Hanks et al., 1988; Manning et al.,
2002; Kannan et al., 2007). All the other structural elements

outside the kinase domains typically serve either as regula-
tory or as targeting modules (Scott and Pawson, 2009; Jin and
Pawson, 2012).

All protein kinase domains consist of a small, mostly
β-stranded N-lobe, connected by a short hinge region to a
larger α-helical C-lobe (Figure 3). ePKs bind the ATP in the
cleft between the N- and C-terminal lobes of the kinase
domain where the adenine group of ATP is sandwiched
between hydrophobic residues and makes contact via hydro-
gen bonds to the hinge region (Figure 3A and B) (Nolen et al.,
2004; Taylor and Kornev, 2011; Cowan-Jacob et al., 2014).

The N-lobe contains a five-stranded β-sheet (β1–β5) with a
single α-helix (the C-helix, αC). The Gly-rich loop (also
known as P-loop ort G-loop) lies between the β1 and β2
strands and contains an important hydrophobic residue at its
tip, which contributes to coordination of the phosphates of
ATP (Figure 3) (Nolen et al., 2004; Cowan-Jacob, 2006; Taylor
and Kornev, 2011). This is the most flexible part of the
N-lobe, which folds over the nucleotide positioning
the γ-phosphate of ATP for catalysis. The C-terminus of the
C-helix is anchored to the core of the C-lobe by the β4-loop
via the β5 strand, which continues into the hinge region,
whereas its N-terminus interfaces with the activation loop
(also called activation segment or A-loop). The A-loop occurs
either in an open (the hallmark for the active ATP-bound
state of the kinase) or various closed conformations, indicat-
ing the inactive state of the kinase by occluding the access of
the protein substrate sites (Figure 3) (Nolen et al., 2004;
Cowan-Jacob, 2006). The N-terminus of the C-helix has to be
positioned correctly for efficient catalysis facilitating the
interaction between the active site Lys (of the AXK-motif in
the β3-strand) and the Glu from the C-helix (‘C-helix-in’).
Rotating the N-terminus of the C-helix in a suboptimal posi-
tion for catalysis (‘C-helix-out’) results in an inactive state of
the kinase (Cowan-Jacob, 2006; Kannan et al., 2007; Taylor
and Kornev, 2011; Moebitz and Fabbro, 2012). N-terminal to
the hinge, deep in the ATP pocket, is an important residue
called the ‘gatekeeper’, which controls the access to the ‘back-
pocket’ of the kinase and which is often mutated in kinases
resistant to inhibitors (Figure 3C) (Nolen et al., 2004; Kornev
et al., 2006; Cowan-Jacob et al., 2009; Taylor and Kornev,
2011; Moebitz and Fabbro, 2012).

The larger lobe or C-terminal lobe of the kinase domain is
mostly helical. There are four β-strands in the active state: β6
and β7 contain the catalytic loop with most of the catalytic
machinery (Y/HRD or Tyr/His-Arg-Asp), whereas β8 and β9
flank the DFG-motif where the Asp recognizes one of the
ATP-bound Mg2+. The Phe of the DFG-motif (Aspartate-
Glycine-Phenylalanine or Asp-Gly-Phe) makes hydrophobic
contacts with the C-helix and the nearby Y/HRD-motif from
the catalytic loop (Figure 3). The Asp of the Y/HRD, one of
the most conserved residues (present in all ePKs), is respon-
sible for correct orientation of the P-site hydroxyl acceptor
group in the peptide substrate. Similarly, the Tyr/His in
Y/HRD is conserved throughout all ePKs and ELKs and serves
as a central scaffold for binding both to the carbonyl group of
Asp and making a hydrophobic contact to the Phe of the
DFG-motif. The Mg2+-binding loop, which is followed by the
β9 strand, forms an antiparallel β-sheet with the β6 strand
that precedes the catalytic loop (Y/HRD-motif). This portion
of the sheet is disordered in the inactive kinases and is
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believed to be important for the correct Mg2+-binding loop
configuration. The A-loop, which includes the β9 strand,
extends from the DFG-motif (at the very N-terminus of the
A-loop) to a conserved Asp at the beginning of the F-helix.
The Phe of the DFG-motif is responsible for proper position-
ing of the Asp and accommodation of the C-helix facilitating
the Lys–Glu salt bridge. The flexible A-loop regulates the on

and off state of the kinase by providing the platform together
with the helical subdomains of the C-lobe for binding and
positioning of the hydroxyl group residue of the peptide
substrate (Nolen et al., 2004; Ubersax and Ferrell, 2007). The
extended helical element that follows the F-helix is unique to
the ePKs and includes the G-helix through the I-helix (GHI
domain). Many substrate proteins and regulatory proteins are

Figure 3
The active conformation of protein kinases. Front (A) and side views (B) of a typical active kinase conformation displaying the ternary complex
of the insulin receptor (InsR), ATP and peptide substrate (pdb 1ir3). The helices and β-sheets forming the canonical kinase fold are labelled, as well
as important secondary structure elements which are shown colour coded. (C) The ATP-site pharmacophore: The hydrophobic channel, the sugar
pocket, the hinge and the hydrophobic back-pocket are the major pharmacophores. (D) Close-up of the active ATP site of the InsR. For
explanations, see text. The two Mg2+ ions are in magenta.
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tethered to the GHI domain (Figure 3A) (Taylor and Kornev,
2011).

In summary, three sequence motifs are essential for
catalysis (Hanks and Hunter, 1995; Cowan-Jacob, 2006;
Taylor and Kornev, 2011):

1 The AXK-motif (β3 strand) with the active site Lys forming
a salt bridge with the conserved Glu from the C-helix,
which interact with the α and β phosphates of ATP to
anchor and orient the ATP

2 The Y/HRD-motif or catalytic loop (β6/β7), in which the
Asp is the catalytic residue functioning as a base acceptor
for the proton transfer

3 The DFG-motif of the A-loop where the Asp binds the Mg2+

ions that coordinate the β and γ phosphates of ATP in the
ATP binding cleft positioning the latter for the phosphate
transfer

Activation of protein kinases results in the re-orientation of
the C-helix (‘C-helix-in’) to bring the conserved Glu into the
proximity of the active site Lys of the AXK-motif as well as
the A-loop. In many instances, the Phe of DFG moves from
the DFG-out (an inactive conformation) into the DFG-in
position (usually an active conformation) (Figure 2). The
extended β-sheet conformation of the G-loop helps coordi-
nating the phosphates of ATP, whereas the β6 strand forms
part of the catalytic loop that facilitates the phosphor trans-
fer. The catalytic loop (Y/HRD-motif) is the only conserved
element that does not differ between the active and inactive
states of the protein kinase. The short EF-helix at the end of
the A-loop with the conserved Glu of the APE-motif forms the
peptide substrate binding site. The A-loop in the active con-
formation can be stabilized by phosphorylation or interac-
tions with accessory regulatory proteins (Figure 2) (Nolen
et al., 2004; Cowan-Jacob et al., 2009).

The regulation of the catalytic mechanism of protein
kinases may further involve a regulatory (R) and a catalytic
(C) spines, which are each built up by two conserved residues
from and the N- and C-lobes respectively. The R-spine is
formed by four hydrophobic residues, one from the β4
strand, one from the C-helix, the Phe from the DFG and the
Tyr/His from the catalytic loop. Proper alignment of these
hydrophobic residues results in the formation of the R-spine
linking the N- and C-lobes for optimal protein kinase activity.
The C-spine comprises two residues from both lobes and is
completed by the adenine ring of ATP. The Val in the β2
strand and the Ala from the AXK-motif of the β3 strand are
docked directly onto the adenine ring of ATP. The hydropho-
bic residue lies in the middle of β7 strand of the C-lobe and
which, on the one hand, docks directly onto the adenine ring
and, on the other hand, rests on a hydrophobic residue from
the D-helix, which, in turn, is bound to the F-helix (Kornev
et al., 2006; Taylor and Kornev, 2011).

The different modes to inhibit kinases

Low-molecular-weight kinase inhibitors can bind either cova-
lently or reversibly to kinases (Zhang et al., 2009; Liu et al.,
2013; Cowan-Jacob et al., 2014).

Covalent inhibitors
Covalent inhibitors usually have a binding, a linker and a
warhead module that can bind in or close to the ATP binding
sites. Depending upon the reactivity of the warhead, the
covalent binding can be reversible (Wymann et al., 1996; Liu
et al., 2013). It should be mentioned that drugs that bind
covalently to their targets have always been perceived as
being potentially toxic. However, it should be emphasized
that many marketed drugs bind covalently to their targets
(Singh et al. 2011). Covalent kinase inhibitors usually
target the active site Lys or a Cys in or around the ATP
binding site (Figure 4D) (Wymann et al., 1996; Rabindran
et al., 2004; Kwak et al., 2005; Zhou et al., 2009). Various
covalent kinase inhibitors have been identified for various
protein kinases, including Fes (Feline sarcoma oncogene
kinase) (Filippakopoulos et al., 2008), VEGFR-2 (Wissner
et al., 2007), ribosomal S6 kinase (Cohen et al., 2007) and
Bruton tyrosine kinase (BTK) (Pan et al., 2007). Some of them
have progressed into the clinic like AVL-292, an orally avail-
able, selective covalent inhibitor of BTK that is currently
undergoing Phase-2 clinical trials for chronic lymphocytic
leukaemia and non-Hodgkin lymphoma (Robak and Robak,
2012). Other covalent inhibitors like ibrutinib, targeting BTK,
and afatinib, targeting the gefitinib-resistant EGFR, have been
recently approved by the Food and Drug Administration
(Figure 4D and Table 1) (Minkovsky and Berezov, 2008;
Ninomiya et al., 2013; Akinleye et al., 2014). Although these

Figure 4
Representative binding modes of the four classes of kinase inhibitors.
Representative binding modes of the four classes of kinase inhibitors
with ligand in blue sticks and key polar interactions shown as red
dotted lines: (A) gefitinib bound to EGFR (type 1, pdb 2ity); (B)
vemurafenib bound to B-Raf (type 1.5, pdb 3og7); (C) imatinib
bound to ABL (type 2, pdb 1iep); and (D) afatinib bound covalently
to EGFR (pdb 4g5j). Activation states of helix-C and the DFG-motif
are annotated.
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covalent kinase inhibitors have shown impressive clinical
results, it should be mentioned that mutation of the Cys,
which is not essential for the kinase structure and activity,
can prevent the covalent binding and their clinical efficacy
(Furman et al., 2014).

Non-covalent inhibitors
The non-covalent kinase inhibitors can be further classified
into those that either bind or do not bind to the hinge region
of the kinase (Figure 3C), leading to the classification of
type-1, type-2 and type-3 reversible kinase inhibitors (Traxler
et al., 2001; Li et al., 2004; Liu and Gray, 2006; Cowan-Jacob
et al., 2009; Zhang et al., 2009; Moebitz and Fabbro, 2012).

Type-1 and type-1.5 inhibitors. The vast majority of the ATP-
competitive inhibitors bind to active conformations with the
conserved Phe residue of the DFG-motif buried in a hydro-
phobic pocket in the groove between the two lobes of the
kinase (Figures 3 and 4A and B) (Pargellis et al., 2002; Li et al.,
2004; Liu and Gray, 2006; Cowan-Jacob et al., 2009; Zhang
et al., 2009; Moebitz and Fabbro, 2012). The ATP binding site
of active protein kinases (and PI3Ks) is very similar, despite
the fact that they have different substrate specificities and
different modes of regulation. In the active conformation, the
A-loop adopts an open conformation typical for the ATP-
bound state of the kinase where the Asp in the DFG-motif
coordinates the phosphates of ATP, whereas the Phe stabilizes
the C-helix and the A-loop for catalysis (Figure 3D) (Nolen
et al., 2004; Cowan-Jacob, 2006; Liu and Gray, 2006; Zhang
et al., 2009; Cowan-Jacob et al., 2014). Type-1 inhibitors
utilize variation in the size, shape and polarity of the gate-
keeper residue to gain selectivity (Figure 3C). Finding com-
pounds that target the active conformation of the kinase by
ATP mimetics is best achieved using enzymatic kinase assays
displaying the highest level of activity. Classical examples for
this type of approved kinase inhibitor class are gefitinib,
erlotinib, dasatinib and sunitinib (Table 1). The type-1.5
inhibitor, exemplified by vemurafenib, is a subtype of the
type-1 inhibitor that binds to an inactive kinase conforma-
tion (Figure 4B) (Tsai et al., 2008; Zuccotto et al., 2010). In
this case, the BRAF adopts a DFG-in conformation, typical of
an active kinase, but with the C-helix being pushed out
(‘C-helix-out’) by vemurafenib effectively disrupting the ion
pairing between the active site Lys and the Glu from the
C-helix (Tsai et al., 2008). This type-1.5 inhibitor with a ‘DFG-
in’ inactive conformation has also been observed in other
kinases (Figure 2A and C) (Cowan-Jacob et al., 2014).

Selective type-1 or type-1.5 inhibitors use additional sites
close to the ATP binding site, like the adjacent hydrophobic
pockets (Figure 3C) whose entry is regulated by the gate-
keeper (Zuccotto et al., 2010), or additional sites close to the
peptide binding site, like the bivalent/bitopic inhibitors (Hill
et al., 2012), the macrocycles (Tao et al., 2007) or some of the
covalent inhibitors (Liu et al., 2013). The success of type-1
inhibitors in the clinic demonstrates that, despite the highly
conserved ATP binding site, it is feasible to optimize selectiv-
ity for kinases by following appropriate strategies, which is
reflected in the fact they represent the vast majority of the
kinase inhibitors. The most rational way to obtain selectivity
is by targeting poorly conserved residues, particularly resi-

dues flanking the hinge. Although typically discovered by
serendipity rather than rational design, the interplay of
sequence and conformational penalty can lead to exceptional
selectivity. The balance between sequence and conforma-
tional contributions comes in different flavours. In one
extreme, optimization of the compound leads from an active
to an inactive, high-energy conformation of the kinase such
that the additional interactions make up for the conforma-
tional penalty, but only on the target kinase. Examples are
vemurafenib (‘C-helix-out’ and ‘DFG-in’, type-1.5 inhibitor)
versus the relatively unselective type-1 inhibitors gefitinib
(Figure 4A and B) (Wood et al., 2004). Another example is the
MET (mesenchymal epithelial transition factor or hepatocyte
growth or scatter factor receptor) kinase whose native, inac-
tive conformation offers the potential for a unique, crucial
stacking interaction with a Tyr in the A-loop where several
unique sequence features play together to stabilize an other-
wise high-energy conformation (Figure 2C) (Albrecht et al.,
2008).

The ability of the G-loop of kinases to partially collapse
onto the ligand, thus creating a more buried, less solvent-
exposed cavity with high intrinsic ligand efficiency, is
another element for selectivity like in ABL (Figure 5B), which
include other kinases that show high intrinsic ligand effi-
ciency like the Aurora kinase and GSK3β (glycogen synthase
kinase-3β). Lastly, there are cases of excellent selectivity,
which arise from a multitude of subtle interactions as exem-
plified by the JAK inhibitor CP-690,550, which, again, builds
upon a standard, pan-kinase-inhibitor-pyrrolo-pyrimidine
scaffold (West, 2009; Williams et al., 2009) (http://
www.discoverx.com/tools-resources/interaction-maps).

The type-2 inhibitors. The type-2 kinase inhibitors preferen-
tially bind to the inactive conformation of the protein kinase
and still have contact with the hinge (Liu and Gray, 2006;
Cowan-Jacob et al., 2009; Zhang et al., 2009). They usually
score as ATP-competitive and bind to the inactive, the
so-called ‘DFG-out’, conformation (Figure 4C) (Nolen et al.,
2004; Cowan-Jacob, 2006; Liu and Gray, 2006; Zhang et al.,
2009). The transition from the ‘DFG-in’ to the ‘DFG-out’
conformation exposes an additional hydrophobic pocket
adjacent to the ATP site that is utilized by type-2 inhibitors
locking the kinase in the inactive conformation (Nolen et al.,
2004; Cowan-Jacob, 2006; Liu and Gray, 2006; Zhang et al.,
2009; Cowan-Jacob et al., 2014).

Type-2 inhibitors are in general less promiscuous than
type-1 inhibitors as revealed by several selectivity profiles.
Although some type-1 inhibitors can be very specific, there
are also examples of type-2 inhibitors that are rather pro-
miscuous (Goldstein et al., 2008; Karaman et al., 2008;
Anastassiadis et al., 2011). Approved kinase inhibitors
binding to or stabilizing the ‘DFG-out’ conformations are
imatinib, nilotinib or sorafenib (Table 1).

In addition to the DFG-out, combinations of different
conformational states of C-helix, the A- and/or the P-loop can
generate various inactive conformations of the kinase
domain (Cowan-Jacob, 2006; Cowan-Jacob et al., 2014). Each
individual kinase has a preferred inactive conformation,
depending upon its phosphorylation state and regulatory
mechanisms involving structures outside the kinase domain
(Cowan-Jacob, 2006; Cowan-Jacob et al., 2014).
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Another interesting mechanism of inhibition that
requires an ATP-site-directed kinase inhibitor, irrespective of
its type, concerns the interactions of the molecular chaper-
one HSP90–CDC37 system and mutated versions of kinases.
CDC37 appears to inhibit the binding of ATP to the kinases
they regulate. This interaction can be inhibited with ATP-site-
directed kinase inhibitors, thereby destabilizing the influence
of the HSP90–CDC37 chaperone system on the kinase, result-
ing in the destruction of the kinase through an HSP90-
independent degradation pathway (Polier et al., 2013).

Type-3 (allosteric) inhibitors. The type-3 inhibitors are a het-
erogeneous group of kinase inhibitors that bind to allosteric
or remote sites on the kinase and include, for example,
inhibitors targeting MEK1 (mitogen activated kinase kinase-
1), CHEK1 (checkpoint kinase-1), ABL, FAK (focal adhesion
kinase) or Akt (protein kinase B or kinase from the transform-
ing oncogene AKT8) (Figure 6) (Ohren et al., 2004; Barnett
et al., 2005; Lindsley et al., 2005; Adrian et al., 2006;
Converso et al., 2009; Vanderpool et al., 2009; Wang and Sun,
2009). The type-3 inhibitors are non-ATP site (allosteric)
kinase inhibitors that have no physical contact with the
hinge and show the highest degree of selectivity by exploit-
ing binding sites and regulatory mechanisms that are unique
to a particular kinase (McIntyre et al., 2003; Ohren et al.,
2004; Barnett et al., 2005; Lindsley et al., 2005; Adrian et al.,
2006; Converso et al., 2009; Cowan-Jacob et al., 2009;
Vanderpool et al., 2009; Wang and Sun, 2009; Zhang et al.,
2009; Fabbro et al., 2012). While most type-3 inhibitors are
non-ATP-competitive or ATP-uncompetitive, some compete
with ATP indirectly by binding to mutually exclusive confor-
mations. The non-catalytic roles of kinases involve unique

non-conserved interactions and increase the target space on
the kinome (Rauch et al., 2011; Cowan-Jacob et al., 2014). In
addition to the ‘DFG-in’ and ‘DFG-out’ combinations of dif-
ferent states of the C-helix, the A-loop and/or the G-loop can
generate various inactive conformations of the kinase
domain. Moreover, elements outside the kinase domain like
the juxta-membrane region of the receptor PTKs or other N-
or C-terminal elements, linkers and/or other regulatory
domains required for protein–protein interactions are all
important elements in the regulation of the catalytic domain
(Cowan-Jacob et al., 2009; Zhang et al., 2009; Fabbro et al.,
2012; Moebitz and Fabbro, 2012). The unique combinations
of all these structural elements create a structural diversity
that can be used to design selective inhibitors with clear
advantages over the regular type-1 and type-2 ATP site inhibi-
tors. This includes improved selectivity and slower off-rates,
which increase the residence time of the inhibitor bound to
the kinase (Wood et al., 2004; Tummino and Copeland,
2008). However, the paucity of available structures for the
inactive protein kinase (apo-form), along with the lack of a
general method to assay for such inhibitors, represents a
major difficulty in identifying inhibitors targeting the inac-
tive conformations. Type-3 inhibitors can bind either to the
kinase domain (close to or removed from the ATP site) or to
sites that are located outside the kinase domain.

The type-3 inhibitors include very diverse compounds
ranging from the MEK1 inhibitors to rapamycin derivatives.
For example, the allosteric type-3 inhibitors of MEK1 bind to
a pocket adjacent to the ATP binding site, referred to as
‘allosteric back-pocket’ (Ohren et al., 2004), in the presence of
ATP and are referred to as ‘allosteric back-pocket-DFG-in’
inhibitors (Figure 6). Other type-3 inhibitors bind to the

Figure 5
Clinically relevant resistance mutations of MEK1, ABL1 and ALK. (A) MEK1 and MEK2 mapped onto pdb 3eqc. The majority of the mutations
cluster at the interface with the autoinhibitory N-terminal helix (top left in this view). (B) ABL mapped onto pdb 1iep. The imatinib-resistant
mutants are spread all over the kinase domain; however, the most resistant against imatinib is the gatekeeper mutant T315I in the hinge (green)
and the mutations located in the P-loop (red). (C) ALK mapped onto pdb 2xp2. Crizotinib-resistant mutations. The most resistant mutation is
L1196M in the hinge (green) region.
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‘allosteric back-pocket’ in the absence of ATP in the ‘DFG-out’
conformation like the IGF1R (Heinrich et al., 2010), FAK
(Tomita et al., 2013) or p38 (Over et al., 2013) and are referred
to as ‘allosteric back-pocket-DFG-out’ inhibitors (Figure 6). In
the case of IGF1R, the inhibitor binds the ‘allosteric back-
pocket’ and extends over towards the substrate binding site
and the catalytic loop. In contrast, the type-3 FAK inhibitors
extend from the ‘allosteric back-pocket-DFG-out’ into a
pocket formed in the C-lobe by displacing the normally rigid
catalytic loop (Tomita et al., 2013). The allosteric Akt inhibi-
tors are a special case of the ‘allosteric back-pocket-DFG-out’
as they only bind to this site when the pleckstrin homology
domain of Akt is present (Figure 6). Therefore, their identifi-
cation required the full-length protein for the kinase assay
(Barnett et al., 2005; Lindsley et al., 2005). While lack of com-
petition with ATP has, in some cases, proven to be a useful
way to identify type-3 inhibitors, it should be pointed out
that the allosteric back-pocket DFG-out inhibitors will score
as ATP-competitive.

Type-3 inhibitors that are further away from the ATP site
are, for example, the ABL myristate-pocket (Myr-pocket)
binders (Adrian et al., 2006; Zhang et al., 2009; Fabbro et al.,
2010), the CHEK1 inhibitors occupying part of the substrate
binding site (Converso et al., 2009) and the Jun kinase-1
(JNK1) inhibitors, which bind in part to the MAPK insert
region and A-loop (Comess et al., 2011) or to the DEF
(docking site for ERK) domain (Tzarum et al., 2013) to only

cite a few (Figure 6). A more comprehensive review on the
type-3 inhibitors has been recently assembled by
Cowan-Jacob et al. (2014).

Rapamycin and its derivatives (rapalogs), which target
specifically mTOR kinase in the context of the mTORC1
complex, appear to be further removed from the kinase
domain as they seem to act in the context of the mTORC1
complex (Wang and Sun, 2009; Yang et al., 2013). Targeting
the extracellular domains of the receptor TPKs and others
by peptide-mimetics, ‘peptoids’ or antibodies is another
special case of type-3 inhibitors (Fleishman et al., 2002;
Udugamasooriya et al., 2008; Cazorla et al., 2010; Jura et al.,
2011; Christopoulos et al., 2014). The extracellular domains
of RTPKs can be targeted by monoclonal antibodies trastu-
zumab (Herceptin, Roche, Basel, Switzerland) and pertu-
zumab (Perjeta, Roche, Basel, Switzerland), which act at
different domains with trastuzumab binding to domain IV
and pertuzumab to subdomain II of the extracellular seg-
ments of the HER2 (neu) receptor respectively (Cho et al.,
2003; Hynes and Lane, 2005; Hsieh and Moasser, 2007). In
contrast, small molecules such as SSR128129E, which target
the extracellular D2D3 domains of the fibroblast growth
factor receptor (FGFR), modulate signalling of the FGFR-RTKs
(Bono et al., 2013; Herbert et al., 2013). Examples of approved
type-3 inhibitors are trametinib and the rapamycins (Table 1).
There are many potential topographically distinct binding
sites on kinases between which allosteric interactions can
occur; the point from which the interaction is viewed drives
classification of interacting ligands.

Summary of binding modes. While it is undisputed that type-3
inhibitors display the highest degree of selectivity, the impli-
cation that type-2 inhibitors are generally more selective than
type-1 lacks quantitative arguments. In fact, there are exam-
ples of exquisitely selective inhibitors known for both types.
Selectivity rests on particular features of a particular protein
kinase, regardless of the binding mode of the inhibitor. In
contrast to type-1 and type-2 inhibitors, the high level of
selectivity of type-3 inhibitors reflects the unique binding sites
and is off-set by the difficulty in obtaining and optimizing
chemical matter (Converso et al., 2009; Vanderpool et al.,
2009). So far, there are only sparse hints that allosteric sites can
be generalized and chemical matter transferred to other
kinases (Tecle et al., 2009). There is currently no general strat-
egy for the identification of allosteric kinase inhibitors or
activators as most of them have been discovered serendipi-
tously by diverse approaches ranging from phenotypic screen-
ing to sophisticated structure-based drug design.

Activators, paradoxical activation
and priming

In addition, targeting allosteric sites on protein kinases may
provide a means also to identify activators rather than inhibi-
tors, which could be useful for therapeutic intervention as is
the case for the glucokinase and the AMP-dependent protein
kinase (AMPK) (Guertin and Grimsby, 2006; Sanders et al.,
2007). This can be useful for therapeutic intervention or as a
pharmacological tool to better understand the biology of the
protein or lipid kinase.

Figure 6
Allosteric pockets. Examples of allosteric ligands mapped onto an
active kinase conformation, comprising the myristate site of ABL (pdb
3k5v), the PIF pocket in PDK1 (3hrf), the substrate site in CHK1 (pdb
3f9n), the DEF (docking site for ERK) site in p38 (pdb 3new) and the
allosteric back-pocket in MEK1 (DFG-in, pdb 1s9j, green), Akt1 (DFG-
out, pdb 3o96, magenta) and FAK (DFG-out, pdb 4ebw, blue).
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In particular, compounds targeting the PIF (PDK1 inter-
acting fragment) pocket (the hydrophobic motif present in
the N-terminal lobe of the AGC kinases) of either PDK1
(3-phosphoinositide-dependent protein kinase-1) or PKCζ
can either act as activators (Hindie et al., 2009) or as substrate
selective inhibitors (Figure 6) (Lopez-Garcia et al., 2011;
Sadowsky et al., 2011; Busschots et al., 2012). Similarly, the
Myr-pocket binders of ABL can be converted into activators if
they are designed not to allow bending of the I-helix of the
ABL kinase domain (Jahnke et al., 2010; Yang et al., 2011).

However, there are a few protein kinases that require
activation rather than inhibition to fulfil their therapeutic
need, like the AMPK or the insulin receptor for which acti-
vators have been identified (Li et al., 2001; Pender et al., 2002;
Sanders et al., 2007; Lee et al., 2011; Salt and Palmer, 2012;
Hardie, 2014). PKC activation by exogenous compounds can
have tumour-promoting or tumour-suppressing effects by
acting via the DAG binding site (Martiny-Baron and Fabbro,
2007). These include phorbol esters, bryostatin and other
compounds acting as DAG mimetic (Martiny-Baron and
Fabbro, 2007). Other examples of kinase activators include a
mimetic of the brain-derived neurotrophic factor that acti-
vates TrkB [tropomyosin receptor kinase B or neurotrophin
receptor kinase-2 (NTRK-2)] (Massa et al., 2010).

In some cases, kinase inhibitors can lead to unintended
paradoxical activation either directly or via modulation of
feedback loops. Evolution has endowed the signalling cas-
cades of kinases with a high degree of robustness, which is
achieved through redundancy at various levels, like compen-
satory pathways or protein expression, counteracting phos-
phatases and feedback loops. Therapeutic inhibition of
kinases struggles with this innate inertia of kinase signalling.
The most striking example is the paradoxical activation of
selective BRAF inhibitors, which can activate the MAPK
pathway in certain genetic backgrounds (Hall-Jackson et al.,
1999). This phenomenon is linked to a complex regulation of
BRAF and cRAF due to cross-activation of the wild-type (wt)
rapidly accelerated fibrosarcoma (RAF) isoforms, which is just
beginning to be understood, almost a decade after the first
so-called RAF inhibitor sorafenib was approved (Hall-Jackson
et al., 1999; Hatzivassiliou et al., 2010; Poulikakos et al., 2010;
Holderfield et al., 2013).

Another phenomenon is priming, which can lead to acti-
vation via kinase inhibitors and which has been observed for
several kinases such as Akt, MEK and JAK (Okuzumi et al.,
2009; Andraos et al., 2012; Hatzivassiliou et al., 2013;
Holderfield et al., 2013). Priming describes the up-regulation
of the phosphorylated form of the targeted kinase upon inhi-
bition, which can lead to the activation of the pathway once
the inhibitor is removed. Priming depends upon the mode of
action of the kinase inhibitor. Inhibitors binding to the active
conformation of Akt cause priming, whereas allosteric inhibi-
tors targeting the inactive conformation of Akt do not (Lin
et al., 2012). This distinction was shown to depend upon the
accessibility of the complex to its phosphatase PP2A (protein
Ser/Thr-specific phosphatase-2). A broader understanding of
priming and its impact on the efficacy of kinase inhibition is
in its infancy, but there are reports that it could contribute to
the lack of efficacy for certain inhibitors.

Another way by which kinase inhibitors influence the
target kinase is by stabilizing and increasing its expression. In

the case of lapatinib, this leads to the expected inhibition of
HER2, which at the same time resulted in an accumulation of
HER2 due to decreased degradation, which leads to enhanced
trastuzumab-dependent cytotoxicity (Scaltriti et al., 2009).
This is mainly due to the inhibition of dimerization, which is
not common to all EGFR inhibitors (Sanchez-Martin and
Pandiella, 2012).

Methods for discovering and profiling
kinase inhibitors

In vitro biochemical and cellular assays followed by in vivo
efficacy are the traditional pillars for drug discovery
approaches (Knight et al., 2013). The currently available tech-
nologies for the discovery and profiling of kinase-based drugs
are numerous and it should be emphasized that the assess-
ment of biochemical kinome-wide selectivity has only
become available recently. There are a variety of biochemical
protein kinase assays, including detection of radiolabelled
transfer of phosphate to the substrate, ATP consumption or
ADP production measurement, time-resolved FRET, peptide
array-based, microfluidic technologies and label-free analysis
(biophysical methods such as isothermal titration calorim-
etry and differential scanning fluorometry) (Jia et al., 2008;
Ma et al., 2008). Among the various providers that offer a
kinase selectivity panel are KinomeScanTM of DiscoverX
(http://www.discoverx.com/targets/kinase-target-biology),
Millipore’s Kinase Profiler (http://157.93.252.5/life_sciences/
flx4/ld_kinaseprofiler_service) and Reaction Biology (http://
www.reactionbiology.com/webapps/site/), which, to date,
have the broadest kinome coverage (Karaman et al., 2008;
Anastassiadis et al., 2011; Davis et al., 2011; Gao et al., 2013).
For the assessment of biochemical selectivity, of course, the
various formats of the various assays may change the overall
selectivity. Although the biochemical assays of the above
three providers are quite different, the IC50 of a series of
kinase inhibitors have been shown to be in reasonable agree-
ment. Besides the caveats regarding assay formats, correlation
to cellular selectivity, activation state of the recombinant
kinase and the usually poor physicochemical properties of
most inhibitors requires cautious interpretation of results.
Ideally, the biochemical selectivity should match the cellular
selectivity, which, to date, cannot be achieved with the same
coverage as with the biochemical profile (Knight and Shokat,
2005; Knight et al., 2013). Similar to the biochemical assay,
the cellular assays for screening and profiling of kinase inhibi-
tors come in different formats. Target profiler assays detect
kinase proximal substrates by methods such as Western blots,
phospho-ELISAs, reverse phase arrays, ALPHA (amplified lumi-
nescent proximity homogeneous assay)-screen assay and
high content cellular analysis, and are being offered by
various providers (Chen et al., 2005; Warmuth et al., 2007;
Eglen et al., 2008; Jia et al., 2008). In addition, engineered
cellular assays, such as BaF3, reporter gene assays, cell ency-
clopaedias and others, are particularly suited to obtain an
integrated readout of the signalling cascade (Melnick et al.,
2006; Warmuth et al., 2007; Barretina et al., 2012). Cellular
assay with a high kinome coverage may use biotinylated acyl
phosphates of ATP and ADP that irreversibly react with
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protein kinases on the conserved active site lysine residues
in the ATP binding pocket followed by quantitative mass
spectrometry (http://www.kinativ.com/technology.html)
(Patricelli et al., 2007; 2011). Alternatively, chemical prot-
eomics can also probe the effectiveness of kinase inhibitors in
cells and tissues (Bantscheff et al., 2007). Finally, the function
of the inhibition of the kinase target is being studied in
specific tailor-made cell-based assays.

Taken together, the biochemical, cell-based phosphoryla-
tion and functional assays, most likely multiplexed, deliver a
direct readout on the kinase activity in a cellular context and
allow an in vitro activity of kinase inhibitors revealing
on-target and off-target effects. Thus, the systematic profiling
of inhibitors in broad arrays of biochemical and cellular
assays has provided novel ways to better define the selectivity
profile of drug candidates, including the potential for the
discovery of novel mechanisms of actions. The most impor-
tant contribution of profiling of compounds in large kinase
panels is probably the cross-fertilization between protein
kinase projects.

Major issues in kinase drug discovery

Kinase inhibitors are the prototypes of the targeted therapy
and are therefore plagued by the fact that they are, like all
targeted therapies, tailor-made to a particular patient popu-
lation with the particular abnormal molecular or cellular
defect. Targeted therapies are the cornerstone of precision
medicine, which has improved the diagnostic, stratification
and targeted treatment of patients as well as to better predict
the outcome of the disease treatment (http://cancergenome
.nih.gov/, https://www.broadinstitute.org/, https://www
.sanger.ac.uk/) (Sellers, 2011; Garay and Gray, 2012; Plenge
et al., 2013). Thus, successful targeting is ultimately assessed
by producing selective pharmacological responses, which
reduce or eliminate side effects that are not mechanism-
related. The idea that molecular information improves the
precision with which patients are categorized and treated has
led to a fragmentation of the patient population most likely
to respond to the target agents (Figure 7B). In contrast, the
duration of responses to certain targeted therapies has been
shown to be limited, resulting in a poor benefit for the treated
patients (Engelman and Settleman, 2008a; Engelman, 2009;
Corcoran et al., 2011; Chong and Janne, 2013). Therefore,
correcting one molecular or cellular target by targeted thera-
pies may be effective in diseases that strongly depend upon
this one target. The reality of advanced cancers or other
diseases are that they have multiple molecular abnormalities
resulting in the potential for short-term efficacy (limited
clinical benefit), which are usually associated with high costs
(Pao and Hutchinson, 2012; Kantarjian et al., 2013)
(Figure 7B). In addition, in many cases, targeted therapies
require chronic treatment and therefore the dependency on
drugs to maintain molecular and cellular changes for the
balance of life (Druker et al., 2006).

The degree of selectivity a protein kinase inhibitor should
ideally have has been and remains a controversial issue. The
ideal kinase inhibitor should inhibit only the target kinase,
which is usually almost impossible to achieve in the face of
the over 500 protein kinases of the human kinome. Never-

theless, protein kinase inhibitors with a lower degree of selec-
tivity have been hailed as ideal for oncological indications
due to their potential for poly-pharmacology (Figure 7C)
(Knight and Shokat, 2005; Force et al., 2007; Morphy and
Rankovic, 2007; Goldstein et al., 2008; Karaman et al., 2008;
Anastassiadis et al., 2011; Davis et al., 2011; Gao et al., 2013).
A look at clinically advanced kinase inhibitors reminds us
that a promiscuous selectivity profile, such as that of suni-
tinib, may be tolerated in oncological settings, albeit with
some side effects (Figure 7C) (http://www.discoverx.com/
tools-resources/interaction-maps). However, even some of
the most selective inhibitors, particularly the allosteric
inhibitors for mTOR or MEK1, can have serious dose-limiting
on-target toxicity (Chhajed et al., 2006; Akinleye et al., 2013).
With the exception of the highly selective lapatinib, tofaci-
tinib, the rapalogs and trametinib, most of the other ATP-site-
directed protein kinase inhibitors marketed derive their
efficacy, at least in part, from their poly-pharmacology
(http://www.discoverx.com/tools-resources/interaction-
maps) (Figure 7C). In any case, for pharmacological target
validation as well as chronic administration of kinase inhibi-
tors in non-oncological indications, a reasonable selectivity is
a prerequisite (Knight and Shokat, 2005; Goldstein et al.,
2008; Karaman et al., 2008; Anastassiadis et al., 2011; Davis
et al., 2011; Gao et al., 2013).

Despite several successes over the past few years with
kinase inhibitors, in most cases, the dependence of a disease
state on the target kinase is either not known, poorly under-
stood or displays a high degree of complexity, particularly in
cancer. This often makes the selection of patients most likely
to respond to a given kinase inhibitor treatment an almost
impossible task (Fabbro et al., 2012). Ongoing efforts using
genome-wide screening, analysis of driver mutations in con-
junction with the use of sophisticated disease models will
unravel new disease associations and will pave the way for
the discovery of many more new protein kinase targets in the
coming years (Sellers, 2011).

In addition, understanding and predicting the cross-
reactivity of kinase inhibitors in conjunction with the knowl-
edge about the disease dependency of the target kinase would
allow a more rapid proof of concept in the clinic. As discussed
before, the selectivity of kinase inhibitors remains controver-
sial. Unfortunately, we still poorly understand the selectivity
profile with respect to their liabilities regarding preclinical
toxicity findings and their relevance in patients (Yang et al.,
2010). The recent progress made in molecular profiling in
conjunction with precision medicine will further our under-
standing towards a better assessment and prediction of
efficacy/toxicity of these inhibitors in disease models
[pharmacokinetic/pharmacodynamic (PK/PD)] and patients
(Gray-Schopfer et al., 2007; Zhang et al., 2009; Courtney
et al., 2010; Fabbro et al., 2012; London, 2013).

While we can expect more approvals for kinase inhibitors
to come, the challenges of finding selective compounds with
good physicochemical and PK properties remain and the
intellectual property space is crowded.

Despite their central role in biology and their sizable
potential as therapeutic targets, only a small fraction of
the human protein kinases have been functionally anno-
tated. In addition, we are short of selective small molecule
kinase inhibitors to address unmet medical need in cancer,
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metabolism, inflammation and other diseases (Fedorov et al.,
2010; Knapp et al., 2013). On the contrary, there are many
‘specific’ protein kinase inhibitors that cannot be used as
drugs for reasons of toxicity or solubility but which are
extremely useful as research reagents to better understand the
cellular networking in normal and diseased tissues (Robert
et al., 2005; Force et al., 2007). Using low-molecular-weight
compounds offers considerable advantages in experimental
demands and interpretation of results over RNA interference

techniques and genetic knockout or knock-in models, which
are limited by the kinetics of their effects and the inability to
discriminate between scaffolding and catalytic roles of the
target protein. Thus, selective chemical probes to function-
ally annotate, in particular, the untapped kinome could
stimulate new drug discovery efforts to address unmet
medical needs. Since the size of the human kinome combined
with the high cost associated with probe generation
severely limits access to new probes, potentially a large-scale

Figure 7
(A) Major issues in kinase drug discovery. (B) Pie chart showing the percentage distribution of clinically relevant driver mutations in lung
adenocarcinoma [adapted from with high costs ‘Chipping away at the lung cancer genome’ by Pao and Hutchinson (2012)]. (C) Selectivity of
selected approved protein kinase inhibitors as determined by the DiscoverX KinomeScan. The human kinome is represented as circular
phylogenetic tree without the atypical protein kinases and results are reported as a map (Treespot), which allows visualizing compound
interactions across the human kinome panel. AZD6244 (selumetinib) is an allosteric MEK inhibitor which displays the same selectivity as
trametinib. Data are taken from http://www.discoverx.com/tools-resources/interaction-maps.
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public–private partnership may minimize redundancy and
sharing of risk and cost (Knapp et al., 2013).

The major challenge for kinase drug discovery is not only
to better understand the disease dependence of the target
kinase but also to anticipate the emerging resistance to kinase
inhibitors under treatment. Kinase inhibitors are being and
have been designed to specifically target kinase alleles with
GOFs (Blume-Jensen and Hunter, 2001; Fabbro and
Garcia-Echeverria, 2002a). Despite these successes, it should
be emphasized that patients most likely to benefit from these
kinase inhibitors often relapse after an initial response. Thus,
emergence of drug resistance is not limited to conventional
chemotherapeutic drugs but extends to drugs with a targeted
mode of action (Engelman and Settleman, 2008a).

Resistance to kinase inhibition

The mechanisms of multidrug resistance (MDR) to chemo-
therapeutic drugs have been studied and are not only limited
to reduced drug accumulation but also involve changes in the
level of target proteins, mutations which diminish drug
binding, trapping of drugs in acidic vesicles, enhanced
metabolism of drugs by cytochrome P450 (CYP) mixed func-
tion oxidases, increased tolerance of cellular DNA damage
and diminished apoptotic signalling (Gottesman, 2002;
Szakacs et al., 2006; Hall et al., 2009). Apart from the usual
mechanisms of drug inactivation in cancer as well as the
findings that quiescent tumour stem cells are refractory to
kinase inhibitors (Graham et al., 2002), there are additional
target-related mechanisms for resistance that are not based
upon mutations of the target kinase. Drug resistance to tar-
geted agents such as kinase inhibitors can occur either by
compensatory mechanisms or by reducing the affinity of the
kinase to its inhibitors (Szakacs et al., 2006; Fabbro et al.,
2011).

In its simplest way, protein kinases escape inhibition by
mutating key residues in their catalytic domains (Hunter,
2000; Gorre et al., 2001; Kobayashi et al., 2005; Takano et al.,
2005; Ventura and Nebreda, 2006; Ali and Ali, 2007;
Engelman et al., 2007; Chandarlapaty et al., 2011). The most
commonly found point mutation leading to resistance con-
comitant with relapses affects the gatekeeper residue whose
size and shape regulate the properties of the hydrophobic
pocket located at the back of the ATP binding site. These
mutations include the Thr-gatekeeper of BCR–ABL1 (T315I)
(Gorre et al., 2001; Sawyers, 2004; Fabbro et al., 2005), KIT
(T670I) (Heinrich et al., 2003; Fletcher and Rubin, 2007),
platelet-derived growth factor receptor-α (PDGFRα) (T674I)
(Cools et al., 2003), PDGFRβ (T681I) (Daub et al., 2004) and
Src (proto-oncogene tyrosine-protein kinase Src) T341M
(Bishop, 2004), as well as other types of gatekeepers such as
L1196M in ALK (Katayama et al., 2012), G697R in FLT3 (fetal
liver kinase-3) (Cools et al., 2004) and V561M in FGFR1
(fibroblast growth factor recptor-1) (Blencke et al., 2004). Loss
of affinity to the kinase inhibitor is either due to a steric clash
between inhibitor and the mutated gatekeeper, like in the
case of BCR-ABL, or by significantly increasing the affinity for
ATP and thereby reducing the affinity for the kinase inhibi-
tors, like in the case of the EGFR (Daub et al., 2004; Kobayashi
et al., 2005; Pao et al., 2005). Inhibitors targeting the inactive

conformation of protein kinases are generally more prone to
resistance mutations. In this case, a single mutation can act
both by destroying crucial interactions and/or destabilizing
the target conformation. Two frequent types of activating
mutation in the gatekeeper and in the A-loop serve to illus-
trate the link between mutation and conformation. While
the gatekeeper mutation is well conserved (Azam et al., 2008),
the A-loop mutations are diverse (Dibb et al., 2004). Both
types of mutations may activate the kinase (Azam et al.,
2008). In addition to blocking access to the hydrophobic
back-pocket (which is detrimental to ligand binding),
mutation of a small to a large hydrophobic gatekeeper also
stabilizes the active conformation, presumably by stabiliza-
tion of the R-spine (Kornev et al., 2006; Taylor and Kornev,
2011).

In addition, mutations in MEK1 and ABL illustrate the
diversity of the resistance mechanisms: (i) although many
different mutations have been reported for MEK1 also in the
context of the RAF resistance (Van Allen et al., 2014), they
seem to work by a common mechanism in which the inter-
face with the autoinhibitory N-terminal helix is disrupted or
(ii) in the case of ABL, the most common and most resistant
mutations interfere directly or indirectly with the binding of
the drug, but other mutations map all over the kinase domain
and it is unclear how some of these confer resistance
(Apperley, 2007). The most dominant mutation in terms of
resistance in both ABL and ALK is due to the gatekeeper
mutations T315I and L1196M, which make them insensitive
to imatinib and crizotinib respectively (Figure 5).

Mutations of the gatekeeper as well as other kinase
domain mutations confer resistance to a wide spectrum of
kinase inhibitors without affecting the kinase activity and
may explain a fraction of cases of acquired resistance. The
resistance mechanisms to kinase inhibitors are multiple and
aim, in cancer, in the large part to restore the activity of the
original ‘cancer-addicting’ pathway. This can occur either by
conformational changes in the kinase domain or by reacti-
vating the pathway downstream and/or parallel to the tar-
geted kinase (Hunter, 2000; Gorre et al., 2001; Sawyers, 2004;
Kobayashi et al., 2005; Takano et al., 2005; Rubin and
Duensing, 2006; Ventura and Nebreda, 2006; Ali and Ali,
2007; Engelman et al., 2007; Chandarlapaty et al., 2011;
Fabbro et al., 2011; Serra et al., 2011; Logue and Morrison,
2012; Trusolino and Bertotti, 2012; Workman et al., 2013b).
Compensatory changes in the signalling pathways bypassing
the drug-mediated inhibition and restoring the inhibited sig-
nalling pathway include the following:

1 amplification of the target kinase like BCR–ABL in CML (le
Coutre et al., 2000) or dimerization of aberrantly spliced
BRAF(V-600E) (Poulikakos et al., 2011)

2 up-regulation of receptor TPKs following either inhibition
of PI3K (Serra et al., 2011; Rodon et al., 2013) or
up-regulation of MET, IGF1R or AXL (AXL tyrosine kinase)
in the acquisition of resistance to EGFR kinase inhibition
(Engelman et al., 2007; Turke et al., 2010; Logue and
Morrison, 2012)

3 activation of the RAS-RAF-MAPK and/or PI3K/Akt path-
ways by several mechanisms can override the effects of
receptor TPK inhibitors by activating point mutations in
PI3K, LOF/deletions of the PTEN (phosphatase and tensin
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homologue) phosphatase, activation of RAS isoforms,
activation of COT (cancer Osaka thyroid aka MAP3K8 aka
Tpl2; the immunological counterpart of RAF) (She et al.,
2003; Johannessen et al., 2010; Corcoran et al., 2011;
Prahallad et al., 2012)

4 signalling redundancies, interconnections through
pathway crosstalk and feedback loops have also been iden-
tified as contributors to drug resistance (Janne et al., 2009;
O’Reilly and McSheehy, 2010; Mendoza et al., 2011;
Rodrik-Outmezguine et al., 2011; Chandarlapaty, 2012;
Logue and Morrison, 2012; Trusolino and Bertotti,
2012). Allosteric inhibition of mTORC1 by rapamycins
leads to disruption of a negative feedback loop, which
activates Akt counteracting its anti-proliferative effects
(Chandarlapaty, 2012). Inhibition of PI3K/mTOR signal-
ling may lead to activation of the JAK/STAT5 pathway
(Britschgi et al., 2012), while inhibition of mutant V600E-
B-RAF by vemurafenib in cells with oncogenic RAS causes
unexpected activation of the MAPK cascade by favouring
the formation of wt BRAF and CRAF dimerization which
can result in kerato-acanthomas in patients (Chapman
et al., 2011; Poulikakos et al., 2011).

5 Factors regulating the bioavailability and intracellular
concentration of inhibitors, such as poor intestinal
absorption, tight binding to blood plasma proteins, over-
expression of the MDR genes and/or increased metabolism
of the drug by liver cytochrome P450 proteins, have also
been linked to primary resistance (Mahon et al., 2003;
Apperley, 2007).

All of these mechanisms demonstrate the plasticity of cancer
cells and the many ways by which a tumour can evade tar-
geted therapies. Strategies have been deployed to override
these various types of resistances, including compounds
capable of circumventing the target-related drug resistance by
developing ‘second-generation’ kinase inhibitors (Lombardo
et al., 2004; Weisberg et al., 2005; Adrian et al., 2006;
Quintas-Cardama et al., 2007; Engelman et al., 2008b; Fabbro
et al., 2010; Zhang et al., 2010).

For example, inhibitors that bind covalently to the ATP
binding site of EGFR have been developed for the emerging
resistance to gefitinib and erlotinib (Kwak et al., 2005;
Heymach et al., 2006; Felip et al., 2007; Zhou et al., 2011).
Several of these covalent inhibitors are in late stage clinical
trials (Zhang et al., 2009; Liu et al., 2013). Alternatively, these
type of covalent inhibitors, as in the case of ibrutinib, have
been designed upfront to bind covalently to Cys481 of BTK
and recently approved for B-cell malignancies (Byrd et al.,
2013; Wiestner, 2013; Akinleye et al., 2014). Although ibruti-
nib has shown impressive clinical results, patients that have
disease progression revealed a C481S mutation in their BTK
that abrogates the covalent binding to ibrutinib (Furman
et al., 2014).

Non-covalent inhibitors that can tolerate the amino acid
exchange at the gatekeeper position have also been devel-
oped and, like ponatinib, approved for the T315I ABL gate-
keeper mutant (O’Hare et al., 2009; Hoy, 2014). Targeting the
gatekeeper mutation usually leads to low selectivity with
deleterious side effects, leading to retraction from the market
due to safety issues (Force et al., 2007; Cheng and Force, 2010;
Dalzell, 2013).

A further approach is to target the kinase outside the ATP
binding sites with the goal of combining the ATP-site-
directed inhibitors (type-1 and type-2) with the type-3 inhibi-
tors (Cowan-Jacob et al., 2014). A remote binding site on the
kinase domain is addressed by the GNF-2 compound, which
was found by a phenotypic screen shown to target the Myr-
pocket binding site of ABL (Adrian et al., 2006; Fabbro et al.,
2010; Zhang et al., 2010). Exploration of the combined effi-
cacy between the Myr-pocket and ATP binding sites signifi-
cantly increased the survival of mice in bone marrow
transplantation CML models compared to treatment with
either agent alone (Zhang et al., 2010). In addition, the
improved potency of second-generation Myr-pocket binder
against wt ABl and T315-ABL also translated into a high level
of degree of synergy in BaF3 cells transformed with BCR-ABL-
T315I when combined with ATP-site-directed inhibitors such
as nilotinib or dasatinib, as has been noted in previous
studies (Fabbro et al., 2002b; Zhang et al., 2010). Surprisingly,
NMR and small angle X-ray scattering analyses revealed an
open state of the ABL when bound to ATP-site-directed
inhibitors, such as imatinib, leading to the detachment of the
SH3-SH2 domains from the kinase domain and the formation
of an ‘open’ inactive state, which is inhibited in the ATP site,
which can be reversed by the addition of the Myr-pocket
binder (Skora et al., 2013). Whether these data explain the
synergy between the Myr-pocket binder and ATP-directed
inhibitors which appear to overcome the T315I-ABL-
mediated drug resistance remains to be seen. The findings
on the actions of the two classes of inhibitors on a single
target kinase may help to devise new strategies for drug
development.

Another approach is to combine different kinase inhibi-
tors targeting kinases of the same pathway like in the case of
vemurafenib where the emerging resistance is not due to
mutations in the B-Raf (V600E) but rather in the downstream
MEK1 (Wagle et al., 2011; Medina et al., 2013). This has
recently resulted in the approval of the dabrafenib (a RAF
inhibitor) and trametinib (a MEK1 inhibitor) combination for
metastatic melanoma (Table 1) (King et al., 2013).

Unfortunately, only a very limited number of non-ATP-
competitive kinase inhibitors have thus far been identified,
which could also be used to address the resistance caused by
mutations in the ATP binding site (Cowan-Jacob et al., 2014).
In addition, predicting clinical resistance to the targeted
kinase inhibitor therapy is a gamble. Taking the example of
BCR-ABL, saturation mutagenesis could predict most of the
imatinib-resistant mutants in the kinase domain found in the
clinic (Azam et al., 2003; 2008). In contrast, adopting a
similar approach as the B-Raf (V600E) or MEK1 would have
failed as the acquired resistance is multiple and mainly due to
reactivation of the signalling pathway (Corcoran et al., 2011).
It should be emphasized that detecting clinical resistance is
difficult to resolve due to the paucity of matched biopsies and
limited coverage even of next-generation sequencing panels.

Resistance to kinase inhibitors in non-oncological indica-
tions is less likely to occur, as the selection pressure for the
disease causing cell survival and the complexity of the desta-
bilized genome, as is often the case in advanced cancers, is
lower.

Thus, resistance to protein kinase inhibitors can emerge
in several ways under treatment, raising the issue of an
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endless chase of resistance alleles, with ever more specific
inhibitors.

A comprehensive combination of inhibitors, which take
care of the resistance in the target kinase as well as of com-
pensatory signalling, will be required to combat the emerging
resistance in targeted cancer therapies. The only way to
approach these problems is to use a rational combination of
drugs.

Future perspectives in kinase drug
discovery

Kinase inhibitor drug discovery has evolved into a mature
field, with a wealth of structural and biological insights, as
well as pharmacological tools. At the same time, we have only
scratched the surface of the target space and are continuously
humbled by the complexity of signalling pathways. The field
has seen a lot of reasons why a target can fail regardless of
how compelling the genetics may be. We often discover
unexpected biology upon pharmacological inhibition. We
have yet to understand feedback, compensatory mechanisms
and resistance mechanisms better. We have yet to understand
target toxicity and how it translates from preclinical species
to man. State-of-the-art kinase drug discovery needs to take
into account all of these subtleties and incorporate the
lessons learned to succeed with the kinase targets of the
future.

Understanding the conformational changes of protein
kinases, which as molecular switches transition from the ‘on-’
and ‘off-states’, will allow for a better design of inhibitors and
will provide a common framework for understanding the
activation of the kinase, disease causality, therapeutic modali-
ties and resistance. Aberrant activation of protein kinases
occurs by pushing the equilibrium towards a constitutive
active conformation, which is very similar in all protein
kinases and in its essence can be defined by the DFG-motif
forming the typical turn-hairpin-turn conformation in tight
contact with the C-helix.

The large number of kinase inhibitors in clinical develop-
ment will ensure a constant flow of novel targeted therapies,
with increasing numbers in non-oncological indications, to
the clinic over the next 10 years. The vast majority of kinase
inhibitors are, at present, for various oncology indications,
which not only reflects the more acute nature of the disease
but also the greater tolerability with respect to potential side
effects. The future of protein kinase-targeted therapeutics in
cancer appears promising, despite the fact that several protein
kinase inhibitors that have entered human clinical trials are
not very specific and did not achieve the anticipated results.
This situation may be improved by the upcoming second
generation of kinase inhibitors with a better selectivity that
will be applied to a genetically better defined patient popu-
lation. The development of kinase inhibitors for non-life-
threatening indications where chronic regimens are being
used will require a priori a better target selectivity to minimize
side effects. Identification of highly selective kinase inhibitors
and activators should lead to an expansion of the chemical
and biological kinase space, as well as to an improved under-
standing of their therapeutic limitations and potentials.
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