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Protein kinases regulate nearly all aspects of cell life and 
alterations in their expression, or mutations in their genes,  
are implicated in various processes of carcinogenesis and 
pathologically involved in many other diseases, including 
autoimmune and inflammatory diseases, degenerative disorders 
and infectious diseases. Remarkable progress has been made  
over the past 20 years in improving the potency and specificity  
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Abbreviations 
AKT, protein serine threonine kinase encoded by the AKT gene, also called 
protein kinase B (PKB); ALK, anaplastic lymphoma kinase; BRAF, one of the three 
isoforms of the rapidly accelerated fibrosarcoma (RAF) serine/threonine protein 
kinase; BTK, Bruton’s tyrosine kinase; CDK, cyclin-dependent protein kinase; 
CML, chronic myelogenous leukaemia; EGFR, epidermal growth factor receptor; 
ERK, extracellular signal-regulated kinase kinase; FGFR, fibroblast Growth Factor 
Receptor; GIST, gastro-intestinal-stromal tumour; HER2, human epidermal 
growth factor receptor 2; JAK, janus kinase; MEK, mitogen-activated protein 
kinase or extracellular signal-regulated or extracellular signal-regulated kinase; 
MET, MNNG HOS transforming gene tyrosine kinase; NTRK, neurotrophic tyrosine 
receptor kinase; PI3K, phosphatidylinositol 3-kinase; RAF, rapidly accelerated 
fibrosarcoma, a protein serine/threonine kinase; RAS, a GTPase encoded by the 
RAS proto-oncogene; RET, receptor tyrosine kinase encodrd by the RET proto-
oncogene; ROS, receptor tyrosine kinase encoded by the ROS proto-oncogene; 
VEGFR, vascular endothelial-derived growth factor receptor.
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Approval of the 
first EGFR tyrosine 
kinase inhibitors 
(TKIs) for lung 
cancer (gefitinib, 
erlotinib)

Approval of first RAF inhibitors vemurafenib 
and dabrafenib for malignant melanoma; 
rational development of the first Ser/Thr 
kinase inhibitors 

Next-generation inhibitors 
of BCR-ABL (dasatinib and 
nilotinib) approved for CML

Approval of the first ALK inhibitor 
crizotinib for lung cancer First CDK4/CDK6 inhibitors 

approved for breast cancer

Approval of first JAK inhibitor 
ruxolitinib for myelofibrosis

The first allosteric kinase inhibitor (trametinib), 
approved for malignant melanoma. 

First covalent kinase inhibitors approved; second-
generation EGFR inhibitor afatinib for lung cancer, 
BTK inhibitor ibrutinib for haematological cancers

First NTRK inhibitors approved for the treatment 
of thyroid, salivary and other solid tumours

First specific FGFR inhibitor 
(erdafitinib) approved for 
bladder cancer

First PI3Kα inhibitor apelisib 
approved for breast cancer

CDK4/CDK6 inhibitor trilacyclib 
approved for lung cancer

VEGFR inhibitor tivozanib 
approved for renal cell 
carcinoma

Approval of the HER2/EGFR 
inhibitor lapatinib for 
breast cancer

Third-generation kinase inhibitor 
(osimertinib) approved as the first line 
treatment for EGFR mutant lung cancer

First third-generation ALK inhibitor 
(lorlatinib) approved for the treatment 
of crizotinib-resistant lung cancer

First kinase inhibitors able to cross the blood brain 
barrier (BBB) approved (osimertinib, lorlatinib)

Third generation EGFR inhibitors 
osimertinib and olmutinib approved for 
EGFR[T790M]-resistant lung cancer

The JAK inhibitor tofacitinib approved for 
rheumatoid arthritis. First rationally designed 
kinase inhibitor approved for a disease other 
than cancer

Improved next-generation BCR-ABL inhibitors 
(ponatinib, bosutinib and radotinib) approved for 
CML that inhibit many imatinib-resistant mutants 

Approval of the first 
rationally designed 
kinase inhibitor (imatinib) 
for CML and GIST

Approval of multi-targeted 
kinase inhibitors for renal 
cancer

First combination therapy 
exploiting two kinase 
inhibitors (dabrafenib plus 
trametinib) approved for 
malignant melanoma

First PI3Kδ inhibitor idelalisib 
approved for chronic 
lymphocytic leukaemia (CLL)

First kinase inhibitors targeting mutant MET 
(capmatinib, tepotinib) approved for lung cancer

Kinase inhibitors targeting mutant RET (selper-
catinib and pralsetinib) approved for lung and 
thyroid cancers

First kinase inhibitor approved for early-stage 
adjuvant treatment of lung cancer following 
surgery (osimertinib)

MEK inhibitor selumetinib approved for treatment 
of children with neurofibromatosis type 1

More potent and specific second generation inhibitors 
of ALK, ROS, RET and MET approved for lung cancer

VEGFR inhibitors targeting 
angiogenesis approved for 
solid tumours (renal, thyroid 
and colorectal cancer)
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Second generation HER2 inhibitors (neratinib 
and tucatinib) approved for breast cancer

Tyrosine kinase inhibitors

Serine/threonine kinase inhibitors

PI 3-kinase inhibitors

Ligands

RTKs

GTP-Ras

BRAF

MEK

ERK1/ERK2

Substrates

Proliferation or differentiation

• Gefitinib
• Erlotinib
• Osimertinib
• Crizotinib

• Brigatinib
• Alectinib, 
• Capmatinib
• Tepotinib

Mutated or
overexpressed in
cancers

KRas is mutated
in many cancers

The B-Raf[V600E]
mutation is a major
cause of melanoma

• Dabrafenib
• Vemurafenib
• Encorafenib

• Trametinib
• Cobimetinib
• Binimetinib
• Selumetinib 
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First-generation inhibitors have an 
anilinoquinazoline core backbone 
structure and bind reversibly in 
competition with ATP to potently 
inhibit EGFR catalytic activity.

Second-generation inhibitors share the 
quinazoline core structure, but contain 
a covalent warhead that enables 
irreversible binding, which increases 
potency but also increases toxicity. 
Afatinib forms a covalent bond with 
Cys797 of the EGFR.

Third-generation inhibitors 
overcome the EGFRT790M mutation. 
They contain a covalent warhead and 
a pyrimidine core backbone that is 
structurally distinct from the 
quinazoline-based structures. 
Osimertinib also forms a covalent 
bond with Cys797.
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Guided by increased molecular and structural understanding 
of human kinases, the design of kinase inhibitors has been 
improved in multiple ways over the last 20 years. Approaches 
aimed at improving selectivity and overcoming the challenges 
of resistance encouraged a move away from ATP-competitive 
agents and a renewed interest in covalent inhibitors.  
EGFR kinase inhibitors are a key example of the theme of  
next- generation agent development to continuously improve 
drug properties.

The generation of kinase inhibitors that cross the blood–brain 
barrier (BBB) is becoming critical, because metastasis to the 
brain is now a common clinical issue that patients with advanced 

cancer are surviving for longer, and the brain is a sanctuary  
site for cancer cells that evade drug targeting. A deeper 
understanding of the properties a drug needs to cross the 
BBB and avoid efflux transporters is now resulting in the 
development and exploitation of increasing numbers of  
CNS-penetrant kinase inhibitors. (REFS 2, 9–12) 

Despite these advances, acquired resistance to next-
generation agents unfortunately still occurs, and new 
treatment approaches continue to be needed. One promising 
approach is the use of combination therapy that combines 
inhibitors of the original kinase mutation with inhibitors of a 
second kinase to block the predominant cause of resistance.

Resistance to kinase inhibitors can 
be categorized as either innate/
primary resistance or acquired 
resistance. Intrinsic resistance  
can be caused by tumours that 
harbour a population of cancer 
cells that are refractory to target 
inhibition from the outset owing  
to, for example, co-existing genetic 
aberrations in multiple oncogenic 
pathways. Acquired drug resistance 
is complex and the mechanisms  
are diverse, but they all result  
from cancer cells finding a route  
to maintain continued proliferative and 
survival signalling, despite the continued 
presence of the original kinase inhibitor. 
Acquired resistance mechanisms can be caused 
by on-target secondary mutations, by the 
acquisition of ‘bypass’ signalling pathways or 
by histological transformation. Alternatively, 
they can be tumour cell extrinsic and caused 
by an alteration in the biology of the tumour 
microenvironment, or result from metastatic 
tumour cells evading the inhibitor by finding a 
sanctuary that the inhibitor cannot gain access 
to, such as the CNS.
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of small-molecule inhibitors of protein and lipid kinases and in 
addressing the challenge of drug resistance to kinase inhibitors. 
Together, such advances have culminated in the approval of more 
than 70 new drugs since imatinib was approved in 2001. These 
compounds have had a significant impact on the way in which we 
now treat various cancers as well as several non-cancerous 
conditions. (REFS 1–3)

The activation of RTKs 
triggers the conversion 
of the small guanine 
nucleotide-binding 
protein RAS from its 
inactive GDP-bound 
state into the active 
GTP-bound state.  
GTP–RAS then switches 
on the classical 
mitogen-activated 
protein (MAP) kinase 
pathway, a ‘cascade’  
of protein serine/
threonine kinases that 
activate each other 
sequentially.

Activation of RTKs and protein serine/threonine kinases in cancer
Receptor tyrosine kinases (RTKs) are cell surface receptors that bind and respond to growth 
factors to regulate cell growth, differentiation and survival. One of the most common intracellular 
signalling pathways triggered by RTKs is the mitogen-activated protein (MAP) kinase cascade. The 
MAP kinase cascade is frequently hyperactivated in lung and other cancers due to overexpression  
or mutation of RTKs (such as EGFR, ALK and MET) and downstream effectors (most commonly RAS 
and BRAF).

A number of drugs that target the RTKs EGFR, ALK and MET, as well as the downstream kinases 
BRAF and MEK, have gained approval. Activation of RTKs can also trigger activation of type 1 PI3K 
signalling, another intensive focus of drug discovery. Due to various challenges, including poor drug 
tolerance and drug resistance, only a small number of agents targeting PI3Ks are approved. (REFS 2, 4, 5)
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