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Aims and Scope of the Series
Biochemistry, the study of chemical transformations occurring within living 
organisms, impacts all of the life sciences, from molecular crystallography and 
genetics, to ecology, medicine and population biology. Biochemistry studies 
macromolecules - proteins, nucleic acids, carbohydrates and lipids –their building 
blocks, structures, functions and interactions. Much of biochemistry is devoted 
to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles 
in the life process. Biochemical experimentation, besides coopting the methods 
of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray 
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying 
and examining individual components of a biological system; in exemplary words 
of Efraim Racker, (1913 –1991) “Don’t waste clean thinking on dirty enzymes.” 
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The 
‘big data’ metabolomics can define the complement of small molecules, e.g., in a 
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g., 
serum; metagenomics can identify all the genes in a complex environment e.g., the 
bovine rumen.  
This Biochemistry Series will address both the current research on biomolecules, 
and the emerging trends with great promise.
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Preface

Exploring new cancer targets is integral for developing effective anticancer drugs. 
Protein kinase-driven phosphorylation is one of the vital mechanisms controlling 
intracellular signalling pathways that regulate many cellular processes, such as cell 
division, proliferation, growth, survival, and apoptosis. Alteration of different 
protein kinases can result in remarkable changes in these processes. Moreover, these 
protein kinases are frequently recognized as oncogenic and can be crucial for the sur-
vival and spread of cancer cells. Because of the fundamental role of protein kinases in 
cell biology and their function in numerous sarcomas and cancers, an intensive search 
for new kinase inhibitors in academia and industries has been enduring for the last 
two decades. This book includes seven chapters by leading researchers in the field that 
focus on protein kinase signalling pathways as a molecular drug target for anticancer 
drug design.

In Chapter 1, the authors summarize the progress in protein kinase targeted drug 
development against cancer over the last five years. Protein kinase has become 
the most imperative and commercial class of drug target, enticing pharmaceuti-
cal industries to spend 30% of their current research investments in developing 
kinase inhibitors for various therapeutic implications. This is exemplified by the 
fact that seventy-five drugs targeting protein kinase have been clinically approved 
to date. More than 100 kinase inhibitors are in the final stages of development 
and are likely to be approved in the coming years. Only about 10% of kinases have 
been studied extensively to date. Despite tremendous advancements in kinase 
drug development, many kinases are unexplored as of yet. The development of 
kinase inhibitors will be expected at the forefront of medicine for the foreseeable 
future.

Kinase-targeting drug design is challenging. It requires designing inhibitors that can 
bind to specific kinases when all kinase catalytic domains share a common fold-
ing scaffold that binds adenosine triphosphate (ATP). Thus, obtaining the desired 
selectivity, given the whole human kinome, is fundamental during early-stage drug 
discovery. Several protein kinase inhibitors have been developed in the last decade, 
but lack of selectivity and adverse toxicities resulted in the discontinuation of these 
promising drug candidates. But now, scientists are questing for selective kinase 
inhibitors to get rid of any unwanted toxicity. In this context, Chapters 2 and 3 are 
devoted to protein kinase selectivity. In Chapter 2, Grossman and Adler summarize 
the challenges and common toxicities of kinase inhibitors, management of associ-
ated toxicities, and different methodologies available for measuring and quantifying 
kinase inhibitor selectivity. It also discusses newly emerging inhibitors that are more 
selective and safer.

In Chapter 3, Zhao and Bourne work on deciphering and analyzing the kinase-
ligand characteristic and structure-activity relationship and prioritizing the desired 



drug molecules across the whole kinome. To obtain the desired kinase selectivity, 
the complete human kinome was explored by in silico structure-based method 
synergistically with multiple cell-based or protein-based assay platforms such as 
KINOMEscan.

c-Src tyrosine kinase plays an essential role in signal transduction pathways, where 
its activity is regulated by phosphorylation of the two tyrosine residues. Chapter 4 by 
Sangwook Wu et al. perform targeted molecular dynamics simulation to obtain the 
trajectory of conformational transition of c-Src tyrosine kinase from inactive to active 
form using network analysis to time series of correlation among residues. Based on 
the analysis of the three centrality measures (betweenness, closeness, and degree), 
it was observed that Lys321 plays an essential role in the conformational transition 
of c-Src tyrosine kinase and may be another candidate for a switch for the conforma-
tional transition of c-Src tyrosine kinase.

Chapter 5 by Theivendren et al. discusses the function of protein kinases in signal 
transduction and their cellular signaling pathways with beautiful illustrations. This 
chapter delves into the catalytic domain of protein kinases, the effect of over-
expression and the therapeutic roles of various protein kinase inhibitors. It also 
outlines a systematic method for hybrid therapies to solve the issue of protein kinase 
resistance.

Receptor tyrosine kinases (RTKs) are important molecules involved in regulating 
different cellular functions. Recently, RTKs have been extensively studied, as they 
are associated with different types of cancer and related diseases. Chapter 6 by 
Somi Patranabis presents recent advances and challenges in RTK-related research 
to obtain an overview of the problems and possibilities associated with targeted 
therapy. This chapter helps in deciphering novel therapeutic applications of RTKs 
in the future.

The dawn of protein kinase inhibitors in cancer therapy has led to a paradigm 
shift in treating cancer. So far, there are sixty-two FDA-approved therapeutic 
agents targeting different protein kinases, eight of which were approved in 2020. 
Chapter 7 by Hulya Ayar Kayali et al. focuses on kinases’ role in oncogenic path-
ways and the kinase inhibitors targeting these pathways as a therapeutic option. 
These protein kinase inhibitors are grouped as growth factor receptor inhibitors, 
Ras/Raf/Mek inhibitors, phosphoinositide 3-kinase (PI3K), and cyclin-dependent 
kinase inhibitors with structures and mechanisms of action. It also describes other 
targets and agents such as protein kinase c and 3 phosphoinositide-dependent 
kinase 1. 

I would like to thank all the contributors for their intricate and scholarly work. We 
are also grateful to Ms. Marijana Francetic at IntechOpen, who took over the man-
agement of the production of this book under the challenging circumstances of the 
COVID pandemic and whose contribution is much appreciated. We are confident that 

IV



this book will be a compelling guide to facilitate researchers, pharmacologists, and 
medicinal chemists in understanding the mechanism of protein kinase, which can 
help develop new anticancer agents. 

Rajesh Kumar Singh 
Department of Pharmaceutical Chemistry,

Shivalik College of Pharmacy, Nangal, 
IKG Punjab Technical University, 

Jalandhar, Punjab, 
India
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Chapter 1

Introductory Chapter: Protein 
Kinases as Promising Targets for 
Drug Design against Cancer
Rohit Bhatia and Rajesh K. Singh

1. Introduction

Cancer is one of the most dreadful and highly prevailing life-threatening  ailments 
of the modern age. Despite a great advancement in the health sector, still it is the lead-
ing cause of mortality around the globe [1, 2]. The continuous research is in progress 
for several years to design therapeutic agents against cancer with greater efficacy, 
specificity, and least toxicity. For the past two decades, the protein kinase family has 
been greatly focused by the researchers for drug development against cancer. There 
are about 538 protein kinase enzymes that are encoded by the human genome, which 
function mainly by transferring a γ-phosphate group from the ATP site toward amino 
acid residues such as serine, threonine, or tyrosine residues [3–5]. It is evident that 
several members of this protein kinase family have tendencies to initiate and develop 
human cancers [6, 7]. The recently developed small molecules as potential kinase 
inhibitors in the therapy of a variety of cancers have witnessed the significance of 
kinases as a target against cancers. Moreover, these are in second place as a target 
for drugs after the G-protein-coupled receptors [8]. Protein kinases are associated 
with the promotion of cell proliferation, migration, and survival and, when they are 
dysregulated/overexpressed, lead to oncogenesis [9, 10]. During the past decades, it 
has been observed that human malignancies are largely associated with modulation or 
dysfunction of protein and lipid kinases due to the deactivation of phosphatases result-
ing from chromosomal abnormalities or mutations [11, 12]. It is worth notable that 
the anti-inflammatory kinases such as EGFR, VEGFR, BCR-ABL, ALK, KIT, HER2, 
and several others are involved in the development of solid cancers including chronic 
lymphoid leukemia, lymphoblastic leukemia, mantle cell lymphoma, myelogenous 
lymphoma, and several other types of cancers [13]. These kinases show a pro-tumor 
effect associated with loss of normal kinase functioning followed by mutations and 
associations with high-regulatory T cell pathogens [14]. These pathogens ultimately 
activate the anti-inflammatory kinases and initiate the development of solid cancers. 
The role of some kinases in the development of cancers has been depicted in Figure 1.

Kinase amplifications are able to play diagnostic, prognostic, therapeutic as well 
as biomarker roles in cancer [15]. The amplifications of EGFR have been well seen in a 
variety of cancers including non-small cell lung cancer, colorectal cancer, bladder can-
cer, pancreatic, and breast cancer, whereas ERBB2 amplifications are associated with 
esophageal, gastric, breast, and ovarian cancers [16–18]. Overexpression of EGFR, 
ERBB2, EPHA2, and AKT2 are the best examples of biomarkers for cancers [19, 20].
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2.  Progress in the development of protein kinase inhibitors against cancer

In the past two decades, there has been a remarkable progress made in the drug 
development process involving protein kinases as a target. The first FDA approved 
drug imatinib was launched in 2001 against chronic myeloid leukemia which inhibits 
Abelson (ABL) tyrosine kinase [21]. It was proved to be a blockbuster drug with 
polypharmacological effects. From 2001 to 2021, in a span of 20 years, there has 
been an extraordinary progress made with the discovery of more potent and specific 
small-molecule kinase inhibitors and about 70 new drugs have got approval in this 
time span [22]. These drugs have left a promising positive impact to improve the drug 
design strategies and therapy to treat the cancers and conditions associated with it. 
Table 1 comprises the details of kinase inhibitor drugs approved by the FDA from 
2015 to 2021 [23–58].

The modern strategies adopted for the development of selective kinase inhibitors 
include synthesis along with structure-based design approaches facilitated by molecu-
lar docking, crystallographic studies, and NMR spectroscopy [59]. It is surprising that 
alone USA has filed more than 10 thousand patent applications for kinase inhibitors 
since 2001. Beyond the discovery of small-molecule kinase inhibitors, kinase-targeted 
antibodies have also been postulated against different cancers such as cetuximab 
(colorectal, head, and neck cancer), trastuzumab (breast cancer) [60]. Various 
small-molecule kinase inhibitors have different inhibitory modes and on the basis of 
these modes, these inhibitors have been divided into five categories (Figure 2). Type 
I inhibitors contain a heterocyclic moiety in their structure to occupy purine binding 
pocket and serves as a template for side chains to occupy the hydrophobic region. 
These inhibitors are basically ATP-binding site competitors and mimic the purine 
ring of ATP. These bind to the active conformational side and cause alteration of 
structural conformation [61]. Type II inhibitors target the inactive conformation and 
occupy the catalytic region of the unphosphorylated inactive conformation. These 
kinases explore the new binding patterns in the hydrophobic pocket associated with 
conformational changes of phenylalanine residue of the Asp-Phe-Gly (DFG) system 
[62]. Type III inhibitors are regarded as allosteric inhibitors and exhibit their action 

Figure 1. 
Impact of protein kinases in development of cancer.
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S. No. Drug Brand 
name

Year of 
approval

Inhibitory 
target

Indication References

1. Palbociclib Ibrance 2015 CDK4/6 
inhibitor

Advanced metastatic 
breast cancer

[23]

2. Lenvatinib Lenvima 2015 VEGFR1/2/3 
inhibitor

Progressive/
differentiated thyroid 

cancer

[24]

3. Cobimetinib Cotellic 2015 MEK inhibitor Melanoma [25]

4. Osimertinib Tagrisso 2015 EGFR 
inhibitor

Non-small cell lung 
carcinomas with 

specific mutations

[26]

5. Necitumumab Portrazza 2015 EGFR 
antibody

Advanced (metastatic) 
squamous non-small 

cell lung cancer

[27]

6. Alectinib Alecensa 2015 ALK inhibitor Non-small cell lung 
cancer

[28]

7. Olaratumab Lartruvo 2016 PDGFRA 
inhibitor

Soft tissue sarcoma [29]

8. Ribociclib Kisqali 2016 CDK4/6 
inhibitor

Advanced breast cancer [30]

9. Brigatinib Alunbrig 2017 ALK and 
EGFR 

inhibitor

Non-small cell lung 
cancer

[31]

10. Copanlisib Aliqopa 2017 PI3K inhibitor Relapsed follicular 
lymphoma

[32]

11. Abemaciclib Verzenio 2017 CDK4/6 
inhibitors

Advanced metastatic 
breast cancer

[33]

12. Acalabrutinib Calquence 2017 BTK inhibitor Mantle cell lymphoma [34]

13. Binimetinib Mektovi 2018 MEK inhibitor Unresectable or 
metastatic melanoma

[35]

14. Encorafenib Braftovi 2018 MEK inhibitor Unresectable or 
metastatic melanoma

[36]

15. Duvelisib Copiktra 2018 PI3K inhibitor Refractory chronic 
lymphocytic leukemia, 

small lymphocytic 
lymphoma, and 

follicular lymphoma

[37]

16. Dacomitinib Vizimpro 2018 EGFR 
inhibitor

Metastatic non-small 
cell lung cancer

[38]

17. Lorlatinib Lorbrena 2018 ALK and ROS1 
inhibitor

Metastatic non-small 
cell lung cancer

[39]

18. Gilteritinib Xospata 2018 AXL inhibitor Relapsed or refractory 
acute myeloid leukemia

[40]

19. Erdafitinib Balversa 2019 FGFR 
inhibitor

Locally advanced or 
metastatic bladder 

cancer

[41]

20. Alpelisib Piqray 2019 PI3K inhibitor Breast cancer [42]
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S. No. Drug Brand 
name

Year of 
approval

Inhibitory 
target

Indication References

21. Pexidartinib Turalio 2019 inhibitor of 
CSF1, KIT, and 

FLT3

Symptomatic 
tenosynovial giant cell 

tumor

[43]

22. Entrectinib Rozlytrek 2019 inhibitor of 
ALK, ROS1, 

TKI, and 
TRKA/B/C

Metastatic non-small 
cell lung cancer

[44]

23. Zanubrutinib Brukinsa 2019 BTK inhibitor Mantle cell lymphoma [45]

24. Avapritinib Ayvakit 2020 PDGFRA 
receptor kinase 

inhibitor

Metastatic 
gastrointestinal stromal 

tumors

[46]

25. Selumetinib Koselugo 2020 BRAF kinase 
inhibitor

Neurofibromatosis 
type I

[47]

26. Tucatinib Tukyssa 2020 EBBR2 
inhibitor

Metastatic HER2-
positive breast cancer

[48]

27. Pemigatinib Pemazyre 2020 FGFR2 
inhibitor

Advanced/metastatic 
or surgically 
unresectable 

cholangiocarcinoma

[49]

28. Capmatinib Tabrecta 2020 MET kinase 
inhibitor

Metastatic non-small 
cell lung cancer

[50]

29. Selpercatinib Retevmo 2020 RET receptor 
kinase

Non-small cell lung 
cancer, metastatic 
medullary thyroid 

cancer, or advanced 
or metastatic thyroid 

cancer

[51]

30. Ripretinib Qinlock 2020 PDGFRA 
and KIT 

receptor kinase 
inhibitor

Gist [52]

31. Pralsetinib Gavreto 2020 RET receptor 
kinase 

inhibitor

Thyroid cancer, non-
small cell lung cancer

[53]

32. Margetuximab Margenza 2020 HER2 inhibitor HER2-positive breast 
cancer

[54]

33. Trilaciclib Cosela 2021 CDK4/6 
inhibitor

Extensive-stage small 
cell lung cancer

[55]

34. Infigratinib Truseltiq 2021 FGFR2 
inhibitor

Cholangiocarcinomas 
with FGFR2 fusion 

proteins

[56]

35. Tepotinib Tepmetco 2021 Met Kinase Met mutation-positive 
non-small cell lung 

carcinoma

[57]

36. Tivozanib Fotvida 2021 VEGFR2 
inhibitor

Renal cell carcinoma [58]

Table 1. 
FDA-approved kinase inhibitors against various cancers during 2015–2021.
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via binding to the outer catalytic ATP-binding site and alter kinase activity in an 
allosteric way. Type IV kinase inhibitors are regarded as substrate-directed inhibitors 
and undergo reversible binding outside the ATP pocket. These are non-competitive 
inhibitors and do not compete with ATP [63]. Type V inhibitors are covalent inhibi-
tors and bind through an irreversible covalent bond to catalytic nucleophilic cysteine 
active site of the enzyme.

From a clinical point of view, it has been observed that kinase target anticancer 
therapies have more success rate than the other cancer therapies. But it is also evident 
in the past few years EGFR/VEGF-targeting molecules have given unsatisfactory 
results [64, 65]. Instead, success stories have been seen with molecules targeting 
kinase B, phosphatidylinositol kinase delta and gamma, kinase I, tyrosine kinase, nerve 
growth receptors Wee 1-like kinases in Phase 1 clinical trials. The latest explored targets 
Aurora kinases have led to the development of two inhibitors palbociclib and ribociclib 
which have passed phase III clinical trials [66]. The modern developments on kinases 
are following the precision therapy that has been based upon the genomic data. The 
detailed genetic studies on tumors and drivers involved in the generation of tumors 
have resulted in tremendous advantages for patients who need effective therapy.

3. Investigations on kinase inhibitory potentials of natural products

The continuous research is in progress for several years to design synthetic and 
natural chemotherapeutic agents against cancer with selective cytotoxic efficacy and 

Figure 2. 
Inhibitory patterns of different kinase inhibitors.
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minimum toxicity [67–70]. The contribution of molecules from natural sources in 
kinase-mediated anticancer research cannot be ignored. The kinase modulating prop-
erties of natural molecules has brought a new paradigm in the screening of kinase 
inhibitors. Toward this direction, small molecules like polyphenols have revealed tre-
mendous potentials to bind with kinases like tyrosine kinase followed by alteration of 
phosphorylation leading to modulation of multi-signaling mechanisms. The explored 
natural compounds in this direction are curcumins, resveratrol, quercetin, cyrysitin, 
myricetin, luteolin, apigenin, anthocyanin, genistein, epigallocatechin gallate, fisetin, 
astaxanthin, and tetrahydrocurcumins and many more. Polyphenols such as resvera-
trol [71], quercetin [72], curcumin [73] and tea extracts [74] have revealed promising 
EGFR inhibition [75]. Curcumin and chrysin have receptor RON blocker activity in 
tumor cells [76, 77]. Natural products have also shown Abl, JAK-2, c-Met, c-SRC, and 
serine kinase inhibitory potentials [78–80]. Resveratrol also has modulatory effects on 
the expression of Akt in breast, uterine, skin, and prostate cancers [81, 82]. It binds 
to the ATP site competitively as well as reversibly. Myricetin has reported inhibition 
of cell proliferation by binding to Akt. Beyond these significant activities, several 
reports in the literature are available evidencing the inhibitory and modulatory effects 
of natural products on mTOR, CDK, Aurora kinases, B-raf kinases, PI3K [83–85], 
etc. Many natural molecules bind directly to the oncogenic kinases and alter the cell 
signaling involved in tumor progression by modifying the phosphorylation process. 
Several other classes of natural compounds are under investigation for their kinase-
modulating activities.

4. Conclusions and future perspectives

The therapeutic implication of protein kinases against a variety of cancers is well 
known from past decades. Also, it is well established that deregulation, mutations, 
and overexpression of these kinases are important triggers for the development of 
cancers. Several kinase inhibitors are already reported who prevent cancer by modu-
lating the protein kinases by following different mechanisms and several inhibitors 
are under investigation. Despite tremendous advancements in kinase drug develop-
ment, still, a large number of kinases are unexplored. It is also worth notable that 
most of the available kinase inhibitors work through binding to ATP sites. A great 
challenge in clinical implication of kinase inhibitors is the development of drug resis-
tance of cancer stem cells. It develops due to the loss of activity of some important 
kinases. Therefore, strategies to overcome this resistance are the requirement of the 
hour. In the therapeutics of cancer, the kinase inhibitors have been proven to be well 
tolerated as compared to the traditional therapies.

Abbreviations

ABL Abelson murine leukemia viral oncogene
Abl Abelson murine leukemia
Akt protein kinase B
ALK anaplastic lymphoma kinase
BRAF proto-oncogene
BTK Bruton agammaglobulinemia tyrosine kinase
CDK cyclin-dependent kinase
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Chapter 2

Protein Kinase Inhibitors - 
Selectivity or Toxicity?
Moran Grossman and Elaine Adler

Abstract

Protein kinases are attractive therapeutic targets for various indications  including 
cancer, cardiovascular, neurodegenerative and autoimmune diseases. This is due 
to the fact that they play key roles in the regulation of cell cycle, metabolism, cell 
adhesion, angiogenesis, regeneration and degeneration. Protein kinase families share 
a common catalytic core and hence usually display clear sequence and structural 
similarity. These sequence and structural similarities can lead to a lack of selectivity 
and off-target toxicity of drug candidates. The lack of selectivity can be beneficial 
but can also cause adverse toxicities which result in the discontinuation of promising 
drug candidates. The chapter reviews the challenges and common toxicities of protein 
kinase inhibitors and the latest advances in in-vitro and in-silico assays to screen for 
selectivity. The various methods for quantifying selectivity of kinase inhibitors and 
future directions including emerging more selective and safer kinase inhibitors have 
also been discussed.

Keywords: Selectivity, Kinase inhibitors, Toxicity

1. Introduction

Protein kinases belong to a huge family of more than 500 enzymes that phos-
phorylate proteins in response to an external stimulus, via transfer of the γ-phosphate 
group from ATP to serine, threonine, or tyrosine residues on the target protein [1]. 
By doing so they regulate the function of many proteins, and mediate and influence 
a variety of cellular processes including proliferation, metabolism, adhesion, angio-
genesis, regeneration and degeneration [2]. Since most protein kinases are involved in 
pivotal biological reactions, it is not surprising that dysregulation of the activities of 
kinases is the hallmark of many pathological conditions such as cancer [3], autoim-
munity [4], inflammation [5], and neurological disorders [6]. In particular, genetic 
alteration in various protein kinases is associated with their over-expression and 
disease pathology, but also with drug response and resistance. Accordingly, more than 
250 kinase inhibitors (KIs) are currently undergoing clinical trials and more than 50 
have been approved for use by the Food and Drug Administration (FDA) [7]. Even 
though most therapeutic agents are mainly for oncologic indications such as imatinib 
(first small molecule KI approved for chemotherapy in 2001), gefitinib, sorafinib, 
erlotinib, dasatinib and crizotinib, there are also emerging KIs for other indications 
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such as rheumatoid arthritis (RA), inflammatory bowel disease, alopecia areata, 
psoriasis, idiopathic pulmonary fibrosis, organ rejection prophylaxis, glaucoma and 
neurodegenerative diseases such as Alzheimer disease [8]. In fact, KIs have become 
one of the most prevalent druggable targets with an estimated one-third of drug 
discovery programs aimed at developing KIs. Kinase inhibitors have transformed the 
treatment of many cancers and are showing the same promise for other indications. 
However, their development has been challenging due to severe toxicities observed in 
preclinical studies and clinical trials [9, 10].

Most of the approved KIs are small molecules, which may be classified into six 
main groups according to their binding site on the enzyme [11, 12]: KIs which bind to 
the ATP pocket in the active conformation of a kinase are classified as Type I; KIs that 
bind adjacent to the ATP pocket (adenine binding residues) of the unphosphorylated 
inactive conformation of kinases are classified as Type II; non-ATP competitive 
inhibitors that bind within the cleft between the small and large lobes close to the ATP 
binding pocket are classified as Type III; allosteric inhibitors that bind away from the 
ATP cleft are classified as Type IV; agents that span two distinct regions of the protein 
kinase domain are classified type V inhibitors; and agents that form covalent bonds 
with their target enzyme are classified type VI inhibitors [7].

These different binding modes not only influence the potency and mechanism of 
action of these inhibitors, but may also affect their selectivity and consequently their 
safety profile. Since type I inhibitors bind to the well-conserved ATP binding site 
shared by most protein kinases, these inhibitors are often less selective, and interact 
with multiple members of the protein kinase family. For example, most of the ATP-
competitive inhibitors such as imatinib, nilotinib, dasatinib, bosutinib, and ponatinib 
that successfully target the oncoprotein kinase ABL1, exhibit notable off-target activi-
ties on kinases such as c-KIT, CSF1R, and PDGFRA/B [8] Figure 1 shows an overlay 
of the crystal structures of five representative kinases from different families with 
their respective small molecule inhibitors bound to the ATP active site, demonstrating 
why type I inhibitors usually have low selectivity. This cross reactivity is associated 
with toxicities in the clinic and often leads to discontinuation of promising drug can-
didates during development as will be described in this chapter. Type II KIs demon-
strate improved selectivity profiles compared with type I inhibitors because they bind 
adjacent to the ATP binding pocket in the inactive kinase conformational state, a site 
which is less conserved within the kinome [14]. Type III-VI inhibitors, which are non-
ATP competitive inhibitors that often do not bind to conserved residues, offer greater 
selectivity and reduced toxicity compared to other types of KIs as they are likely to 
have less off-target effects [15–17]. In addition, the toxicity profiles of KIs depend on 
which kinase was targeted, the affinity of the inhibitor for the particular kinase and 
on the role that this kinase plays in intracellular signaling and overall cell function.

Off-target activity of KIs are not necessarily limited to kinases. Non-kinase off-
targets of KIs often remain undiscovered, and may lead to misinterpretation of the 
cause of toxicity [18]. That is, KIs may also bind to other enzymes, ion channels and/
or receptors and thus performing a full binding profile is important to understand 
all potential targets as well as subsequently assessing off-target activity. However, 
off-target activity is not always a cause for concern for therapeutic agents as the off-
target activity may have positive therapeutic outcomes. Multi-targeted KIs may target 
a pathway at different points e.g. upstream and downstream and thus multi-targeted 
KIs may have improved efficacy compared to more selective inhibitors. Additionally, 
KIs with off-target activity in different pathways may be beneficial for targeting 
 different indications [19, 20].
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In addition to small molecule inhibitors, there are also several monoclonal 
 antibodies (mAbs) that specifically and selectively target and block the extracellular 
domain of receptor tyrosine kinases such as epidermal growth factor receptor (EGFR, 
HER1, ErbB-1), and human epidermal growth factor receptor 2 (HER2, ErbB-2) [21]. 
By targeting the extracellular part of the receptor tyrosine kinase, the mAb is able to 
block the binding of the natural ligand, avoid receptor conformational rearrangement 
essential to the activation of the kinase and thus the activation of the downstream 
signaling pathways. Even though mAbs therapies are often considered as very specific 
and safer therapeutic agents, anti-EGFR antibodies, such as cetuximab and panitu-
mumab, have been associated with severe skin, renal, and gastrointestinal toxicities as 
they block essential cellular signaling pathways [22, 23]. In addition, the development 
of chemoresistance in a large portion of patients due to the ability of cells to re-acti-
vate pro-angiogenic factors via alternate pathways (i.e. increasing VEGF production), 
also hampered the success of these drugs in the clinic [24].

This chapter will review the challenges of developing safe protein KIs, the latest 
advances in assays to screen for selectivity and future directions.

2. Common toxicities with kinase inhibitors

Adverse effects from KIs may be classified into on- and off-target toxicities. 
“On-target” toxicity results when the inhibition of the targeted kinase is responsible 

Figure 1. 
Crystal structures of representative kinases complexed with small molecule inhibitors at the conserved ATP active 
site. A) Human Abl kinase domain in complex with imatinib. PDB ID: 2HYY. B) DDR1 bound to VX-680. PDB 
ID: 6BRJ. C) Crystal structure of the FLT3 kinase domain bound to the inhibitor quizartinib, PDB ID: 4XUF. D) 
The ROR1 Pseudokinase Domain Bound To Ponatinib. PDB ID: 6TU9. E) FGFR4 in complex with Ponatinib. PDB: 
4UXQ. F) overlay of the five crystal structures (A-E) showing the high structural homology between the different 
kinases. The small molecule inhibitors are shown in green sticks. Images were drawn using the maestro software [13].
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for both the intended pharmacodynamic effect and the unintended toxicity. On the 
contrary, “off-target” toxicity is the result of low selectivity and inhibition of kinases 
for which the drug was not intended.

KIs are associated with undesirable adverse reactions that impact on quality of life 
and compliance of patients, even though less than traditional chemotherapy. These 
effects include cardiovascular toxicity, hepatotoxicity, hematotoxicity, dermatologi-
cal and ocular toxicities, gastro-intestinal symptoms, hyperphosphatemia and tissue 
mineralization [25]. For example, EGFR-Tyrosine KIs (TKIs) are typically associated 
skin rash, diarrhea, hepatotoxicity, stomatitis, interstitial lung disease and ocular 
toxicity, but these effects are usually mild in most cases [26]. In this chapter we 
decided to focus on the mechanism of three major toxicities: cardiovascular toxicity, 
hepatotoxicity and hematotoxicity. This decision was not based on the incidence of 
the side effects but rather the impact of these particular side effects on patients. These 
side effects have a great impact on patients due to the effects on their well-being and 
compliance to treatment. In addition, these particular side effects are a major cause 
for discontinuing the development of many molecules. Therefore, improving the 
selectivity of compounds in a manner that will not interfere with or avoid the mecha-
nisms outlined below is important.

2.1 Cardiovascular toxicity

Many protein kinases are critical for normal function of cardiomyocytes and/or 
the vasculature, and thus their inhibition results in “on-target” cardiotoxicity due 
to the overlap in the targeted pathway for cancer progression and the pathway for 
regulation of cardiac function [27]. Protein kinase signaling plays a significant role in 
cardiac hypertrophy (increase in cell size) under physiological conditions in response 
to an increased workload, such as exercise or pregnancy, but the relative importance 
of individual kinases is not clear. Microarray analysis of protein kinase mRNA 
expression in dozens of non-failing human heart biopsies detected 402 protein kinase 
mRNAs that are constantly expressed under normal, non-pathologic conditions [28]. 
Therefore, it is not surprising that many KIs have a cardiovascular (CV) toxicity 
warning and precautions in their US prescribing information. The adverse cardiac 
events listed in the US prescribing information for cancer patients following treat-
ment with KIs include: QT prolongation, hypertension, left ventricular dysfunction 
(LVD), congestive heart failure (CHF), acute coronary syndromes (ACS), and myo-
cardial infarction (MI) [27]. For example, targeting VEGF is associated with hyper-
tension, and targeting human epidermal growth factor receptor 2 (HER2), VEGFR, 
and/or Bcr-Abl is often accompanied with LVD and CHF [29, 30]. The consequence 
cardiac toxicity among new KIs due to “on-target” activities and lack of selectivity, 
limits development of new drugs even when targeting life-threatening therapeutic 
indications such as cancer.

Not all KIs, however, are prone to cardiotoxicity. More selective KIs targeting the 
Janus kinase (JAK) family, such as tofacitinib targeting Janus kinase (JAK) 1/3 for the 
treatment of RA, psoriatic arthritis, ulcerative colitis, and the selective JAK2 inhibi-
tor, fedratinib, are not associated with cardiotoxicity (see Table 1). Similarly, inhibi-
tors of mammalian target of rapamycin (mTOR) such as sirolimus, temsirolimus 
and everolimus developed for different malignancies are also not accompanied with 
cardiotoxicity (see Table 1, US prescribing information for sirolimus, temsirolimus 
and everolimus) despite the role of mTOR signaling in cardiac physiology [31]. These 
examples demonstrate that cardiotoxicity may be overcome by increasing selectivity.
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2.2 Hepatotoxicity

Hepatotoxicity has been reported for several TKIs and it is estimated to affect 
approximately 5% of patients [32]. The clinical effects have ranged from mild 
elevation in transaminases to progressive irreversible cirrhosis, which has resulted 
in death, and are dependent on the specific interaction between the drugs and the 
individual patients [33, 34]. As most of TKIs are metabolized by hepatic cytochrome 
P450 enzyme system, clinicians should be aware of potential hepatotoxicity with TKIs 
in patients with liver dysfunction. However, the mechanism for liver toxicity with KIs 
is not fully clear. Paech et al. [35] studied several approved oncologic KIs (erlotinib, 
imatinib, lapatinib, and sunitinib) associated with liver toxicity in human hepatocyte 
cell lines and in isolated mouse liver mitochondria focusing on ATP metabolism. 
The authors proposed that imatinib (Bcr-Abl TKI) and sunitinib (multiple receptor 
TKI) induce mitochondrial dysfunction and by inhibiting complex I and/or III of the 
electron transport chain of the mitochondria required for its function and glycolysis. 
Lapatinib (HER2 and EGFR TKI) affected mitochondria only weakly but inhibited 
glycolysis, and erlotinib (EGFR TKI) showed a slight cytotoxicity in both cell models 
investigated, although it did not affect the mitochondria ATP content in all cell types 
and did not impair oxidative metabolism. Similar mechanism of inhibition of mito-
chondrial complex I leading to impaired mitochondrial and myocyte proliferation was 
published for imatinib and dasatinib (Bcr-Abl and Src TKI) by Bouitbir et al. using 
C2C12 murine myoblasts and myotubes as well as human rhabdomyosarcoma (RD) 
cells [36].

In contrast to liver toxicity, it appeared in recent years that TKIs may also prevent 
or reverse hepatic disease. Accumulating evidence suggests that hepatic stellate cells 
(HSC) play a pivotal role in hepatic fibrogenesis [37], and that phosphorylation of 
transcription factors by kinases such as RSK [38] or focal adhesion kinase (FAK) [39] 
promotes stellate cell activation and survival. Therefore, inhibition of these kinases 
either as on-targets or off-targets may reduce hepatic disease.

2.3 Hematotoxicity

Hematotoxicity of KIs includes adverse effects on blood-forming organs such 
as bone marrow or on the constituents of blood, including platelets, leukocytes 
(white blood cells) and erythrocytes (red blood cells). One particular hematotoxic-
ity caused by KIs is myelosuppression, also known as bone marrow suppression. 
Myelosuppression is a decrease in bone marrow activity that results in reduced 
production of blood cells manifested as anemia (decrease in erythrocytes), neutro-
penia (decrease in leukocytes), or thrombocytopenia (decrease in platelets). VEGF 
and its receptors are essential for production of mature blood cells [40, 41], as well as 
are principal regulators of blood vessel formation (angiogenesis) [42]. Accordingly, 
hematologic toxicities have been observed in clinical studies with several multi-
kinase inhibitors such as VEGFRs KIs (i.e. pazopanib, sorafenib, and sunitinib) [43], 
although the frequency and severity varies among the different multi-kinase inhibi-
tors, depending on their selectivity and affinity to other kinases [44].

Inhibitors of another two kinases which play roles in hematopoietic activities, FLT3 
and mTOR, are also associated with hematotoxicities. A broad range of hematopoietic 
activities are mediated through interactions of c-Kit ligand (KL) and FLT3 ligand 
with their receptors: stem cell factor (SCF) and receptor-type tyrosine-protein kinase 
FLT3, respectively [45]. The signaling through SCF and FLT3 is essential for optimal 
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production of mature haematopoietic cells from stem cells [44]. FLT3 is more critical 
for the generation of lymphoid progenitors, whereas SCF regulates erythroid and 
myeloid platelet-derived growth factor (PDGF) progenitor cells. mTOR inhibitors, 
such as temsirolimus and everolimus, are also associated with a significant increased 
risk of developing anemia and thrombocytopenia [46], although they have great 
therapeutic potential in hematologic diseases such as leukemia, lymphoma, myeloma 
[47]. One possible explanation is that the effect of mTOR inhibition on erythropoiesis 
could be the antigrowth effect of these KIs on erythrocytes consequently leading to 
a lower production and decreased size when compared to normal growth [48]. Thus, 
low selectivity of various KIs towards the above kinases might explain the accompany-
ing hematotoxicity (i.e. imatinib inhibits FLT3 as an off-target).

3. Management of kinase inhibitors associated toxicities

The overall risk for development of the discussed toxicities is different between 
inhibitors, indications, patients, and patient medical history, and usually the benefit 
to the patient exceeds the risk associated with development of these adverse events. 
That is, cardiotoxicity can be managed by routine monitoring via methods such as 
electroencephalogram, cardiac biomarkers, and blood pressure during the course 
of treatment, in addition to a comprehensive collection of past medical history and 
risk factors to identify those at increased risk. When there is a risk for hepatotoxicity, 
monitoring and management of serum liver chemistry such as elevations of Alanine 
transaminase (ALT), total bilirubin (TBL) and Alkaline phosphatase (ALP) may 
identify liver injury during treatment and may suggest reduction in dosage or replace-
ment of KI. Likewise, anemia may be monitored by hematology testing and treat-
ment of iron supplements or erythropoiesis stimulating agents. Regardless, avoiding 
these side effects via the development of more selective KIs is more advantageous for 
improving the quality of life of the patients and economy rather than management 
of the side effects post-marketing. The complex nature of kinase signaling and the 
challenges of developing selective KIs, suggest that early prediction of selectivity for 
new molecules and their potential for adverse events in the clinic at preclinical stages 
may assist and improve the development of future, safer KIs. Proper use of the tool 
box of preclinical assays as described below may accelerate this goal by identifying 
and comparing the selectivity of new KIs.

4. Development of selective Protein Kinase Inhibitors

4.1 Methodologies and assays to profile protein kinase inhibitors

Due to the evolving knowledge of the importance of kinases in cell biology and 
function and their problems of selectivity, multiple methodologies have been devel-
oped to profile KIs. Both radiometric and non-radiometric approaches are utilized 
today. Non-radiometric assays can assess ligand-kinase binding or kinase enzymatic 
activity. However, the radiometric approach assessing kinase enzymatic activity is 
still considered the “gold standard”. Given the increasing demand for kinase profiling 
assays and evolution of technology, several companies have developed fee-for-service 
assays and assay kits [49]. The different methodologies and assays are discussed in the 
sections below and listed in Table 2.
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Assay Type Fee for service Assay Reference

Enzymatic 
Activity 
Assays

Radioactive 
methods

Filtration binding assays Reaction Biology 
Corporation HotSpot™

[50]

Promega SignaTECT ™ [51]

Scintillation proximity 
assay

Reaction Biology 
Corporation 
33PanQinase™

[50]

Fluorescent-
based assays

Fluorescent intensity 
assays

DiscoverX ADP Quest™ [52]

DiscoverX ADP 
Hunter™

[52]

BellBrook Labs 
Transcreener® ADP2 
FI Assay

[53]

Fluorescent polarization 
assays

Molecular Device IMAP [54]

Bellbrook Labs 
Transcreener® ADP FP 
Assay

[53]

Fluoresccent resonance 
energy transfer (FRET)

Invitrogen Z’-LYTE [54]

PerkinElmer Alpha 
Kinase assays

[55]

Time resolved 
Fluorescence (TRF)

PerkinElmer DELIFA [56]

Time resolved 
Fluorescence resonance 
Energy transfer 
(TR-FRET)

Invitrogen 
LanthaScreen Activity 
assay

[57]

Invitrogen Adapta Assay [58]

PerkinElmer Lance 
Ultra kinase Assay

[59]

Bellbrook Labs 
Transcreener® ADP 
TR-FRET Assay

[53]

Molecular Device IMAP [54]

Luciferase reporter 
Assays

Promega kinase-Glo [60]

Electrophoretic 
Mobility Shift assays

PerkinElmer (formerly 
Caliper Life Sciences) 
Nanosyn Assay

[61]

Ligand-
kinase 
binding 
assays

Competitive 
binding assay

Immobilized ligand DiscoverX (formerly 
Amit Biosciences) 
KINOMEscan® Assay

[62]

TR-FRET Invitrogen’s 
LanthaScreen Eu Kinase 
binding assay

[63]

Differential 
Scanning 
Fluorimetry

[64]

Table 2. 
Kinase inhibitor profiling assays.
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Identifying, quantifying and optimizing the selectivity of compounds became 
critical for both drug development and development of tool compounds for basic 
research [19]. Building our knowledge on the selectivity of compounds and creat-
ing databases aid in the development of structure-selectivity relationships that will 
improve rationale design of selective KIs, progress drug discovery and promote 
inhibitor optimization [65].

Selectivity of KIs is well acknowledged as a challenge in the development of safe 
drugs and tool compounds. ‘Uni-specificity’ refers to compounds that inhibit a single 
kinase more potently than any other kinases. Very few protein KIs demonstrate 
‘uni-specificity’, emphasizing the unresolved issue of selectivity amongst protein KIs 
[20]. Investigating and comparing the selectivity of KIs early in their development is 
pivotal to developing more selective and consequently safer KIs. Multiple approaches 
were used to investigate the selectivity of KIs. One approach was to concentrate on the 
ability of a single KI to inhibit kinases within a specific subfamily due to the similarity 
in the ATP binding domain. However, importantly, inhibitor type does not guarantee 
selectivity. Additionally, Anastassiadis et al. [20] demonstrated that a substantial 
percentage of kinase off-target activity occurred outside the subfamily of interest. 
For example, 24% of off-target effects of TKIs occurred in the serine/threonine 
kinase subfamily [20]. Another approach was to focus on the ability of a single KI to 
inhibit kinases within particular pathways due to shared functionality. A third and 
most comprehensive approach is to profile KIs against a variety of kinases across the 
kinome both within and between subfamilies. As technology and assay methodology 
developed, use of broad screening panels became more common and revealed that 
compounds historically believed to be selective were in fact not. Today, the best-
practice and recommended approach is to screen KIs in different kinase assay formats 
against multiple related and unrelated kinases. The broad screening panels should be 
quantitative and systematic with objective criteria to compare between studies. It is 
important that the assays used are optimized, robust, reliable and standardized for 
multiple, varied kinases. It is also preferable for practical use of the assays that they 
are suitable for high-throughput designs and economical [19, 20].

4.2 Enzymatic Activity Assays

4.2.1 Radiometric methods

4.2.1.1 Filtration binding assay

The use of [32P]-or [33P]-ATP in a kinase reaction allows phosphorylation of a 
substrate peptide or protein to be measured directly. The filtration binding assay 
approach is the most preferable and the benchmark against which other method-
ologies are compared. Following a kinase reaction utilizing the radiolabeled ATP 
molecules, the labelled substrates are bound to capture membranes such as P81 ion 
exchange filter paper and unchanged ATP/unbound phosphate is washed away. One 
such assay termed HotSpot™ was developed by Reaction Biology Corporation and 
Anastassiadis et al. [20] utilized Reaction Biology Corporation’s HotSpot™ assay 
to demonstrate the selectivity of 178 KIs against 300 recombinant protein kinases. 
Promega’s SignaTECT assay operates on a similar principle, however, the SignaTECT 
assay utilitizes biotinylated substrates and a biotin capture membrane to capture the 
biotinylated substrates with the radiolabeled phosphate for detection [51].
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4.2.1.2 Scintillation proximity assay

In order to overcome the necessity for separation and washing steps of the filtra-
tion binding assay, the “mix and read” scintillation proximity assays were developed 
[49]. Reaction Biology Corporation’s 33PanQinase™ is an example of a scintillation 
proximity assay whereby the reaction with [33P]-ATP is performed using microtiter 
plates coated with scintillant for detection [50]. A variety of radio isotypes can be 
utilized in a scintillation proximity assay [49].

Despite the advantages of radiometric methodologies such as universality across 
kinases and low error signal (low false-positive and false-negative rates), the major 
disadvantage of the radiometric methodology is the specialized waste disposal and 
safety precautions required for working with radioactive material. As a consequence, 
non-radioactive methodologies were developed.

4.2.2 Fluorescent based methods

4.2.2.1 Fluorescence Intensity assay

A number of fluorescence intensity assays are available whereby the readout is 
simply fluorescent intensity (FI). DiscoverX ADP Hunter™ and ADP Quest™FI 
assays use linked reactions that use ADP, pyruvate kinase, pyruvate oxidase and 
horseradish peroxidase to convert a fluorescent dye precursor (ADHP (10-Acetyl-
3,7-dihydroxyphenoxazine) to fluorescent resorufin, the source of the fluorescent 
intensity signal [52]. Bellbrook Labs Transcreener® ADP FI Assay measures ADP 
levels. This is accomplished by utilizing an IRDye® QC-1 quencher conjugated to 
an anti-ADP antibody to quench the signal from an ADP Alexa Fluor® 594 tracer. 
Once ADP is produced, ADP displaces the fluorescent tracer allowing detection of the 
fluorescent signal from the fluorescent tracer [53].

4.2.2.2 Fluorescent polarization assays

Exciting molecules with polarized light promotes rotational movement. The speed 
of the rotational movement depends on the molecular weight of the compound. 
That is, high molecular weight molecules rotate slower than low molecular weight 
molecules. Molecular Device developed a “mix and read” FP assay whereby fol-
lowing kinase reaction a fluorescently labelled, phosphorylated substrate binds to 
a large nanoparticle increasing the molecular weight, decreasing rotational speed 
and increasing the polarization of the phosphorylated peptide or protein [54]. 
However, false-positive and false-negatives have been reported utilizing the FP 
 methodology [49].

4.2.2.3 Fluorescent resonance energy transfer (FRET)

Fluorescent resonance energy transfer (FRET) relies on the transfer of energy 
between donor and acceptor molecules that occurs when the two molecules come 
into close proximity and following excitation of the donor molecule. Many compa-
nies have utilized this technology to develop assays for kinase profiling including 
Invitrogen’s Z’-LYTE Kinase Assay utilized in their SelectScreen Kinase Profiling 
Service. In invitrogen’s Z’-LYTE Kinase Assay, two fluorescent proteins that make 
up FRET donor and acceptor molecules are added to substrates, then following the 
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kinase reaction, the non-phosphorylated substrates are cleaved by a protease inter-
rupting the energy transfer between the donor and acceptor fluorophores. Therefore, 
the emission wavelength differs depending on if the substrate was phosphorylated 
or not. The assay relies on identification of the amino acid sequence of the relevant 
substrate and has been validated for more than 200 kinases [49, 66].

4.2.2.4 Time-resolved fluorescence (TRF)

Time-resolved fluorescence (TRF) involves the use of fluorophores that decay over 
a longer period of time than traditionally used fluorophores and the decay follow-
ing light excitation of these fluorophores can be monitored as a function of time. 
Lanthanide chelates such as Europium, Samarium and Terbium are examples of such 
non-traditional fluorophores with long decay times. PerkinElmer’s DELFIA® assay 
is available as a TRF assay that utilizes lanthanide chelate tagged antibodies to detect 
phosphorylated substrates [49, 56].

4.2.2.5 Time-resolved fluorescence resonance energy transfer (TR-FRET)

A time-resolved fluorescence resonance energy transfer (TR-FRET) assay 
combines the principle of FRET with donor and acceptor molecules with TRF 
whereby one of the molecules is a fluorophore with an extended decay time [49]. For 
example, in addition to Invitrogen’s Z’-LYTE FRET assay, Invitrogen also offer several 
TR-FRET assays (LanthaScreen Activity assay, LanthaScreen Eu Kinase binding assay 
[discussed below in Section 1.3.2] and Adapta Assay). The Adapta Assay utilizes a 
Europium-labeled anti-ADP antibody and an Alexa Fluor® 647 labeled ADP tracer 
to examine ADP levels following a kinase reaction. Without the presence of ADP, 
the anti-ADP antibody and ADP tracer bind to create the TR-FRET signal. ADP 
disrupts the binding of the antibody and tracer reducing the signal. Alternatively, the 
LanthaScreen® activity assay involves a fluorophore-labelled substrate that when 
phosphorylated is bound by Terbium-labeled antibody to generate the FRET signal 
[57, 58]. Similarly, PerkinElmer’s Lance® Ultra kinase assay utilizes ULight™-labeled 
substrate that when phosphorylated is bound by Europium-labeled antibody to gener-
ate the FRET signal. Similar to the Z’-LYTE Kinase Assay, the LanthaScreen Activity 
assay and Lance® Ultra kinase assay both rely on identification of the amino acid 
sequence of the relevant substrate [59].

4.2.3 Luciferase reporter assay

Cell-based luciferase reporter assays that produce bioluminescence are common to 
monitor the activity of cellular processes. Cell-based luciferase reporter assays require 
luciferin, luciferase enzyme and sometimes ATP. The Firefly luciferase enzyme 
converts luciferin into oxiluciferin in the presence of ATP emitting a light photon. 
As the conversion of luciferin to oxiluciferin relies on ATP, the luciferase enzyme can 
be used to detect the amount of ATP following a kinase reaction and the amount of 
luminescence positively correlates with the amount of ATP [49, 67]. An example of a 
commercially available luciferase assay for kinase profiling is Promega’s Kinase-Glo® 
platform [60].

It is also important to differentiate when utilizing a luciferase reporter assay 
between compounds that legitimately inhibit a kinase from compounds that 
interfere with the assay itself. That is, luciferase itself may be targeted by KIs [67]. 
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Dranchak et al. [67] investigated the ability 367 compounds in the GSK published 
protein kinase inhibitor set to inhibit two commonly used types of luciferase enzymes 
(firefly luciferase [FLuc; ATP-dependent] and renilla renififormis luciferase [RLuc; 
ATP-independent]). Approximately 6% of the KIs inhibited FLuc activity whereas 
approximately 0.5% inhibited RLuc activity. Therefore, the specific luciferase uti-
lized and the potential interactions of KIs with the luciferase should be taken into 
consideration when choosing an appropriate assay platform for kinase profiling using 
luciferase [67].

4.2.4 Electrophoretic Mobility Shift Assays

Phosphorylation of a substrate causes an increase in the negative charge of the 
substrate. As a consequence, phosphorylated substrates can be separated and detected 
using electrophoretic technologies. The Caliper Life Sciences’ Nanosyn Assay takes 
advantage of these properties of phosphorylated substrates (usually fluorescently 
labelled peptides and proteins) and utilizes a microfluidic chip for the assay reaction 
and electrophoretic detection [49, 61, 68]. Elkins et al. [68] utilized this assay to 
examine the selectivity of the GSK published protein kinase inhibitor set against 224 
recombinant kinases with a 50% inhibition threshold and identified that there are 
different kinases targeted by multiple compounds, kinases not inhibited by any of the 
compounds and kinases inhibited by only one compound.

4.3 Ligand-kinase binding assays

Measuring the effect of ligands on the enzymatic activity of kinases has tradition-
ally been the “go to” approach. However, enzymatic activity assays require individual 
optimization in order to receive an acceptable signal-to-noise ratio as well as identifi-
cation of upstream signaling partners and applicable substrates. The requirements for 
optimization of enzymatic activity assays cannot always be met and individual opti-
mization of the assays for each kinase can be costly and time consuming. Therefore, 
binding assays were developed utilizing different technologies including competitive 
binding assays and differential scanning fluorimetry to facilitate high-throughput 
kinase profiling [64, 69]. Although suitable to enable high-throughput screening, 
ligand-kinase binding assays do not always predict enzymatic activity of a compound 
with the particular kinase [20, 69].

4.3.1 Competitive binding assays

One option for a competitive binding assay is Invitrogen’s LanthaScreen Eu Kinase 
binding assay using TR-FRET technology as described in Section 4.2.2.5. That is, the 
assay operates whereby a Europium-labeled antibody is targeted against a tagged 
kinase and an Alexa Fluor® 647 labeled substrate are used to generate the FRET 
signal. Inhibitor binding to the kinase prevents substrate binding and disrupts the 
FRET signal [63].

An alternative approach is the DiscoverX’s KINOMEscan assay utilizing immo-
bilized ligands [62]. The KINOMEscan platform was originally published by Ambit 
Biosciences. The KINOMEscan platform involves phage or DNA tagged kinases and 
immobilized ligands. The ligands are biotinylated and then bound to streptavidin-
coated magnetic beads attached to solid supports. The immobilized ligands compete 
with compounds for binding to the kinase. ATP-binding and allosteric KIs can 
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compete with the immobilized ligands. Kinase that is unbound to the immobilized 
ligand is removed via wash steps. The amount of kinase bound to the immobilized 
ligands is then quantified using qPCR identifying the phage or DNA tag attached 
to the kinase. The assay has been validated for more than 450 kinases (wild-type 
and mutant) [69–71]. Utilizing this technique, Davis et al. [69] screened 72 KIs and 
demonstrated that type II inhibitors are more selective than type I inhibitors with the 
majority of type II inhibitors demonstrating binding to 20% or less of the total kinases 
screened. However, a KI belonging to the type II class does not guarantee selectivity 
with a subset of type II inhibitors binding to 40–50% of kinases screened [69].

4.3.2 Differential Scanning Fluorimetry

Upon binding of a ligand to a protein, such as a kinase, the thermal properties of 
the protein stabilize and the melting temperature increases. The unfolded, unbound 
kinase that is not stabilized is detected by a dye that binds to unfolded proteins and 
fluoresces. This methodology is termed differential scanning fluorimetry (DSF). 
SYPRO orange is a suitable fluorescent dye for this application due to the high signal-
to-noise ratio and comparably high excitation wavelength [64, 72]. Fedorov, Niesen 
and Knapp [64] demonstrated that the data generated using the KINOMEscan assay 
developed by Ambit Biosciences and described above (Section 4.3.1) highly correlated 
with their data generated using DSF with an r2 value of 0.949. A major advantage of 
the thermal stability shift methodology is that knowledge of the amino acid sequence 
of the substrate or kinase is not required and specialized antibodies are also not 
required [64]. Additionally, Anastassiadis, et al. [20] compared the DSF method to 
Reaction Biology Corporation’s radiometric method and found a significant correla-
tion between the two methodologies. However, the DSF method did demonstrate 
false-positives and false-negatives and thus emphasizing that binding does not neces-
sarily predict enzymatic activity [20].

4.4 Computational analysis

Computational kinase selectivity profiling methods can be used to predict the 
selectivity of KIs and rationally design KIs with desired profiles across a large number 
of kinases and avoid the limitations of activity and binding assays. However, computa-
tional approaches are dependent on the quality of the available structure–activity data 
or require extensive computational analysis [73]. Improved computational approaches 
take advantage of the conservational nature of the kinome and shared binding pat-
terns of KIs as well as profiling data generated for multiple kinases across the classes 
and kinome and kinase 3D structures. Kinase inhibition profiling data including 
both positive and negative (little or no effect) data are invaluable to the evaluation 
of computational approaches for predicting KI selectivity [74]. The large volume of 
data generated to date paved the way for the development of machine learning and 
artificial intelligence approaches that allow for prediction of results for KIs and kinases 
not included in the dataset [19, 73–75]. With the accumulation of structure–activity 
data over the years, the literature has been minded to create both commercially and 
publically available databases with data from diverse sources such as ChEMBL, Kinase 
SARfari and GVK Biosciences kinase inhibitor database. The kinase-inhibitor profiling 
panels already discussed here such as those generated by Karaman [70], Anastassiadis 
[20] and Davis [69] as well as other databases such as the 3D structures available in 
PDB were also used to generate numerous computational approaches. The size of the 
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gatekeeper residue, hydrogen and covalent bonds, the flexibility of the hinge loop 
connecting kinase domains as well as kinase-inhibitor data were all used to generate 
computational approaches. The KI data can be represented either as binary yes-no or 
weighted by affinity or inhibitory activity and can be used to generate connectivity 
maps to predict either kinases, KIs or diseases [74]. Lo et al. [73] developed a compu-
tational approach based on searching for structural similarity of the ligand binding 
sites and determining a PocketFEATURE score (PFS). Specifically, a kinase database 
entitled ‘KinomeFEATURE’ of approximately 2850 kinase structures was constructed 
to predict selectivity of 15 known KIs with greater than 90% accuracy. Therefore, 
computational approaches are becoming more widely used and useful for the purpose 
of predicting selectivity and rationally design KIs [73].

4.5 Quantification of selectivity

In order to aid in the ability to compare data between studies and assay method-
ologies to identify and compare the selectivity of inhibitors, different quantitative 
measures of selectivity have been developed. These measures involve condensing 
large datasets into single values for each inhibitor. Such measures include the selec-
tivity score, Gini coefficient score and selectivity entropy score described below. 
However, the selectivity score for a particular KI takes into consideration all kinases in 
a dataset and rely upon the size and diversity of the kinases in the dataset [76].

4.5.1 Selectivity score

In order to generate a selectivity score for a particular inhibitor, the number of 
kinases bound by this specific inhibitor with Kdor IC50 values that meet predefined 
threshold criteria should be divided by the total number of distinct kinases screened 
in a specific assay [20, 69, 70]. The predefined threshold can be a specific concentra-
tion e.g. 3 μM [S(3 μM)] or percentage e.g. 50% [S(50%)]. For example, Karaman 
et al. [70] from Amit Biosciences utilized the KINOMEscan to screen 38 KIs against 
317 kinases and calculated selectivity scores S(3 μM) and S(100 nM) whereby 
Kd < 3 μM and Kd < 100 nM, respectively. Via the use of the selectivity score, Karaman 
et al. [70] showed that the compounds screened demonstrated a fairly even distribu-
tion of selectivity scores from 0.01 to 0.57 (1–57%).However, Karaman et al. [70] also 
demonstrated that the composition of the kinases in the screened database signifi-
cantly affected the outcome. That is, the selectivity score varied greatly by adjusting 
the number of kinases screened and randomly selecting kinases preserved the results 
better than a systematic selection. Karaman et al. [70] also described a selectivity 
score to describe off-target affinities whereby a ratio of the Kd for the off-target to the 
Kd of the primary target is generated and then the number of ratios below 10 is then 
divided by the total number of distinct kinases assayed. This selectivity score was also 
termed S(10x). Later, Davis et al. [69] (Amit Biosciences) also used the KINOMEscan 
to screen 72 KIs against 442 kinases and demonstrated that the majority (64%; 46 
out of 72) of inhibitors bound to <20% of the total distinct kinases screened by them 
(totaling 386) with a S(3 μM) score of <0.2.

The selectivity score is not limited to the assay type or assay technology facilitat-
ing comparisons between compounds, studies and assays [70]. The selectivity score 
is, however, dependent on the threshold set for defining the score such as 3 μM vs. 
100 nM or 50% vs. 70% inhibition [20].



31

Protein Kinase Inhibitors - Selectivity or Toxicity?
DOI: http://dx.doi.org/10.5772/intechopen.98640

4.5.2 Gini Coefficient

The Gini coefficient has been described as a less arbitrary tool for evaluating 
selectivity compared to the selectivity score described above as the Gini coefficient 
does not rely on defining a threshold value. To calculate the Gini coefficient, the % 
inhibition of a compound at a single concentration is rank ordered, summed and 
normalized to generate a plot of rank order vs. fraction of cumulative effect of each 
target. Then, the deviation from the linear plot is calculated and a greater deviation 
from the linear plot indicates a less specific compound. A Gini score of 1 indicates 
an inhibitor that targets one kinase whereas a score of 0 indicates a compound that 
equally inhibits all kinases screened. Even though the Gini coefficient does not rely 
on a defined threshold, the coefficient relies on the single concentration tested and is 
thus inherently limited [20, 76].

4.5.3 Selectivity Entropy Value

Following the use of selectivity scores and the Gini coefficient to quantitatively 
describe inhibitor selectivity, Uitdehaag and Zaman [76] introduced the entropy 
value to overcome the limitations of the selectivity score and Gini coefficient score. 
The entropy value was previously utilized in a diverse range of fields such as thermo-
dynamics and chemistry, and it is based on the concept that inhibitor binding to mul-
tiple kinases will assume a Boltzmann distribution [76]. The entropy equation utilized 
by Uitdehaag and Zaman [76] involves 5 steps based on the association constant  
(Ka, the inverse of the Kd or IC50 values).

A resulting selectivity entropy (Ssel) value of 0 indicates an inhibitor that targets 
one kinase and the higher the Ssel the less specific the compound is for the kinases 
profiled. Uitdehaag and Zaman [76] compared the selectivity entropy value to the 
selectivity score S(3 μM), Ka-Gini (Gini scores based on association constants), 
S(10x) and partition index (not outlined in this review) for data generated using the 
KINOMEscan compared to a radioactive filter binding enzymatic activity assay by 
Millipore. The two methodologies produced highly correlated data using the selectiv-
ity entropy score, S(3 μM) and Ka-Gini with r2 correlation values of 0.93, 0.92 and 
0.99, respectively, showing that these three scores are relatively robust. Uitdehaag and 
Zaman [76] also demonstrated that type II and III inhibitors are more selective than 
type I inhibitors consistent with the conclusions drawn by Davis et al. [69] using the 
selectivity score S(3 μM).

4.6 Graphical representation of selectivity

For qualitative rather than quantitative analysis of a compound selectivity, dif-
ferent graphical representations have been used to demonstrate the interaction of a 
compound with the whole kinome or kinase panel in the assay. Interaction maps and 
heat maps have been used to represent and compare compound selectivity. Interaction 
maps are based on the phylogenetic tree. In interaction maps, a circle is overlaid on a 
kinase in the kinase phylogenetic tree representing interaction of the compound with 
the kinase and the size of the circle represents potency. That is, the larger the circle 
the higher affinity the compound has for the kinase [68, 70, 76]. Graphical represen-
tations allow for visual rankings of selectivity and these visual observations should 
align with any quantitative measure chosen [76].
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4.7 Cell-based vs. Cell-free selectivity assays

Regardless if binding or enzymatic activity assays are chosen, it is important to 
understand that cell-free in vitro assays may not reflect the activity in cellular sys-
tems. As such, it is recommended to follow-up cell-free in vitro selectivity assays with 
cell-based selectivity assays in vitro or in vivo animal model systems [65, 70, 77].

Cell-based assays are more complex than cell-free based assays and this complex-
ity contributes to the discrepancies between the assays. One source of complexity in 
cell-based assays is the fact that the phosphorylation state in cells relies on the balance 
between phosphorylation of proteins by kinases and de-phosphorylation of proteins 
by phosphatases and this can lower the required concentration of KIs for kinase inhi-
bition. Additionally, our understanding of phosphatase systems and their regulators is 
more limited. Moreover, sensitivities differ when assessing different cellular activities 
such as calcium release, IL-2 secretion or proliferation of T-cells [65] as measures for 
enzymatic reaction and selectivity.

An important difference between cell-based and cell-free selectivity assays is that 
in the cell-based assay the KI must penetrate the cell membrane and the cellular com-
partments in order for the inhibitor to reach its target. Different factors determine 
if a KI reaches its target within a cell. A KI can penetrate a cell either via a diffusion 
concentration gradient or active transport and a KI can also be actively pumped out 
of cells via efflux mechanisms. Size, lipophilic properties, aqueous solubility, plasma 
membrane partitioning and plasma protein binding, for in vivo assays, will impact 
the ability of a KI to reach its target within a cell. It is important to test the KI once 
the compound reaches steady state within the cell and therefore it is routine practice 
to pre-incubate cells with the KI prior to performing a cell-based kinase activity 
assay [65].

The metabolic activity and ATP concentration in cells will also affect inhibitor 
activity within cells. In order to compare IC50 values to Kd values, it is best practice 
to use ATP concentrations equal to the Michaelis constant for ATP (KM, ATP) for 
the particular kinase in an enzymatic assay based on the Cheng-Prusoff equation: 
IC50 = Ki(1 + [ATP]/KM, ATP), whereby Ki is the dissociation constant. However, ATP 
concentrations are generally higher in cellular systems compared to the KM, ATP and 
differences in ATP concentrations may be a source of discrepancy between cell-based 
and cell-free selectivity assays [65, 76].

An additional potential difference between cell-based and cell-free selectivity 
assays is that some cell-free screening panels use truncated forms of the kinases and 
interactions between a kinase and inhibitor may differ in the setting of the full-
length kinase.

The conformational state of the kinase should also be taken into consideration 
when assaying the interaction with a KI as many kinases can adopt different confor-
mational states. For example, inhibitors that bind to the inactive state of a kinase can 
stabilize the kinase in this state which may not occur in a cell-free assay with a trun-
cated form of the kinase [20].

5. Overcoming toxicity with more selective kinase inhibitors

The first generation of KIs, including imatinib, which was the first KI approved 
by the FDA in 2001 for patients with chronic myeloid leukemia (CML), demon-
strated acceptable toxicity profiles in oncology patients compared with traditional 
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chemotherapeutic agents, as well as comparable efficacy even though the first genera-
tion KIs were not highly selective. However, the acceptable toxicity and risk–benefit 
ratio are higher for oncology patients than for patients with conditions that are not 
severely debilitating or life-threatening such as chronic inflammatory disease [78]. 
Therefore, there is a growing need to overcome lack of selectivity and off-target 
toxicities with newly developed KIs for different indications.

An example of overcoming toxicity by improving selectivity and by lowering 
affinity for off-targets is coming from the JAK family of non-receptor tyrosine kinases 
that has gained great interest as therapeutic targets. The JAKs transduce signals from a 
multitude of cytokines and growth factors via the JAK–STAT (Signal Transducers and 
Activators of Transcription) pathway and are involved in various inflammatory and 
autoimmune diseases [79, 80]. Currently, there are four JAK inhibitors approved for 
clinical use: tofacitinib (for RA, psoriatic arthritis, ulcerative colitis), baricitinib (for 
RA), ruxolitinib and fedratinib (for myelofibrosis). These JAK inhibitors demonstrate 
that improved selectivity results in more favorable safety profile, and also emphasize 
that the existence of off-target binding does not automatically predict unfavorable 
safety profiles because the off-target activity plays a major role. That is, lower activity 
of these JAK inhibitors on their off-targets result in lower toxicity. Since JAK inhibi-
tors block downstream signaling of a variety of cytokines relevant for normal physiol-
ogy, various severe adverse effects were often predicted for these inhibitors. However, 
clinical trials of tofacitinib have shown an acceptable safety profile, with infection 
and cytopenias (due to the blockage of myelopoietic growth factor signaling through 
JAK2) being the major adverse events, and without any increased risk of developing 
malignancies [81]. Likewise, the selective JAK1/JAK2 inhibitor baricitinib, which 
offers an effective treatment for RA, demonstrates little effect on hematology param-
eters, with uncommon neutropenia (<1% patients) and no higher risk of infection 
[82]. A reduction in natural killer (NK) cell numbers was observed in some patients, 
but there was no evident association between the low NK cell count and the incidence 
of infections. Ruxolitinib is another potent JAK1/JAK2 inhibitor demonstrating dose-
dependent inhibition of the JAK2/STAT signaling and inhibition of cell growth that 
is dependent on JAK2 activation, with a sixfold selectivity for JAK1/JAK2 over Tyk2 
and approximately a 130-fold selectivity for JAK1/JAK2 over JAK3 [83]. Despite this 
high selectivity, thrombocytopenia and anemia are side effects of ruxolitinib which 
can be dose- or even treatment-limiting adverse events and patients who discontinue 
ruxolitinib have miserable outcomes, making this situation an area of significant 
unmet need [84, 85]. Recently, fedratinib was approved by the FDA as a different 
drug for myelofibrosis overcoming some of the toxicities and resistance observed in 
ruxolitinib-refractory patients [86]. Fedratinib is selective for JAK2 over other JAKs 
and the common side effects reported with this drug include anemia, gastrointestinal 
symptoms, and elevations in liver transaminases [87]. Fedratinib also has a black box 
warning for encephalopathy, although this occurred only in about 1% of the treated 
patients [87]. Overall, increasing selectivity of JAK inhibitors may decrease the side 
effect burden on the patient but this cannot be avoided completely due their mecha-
nism of action on important signal transduction pathways.

In an attempt to develop more selective second-generation JAK inhibitors, there 
are more than 20 other JAK inhibitors undergoing clinical trials, with varying selec-
tivity profiles, for a variety of autoimmune diseases, including psoriasis, alopecia 
areata, ankylosing spondylitis and lupus [87]. Within the JAK family, JAK3 inhibi-
tors are emerging as potential targets for the design of more selective KIs. JAK3 is 
a potential target for inflammatory diseases and has a more defined function than 
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other JAKs, which participate in multiple cellular processes. JAK3 associates only 
with the common γ-chain receptor, and it is expressed selectively in lymphoid and 
myeloid cells. Consequently, selective JAK3 inhibition may be beneficial in suppress-
ing inflammatory responses with less off-target effects and markedly reduced adverse 
effects [80]. The main concern that has arisen recently with JAK inhibitors from 
pharmacovigilance (real-world data analysis) is a higher risk of thromboembolism 
[88, 89]. Conflicting data indicates that higher thromboembolic risk may be related to 
the specificity of JAK inhibitor action, such that preferentially blocking one signaling 
pathway upsets the balance between pro and anti-thrombotic activities [90]. It could 
be that thromboembolic complications are not a general class effect of JAK inhibitors, 
but might be related to inhibition of a specific JAK, aging and mutations in JAKs and 
the patient clinical history.

Even though the threshold for acceptable toxicities is higher for oncology patients 
due to the higher risk–benefit ratio that is tolerated, effort continues to be invested 
into producing more selective anti-cancer KI treatments with fewer side effects 
because these drugs fail in clinical trials due to overt toxicity. Promising and selective 
anti-cancer agents are cyclin-dependent kinases (CDKs) inhibitors. CDKs are impor-
tant players in the regulation of cell division and proliferation, and numerous drugs 
that target CDKs have been developed to treat cancers over the past 20 years. The 
clinical trials with the first CDK inhibitors were discontinued due to severe toxicities. 
These toxicities were related to the low selectivity of the CDK inhibitors, since CDKs 
such as CK1 and CDK2 that are essential for maintaining the growth and function 
of normal cells were also inhibited [91]. More recently approved CDK inhibitors for 
the treatment of patients with breast cancer, including palbociclib, ribociclib, and 
abemaciclib, which exhibit selectivity for CDK4/6 over other CDKs, are associated 
with a lower numbers of life-threatening side effects [92]. These inhibitors do not 
have cross reactivity with other CDKs nor with other kinases in general and therefore 
have an improved safety profile [93]. Other selective CDK inhibitors are currently 
under development [94].

6. Conclusion and future perspectives

Hundreds of diseases including various cancers, Alzheimer’s disease and autoim-
mune are associated with kinase mediated phosphorylation of proteins, and therefore 
discovery of selective KIs is still an urgent need. Selectivity is a known challenge 
for the development of KIs as safe therapeutics and as reliable tool compounds to 
investigate biological activities. Therefore, it is important to investigate the selectivity 
of KIs against kinase panels as well as against other targets such as other enzymes, 
ion channels and receptors. As a consequence, the technologies for assessing the 
selectivity of KIs are constantly evolving and have become increasingly sophisti-
cated. In particular, the development of techniques that measure inhibitor profiles in 
environments that mimic human physiology would provide more reliable and human 
relevant results on the KI selectivity. Optimization of KIs, either by structure based 
drug-design, identifying and targeting allosteric sites or enhancing affinity for the 
on-target kinase, improves selectivity, and in general more selective KIs were shown 
to have more favorable safety profiles. The recently approved CDK and JAK inhibitors 
provide a proof of concept that safer and more effective KIs can be developed for both 
oncology indications and non-oncology indications such as chronic inflammatory 
diseases. Recent progress in nanomedicine and targeted therapy offers improvement 
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of drug efficacy, and allow for specific delivery of TKIs to the diseased cells using 
special nanocarriers, thereby reducing the incidence of adverse events [95]. Yet, 
TKI-nanomedicines are in the initial stages of development and, although they have 
great potential, they still have a long way ahead of them. Overall, achieving improved 
target selectivity and reduced off-target-mediated toxicity using efficient compound 
screening and profiling technologies, providing targeted therapies and overcoming 
resistance will further pave the way for novel, selective and safe KIs as promising 
therapeutics in oncology and beyond.
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Chapter 3

Using the Structural Kinome to 
Systematize Kinase Drug Discovery
Zheng Zhao and Philip E. Bourne

Abstract

Kinase-targeted drug design is challenging. It requires designing inhibitors that 
can bind to specific kinases, when all kinase catalytic domains share a common fold-
ing scaffold that binds ATP. Thus, obtaining the desired selectivity, given the whole 
human kinome, is a fundamental task during early-stage drug discovery. This begins 
with deciphering the kinase-ligand characteristics, analyzing the structure–activity 
relationships and prioritizing the desired drug molecules across the whole kinome. 
Currently, there are more than 300 kinases with released PDB structures, which 
provides a substantial structural basis to gain these necessary insights. Here, we 
review in silico structure-based methods – notably, a function-site interaction finger-
print approach used in exploring the complete human kinome. In silico methods can 
be explored synergistically with multiple cell-based or protein-based assay platforms 
such as KINOMEscan. We conclude with new drug discovery opportunities associated 
with kinase signaling networks and using machine/deep learning techniques broadly 
referred to as structural biomedical data science.

Keywords: kinase inhibitor, structural kinome, cysteinome, drug design and discovery, 
drug resistance, protein-ligand interaction fingerprint

1. Introduction

A kinase is an enzyme that catalyzes the transfer of the gamma-phosphate group 
of ATP to a specific substrate [1, 2]. The human kinome comprises 538 known 
kinases, and these play an important role in the signal transduction and regulation 
of cellular functions, such as cell proliferation and necrosis [3, 4]. Correspondingly, 
dysfunctional kinases are associated with a variety of diseased conditions, such as 
cancer, inflammatory disease, cardiovascular disease, neurodegenerative disease, 
and metabolic disease [5, 6]. Therefore, kinases represent important therapeutic 
targets to overcome these diseases [7] and have become one of the most potentially 
impactful target families [8–10]. Since the first kinase-targeted drug, imatinib [11], 
was approved by the US Food and Drug Administration (FDA) in 2001, a significant 
breakthrough in kinase drug design for cancer treatment [12], 63 small molecule 
kinase inhibitors have been approved by the FDA [13, 14] as of Feb. 12, 2021. These 
drugs provide a variety of disease treatments, such as for non-small cell lung cancer 
(NSCLC) [15], chronic myelogenous leukemia (CML) [16], rheumatoid arthritis [17], 
breast cancer [18], and acute lymphoblastic leukemia (ALL) [19]. However, in 
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 practice, the off-target toxicities and other adverse effects, such as congestive heart 
failure and cardiogenic shock in some CML patients [20], require the further develop-
ment of more effective, highly selective inhibitors [3].

Attaining such high selectivity is a daunting task since the inhibitor should bind 
to a specific primary kinase or selected kinases, yet all kinase catalytic domains share 
a common folding scaffold that binds ATP [21]. To validate selectivity, kinome-scale 
screening of lead compounds has been attracting more attention [22, 23]. Indeed, 
there are a number of experimental kinome-scale screening methods [22, 24], such as 
KinaseProfiler [25], KINOMEscan [26], and KiNativ [27]. Although kinase profiling 
technologies are gradually maturing, they are expensive, especially for screening a 
large compound library against the whole kinome, which remains impractical.

With the availability of an increasing number of kinase structures, virtual structure-
based drug screening provides a low-cost and effective way to filter a large compound 
library and identify the most likely compounds at an early stage of drug screening. Used 
concurrently with experiential profiling platforms, in silico methods provide early-stage 
kinome-scale drug screening. Based on structural insights, the atom-level binding 
characteristics of every compound can be revealed and can be used as a guideline for 
further compound identification and optimization. Given the more than 300 kinases 
with released PDB structures, subtle differences have been found in the vicinity of the 
binding site where the adenine base of ATP binds, as well as binding sites away from 
the ATP binding site, such as in the C lobe of the kinase domain [28, 29]. This structural 
corpora provides insights toward achieving the desired selectivity.

In this chapter we describe the characterization of the whole structure kinome to 
facilitate drug development. Specifically, we use the function-site fingerprint method 
to analyze the structural kinome providing systematic insights into kinase drug 
discovery. With increased knowledge of kinase-driven signaling pathways new kinase 
targets are continuously being explored for related disease treatment. Looking ahead 
to structural biomedical data science, combining structure-based polypharmacology 
with machine/deep learning new challenges and opportunities are discussed.

2. Kinome-level profiling

Due to the common ATP-binding pocket, the kinase domain was thought to be 
undruggable prior to the 1990s [30]. With advances in protein- and cell-level experi-
mental techniques and an increase in structure-based knowledge of protein kinases, 
variation among different kinases became apparent [31]. However, possible specific-
ity requires kinome-scale validation. Moreover, with the increased knowledge of 
kinase signal pathways, traditional “one-drug-one-target” models have been replaced 
by the acceptance of polypharmacology. Examples include the FDA-approved drug 
Crizotinib targeting ALK and Met for treating NSCLC, and Cabozantinib targeting 
VEGFR, MET, RET, FLT1/3/4, AXL, and TIE2 for treating thyroid cancer. Hence, 
kinome-level profiling is an important step in confirming the selectivity of multi-
target drugs.

Multiple commercial platforms provide kinome profiling services with panels 
ranging from 30 to 715 kinases (Table 1) [1, 32, 33].

Apart from revealing off-targets, profiling inhibitors offers new opportunities 
for drug discovery [23, 34–39]. Through profiling, the target spectrum reveals the 
compound’s selectivity based on the coverage of kinases it hits, including unexpected 
off-target interactions, which is a cost-effective way of jumpstarting new kinase drug 
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discovery [40]. For example, Druker et al. utilized an in vitro profiling panel of 30 
kinases to establish the selectivity of imatinib in 1996 [16]. Later scientists revisited 
the successful drug using a larger profiling panel and found that imatinib has multiple 
off-targets in the human kinome. By utilizing the off-target interactions, imatinib can 
be repurposed for other diseases. Indeed, in 2008 the FDA approved imatinib as an 
adjuvant treatment to CD117-positive gastrointestinal stromal tumors (GIST) in adult 
patients [41, 42].

3. Structural kinome

Profiling the whole human kinome as a routine procedure can validate the selec-
tivity of any given compound by comparing the binding affinities, such as IC50 or Kd 
[10, 43]. Subsequently optimizing the compound toward the desired selectivity is the 
next critical step in early-stage drug discovery. This often begins with deciphering 
the kinase-ligand characteristics and analyzing the structure–activity relationships, 
such as confirming which part of the binding sites is nucleophilic/electrophilic, which 
sub-pocket is hydrophobic, or which amino acids can provide covalent interactions. 
These atom-level interaction details provide the basic principles by which to modify 
the functional groups of the given compound. Iteratively combining compound 
optimization with kinome profiling establishes lead compounds for further testing.

As of Feb. 2021, there are 304 kinases associated with 5208 PDB structures covering 
all kinase groups, i.e., AGC (276 structures), Atypical (255 structures), CAMK (587 
structures), CK1 (82 structures), CMGC (1428 structures), STE (296 structures), 
TK (1447 structures), TKL (335 structures), and other (493 structures) [44, 45]. 
The 3-D kinase structure corpus provides a basis for structural kinome-based drug 
discovery. Scientists can not only directly review the compound binding details against 
the specific target, but they can also compare nuances -similarities and differences 
- among different kinase targets. For example, in comparing the ATP binding mode, 
63 FDA-approved small-molecule kinase drugs can be divided into Type-I, II, III, or 
IV inhibitors [29, 46]. Similarly, based on the possible existence of a covalent interac-
tions, these kinase drugs can be divided into covalent (irreversible) inhibitors and 
noncovalent (reversible) inhibitors (Table 2) [47, 48]. Overall, the desired selectivity 

Providers Technologies Kinases Results Websites

Reaction biology HotSpot™ 
33PanQinase™

715 IC50 https://www.reactionbiology.
com

DiscoverRx KinomeScan 489 Kd/ IC50 https://www.discoverx.com

Thermo Fisher 
Scientific

Z′-LYTE
Adapta

>485 IC50/ EC50 https://www.thermofisher.com

Eurofins 
Discovery

KinaseProfiler™ >420 IC50 https://www.
eurofinsdiscoveryservices.com

Luceome 
Biotechnologies

KinaseSeeker™ 
KinaseLite™

409 IC50 https://www.luceome.com

ActivX 
Biosciences

KiNativ™ >400 Kd/ IC50 https://www.kinativ.com

Table 1. 
Commercial kinase profiling service providers as of Feb. 28, 2021, based on the provider’s webpages.
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Drug Type Mode PDB ID Drug Type Mode PDB ID

Imatinib II Reversible 1OPJ Brigatinib I Reversible 5J7H

Gefitinib I Reversible 4I22 Midostaurin I Reversible 4NCT

Erlotinib I Reversible 4HJO Neratinib I Irreversible 2JIV

Sorafenib II Reversible 4ASD Abemaciclib I Reversible 5L2S

Sunitinib I Reversible 2Y7J Copanlisib I Reversible 5G2N

Dasatinib I Reversible 3QLG Acalabrutinib I Irreversible —

Lapatinib I Reversible 1XKK Netarsudil I Reversible —

Nilotinib II Reversible 3GP0 Fostamatinib I Reversible 3FQS

Pazopanib I Reversible — Baricitinib I Reversible 4W9X

Vandetanib I Reversible 2IVU Binimetinib III Reversible 6V2X

Crizotinib I Reversible 3ZBF Encorafenib I Reversible —

Vemurafenib I Reversible 3OG7 Dacomitinib I Irreversible 4I24

Ruxolitinib I Reversible 4U5J Gilteritinib I Reversible 7AB1

Axitinib I Reversible 4AGC Larotrectinib I Reversible —

Bosutinib I Reversible 4OTW Lorlatinib I Reversible 5A9U

Regorafenib II Reversible — Entrectinib I Reversible 5FTO

Tofacitinib I Reversible 3LXN Erdafitinib I Reversible 5EW8

Cabozantinib II Reversible — Fedratinib I Reversible 6VNE

Ponatinib II Reversible 4C8B Pexidartinib II Reversible 4R7H

Trametinib III Reversible 7JUR Upadacitinib I Reversible —

Dabrafenib I Reversible 4XV2 Zanubrutinib I Irreversible 6J6M

Afatinib I Irreversible 4G5J Pemigatinib I Rreversible —

Ibrutinib I Irreversible 5P9I Pralsetinib I Rreversible 7JU5

Ceritinib I Reversible 4MKC Ripretinib II Reversible 6MOB

Idelalisib I Reversible 4XE0 Selpercatinib I Rreversible 7JU6

Nintedanib I Reversible 3C7Q Selumetinib III Reversible 4U7Z

Palbociclib I Reversible 2EUF Tucatinib I Rreversible —

Lenvatinib I Reversible 3WZD Avapritinib I Rreversible —

Cobimetinib III Reversible 4AN2 Capmatinib I Rreversible 5EOB

Osimertinib I Irreversible 4ZAU Tepotinib I Rreversible 4R1V

Alectinib I Reversible 5XV7 Trilaciclib I Rreversible —

Ribociclib I Reversible 5L2T

Table 2. 
63 FDA-approved kinase small molecule drugs as of Feb. 12, 2021. Columns 2–4 show that the inhibitor types 
(column 2), covalent interaction modes (column 3), and PDB IDs if the drug-bound structure is available in the 
PDB (column 4; “-” means the drug-bound PDB structure is unavailable).
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is achieved by utilizing every nuance of the different binding sites and accommodating 
the different sub-pockets of the binding sites among the different kinases [13, 46, 49]. 
As such, deciphering the whole structural kinome will be very useful in enhancing 
kinase inhibitor screening, optimization, and prediction. To this end, we introduce the 
alignment of the binding sites across the structural kinome and describe the character-
istics of the aligned binding sites for achieving the desired selectivity.

Zhao et al. developed a function-site interaction fingerprint (FsIFP) approach to 
align and delineate the structural human kinome [29]. The FsIFP approach describes 
protein−ligand interaction characteristics at the functional site using 1D finger-
prints [50], which can be compared and contrasted. The approach consists of three 
steps (Figure 1). First, preparing the structural kinome database. All the released 

Figure 1. 
(a) Kinase binding site surrounding the ATP binding cavity (PDB ID: 1 m17 as the template). (b). The occupied 
binding pocket of a type-I kinase inhibitor (PDB ID: 4i22). (c) the binding characteristics of a type-II kinase 
inhibitor (PDB ID: 2hyy); (d) the binding characteristics of a type-III kinase inhibitor (PDB ID: 4an2).
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PDB structures can be directly downloaded based on keyword search or the kinase 
enzyme index [44]. Additionally, there are a few kinase-specific webpages such as 
UniProt (https://www.uniprot.org/docs/pkinfam), KLIFS [45] (https://klifs.net/), 
and the kinase sarfari https://chembl.gitbook.io/chembl-interface-documentation/
legacy-resources#kinase-sarfari). Second, aligning the binding sites. The SMAP 
software [51], one sequence-independent binding site comparison tool, was applied 
to compare all of the binding sites. Third, encoding the interaction fingerprint. 
Given any protein-ligand complex, every involved residue comprising the functional 
site is converted into a fingerprint string by using the predefined standards [52] for 
different residue-ligand nonbinding interactions such as van der Waals, aromatic 
stacking interactions, hydrogen-bond interactions, and electrostatic interactions [53]. 
Currently, there are a few open-source tools available, such as IChem [54] and PyPlif 
[55] that provide these data. The function-site interaction fingerprints are obtained 
by combining the aligned binding sites with the encoded interaction fingerprints. So 
far, the FsIFP strategy has been successfully applied to a number of different drug 
design and discovery projects [15, 56–58].

The FsIFP approach, which examines the specificity among binding sites has 
been explored to design high-selectivity kinase inhibitors. Beyond the ATP binding 
pocket, there are other binding subpockets to be validated [59], such as hydrophobic 
segment, allosteric segment, DFG motif area, and G-rich-loop region (Figure 1a). 
Corresponding to these binding regions, inhibitors are classified as Type-I, Type-II, 
and Type-III.

Type-I kinase inhibitors mainly bind to the ATP-binding site in the “DFG-in” 
conformation. To obtain stronger binding affinity and greater selectivity than ATP, 
besides occupying the ATP-binding space, Type-I inhibitors extend into different 
proximal regions, specifically referred to as the front pocket region, the hydropho-
bic pocket region, the DFG motif, or the G-rich-loop region [13, 59]. For example, 
Gefitinib is one Type-I drug for the treatment of non-small cell lung cancer (NSCLC) 
[60]. Its quinazoline scaffold forms hydrogen bonds with the hinge region like the 
adenine moiety of ATP (Figure 1b). More importantly, the 3-chloro-4-fluorophenyl 
fragment of Gefitinib extends into the hydrophobic pocket, and the morpholine 
derivative binds at the front pocket and forms polar interactions with residues Cys797 
and Asp800 (Figure 1b) [61]. In contrast, Type-II kinase inhibitor typically bind 
in the “DFG-out” conformation. Type-II kinase inhibitors extend into the allosteric 
pocket region beyond the ATP binding pocket. For example, Imatinib is a Type-II 
inhibitor to treat positive acute lymphoblastic leukemia (Ph + ALL) in children. Like 
Type-I inhibitors, there is a scaffold fragment (Figure 1c) occupying the space where 
the adenine moity of ATP binds. At the same time, the 4-(4-Methyl-piperazin-1-
ylmethyl) benzamide extends into the allosteric pocket. Type-III inhibitors occupy 
the allosteric pocket (Figure 1d), which is not so well conserved that attractive for 
designing non-ATP competitive kinase inhibitors. Fingerprints established through 
aligned structures provide detailed information on the binding sites occupied by 
Type- I, II, and III kinase inhibitors.

The other noteworthy aspect is the difference in amino acids at the same spatial 
position among the aligned binding sites, which is useful in obtaining the desired 
selectivity. Typically, structural kinome-guided studies have shown that there are 
a number of cysteine residues distributed around the binding sites [1, 21, 62, 63]. 
In Zhang et al.’s review, they identified over 200 kinases bearing at least one cyste-
ine in and around the ATP binding pocket, thus highlighting the broad structural 
basis to improve the selectivity and binding affinity by covalently utilizing these 
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non-catalytic cysteines [21]. Currently, 7 covalent kinase inhibitors have been 
approved (Table 2). This class of inhibitors not only bind to the ATP binding pocket, 
but also hit nearby cysteine to form covalent interaction; Afatinib (Figure 2a) being 
one example through binding to Cys797. Similarly, the other 6 inhibitors all form 
covalent bonds with the corresponding cysteines located in the front pocket. Like 
Afatinib, Osimertinib, Dacomitinib, and Neratinib all have covalent interaction with 
Cys797 in the EGFR crystal structure (Figure 2a). Ibrutinib, Acalabrutinib, and 
Zanubrutinib all form covalent interactions with Cys481, targeting BTK. In their 
study, Zhao et al [63] identified 63 different amino acid locations bearing accessible 
cysteines through surveying the whole structural kinome (Figure 2b), speaking to the 
broad applicability of designing covalent kinase inhibitors.

4. Challenges and opportunities

Since the launch of the first kinase drug, Imatinib in 2001, kinase targeted drug 
discovery has been on a fast track. In the last six years, an average of eight small 
molecule kinase drugs have been approved per year. This tremendous success 
benefits patients, but also highlights our ability to achieve drug discovery outcomes 
[9, 64]. However, challenges still remain in the development of efficient, non-toxic 
kinase-targeted drugs [3].

Clinical adverse effects are one major challenge. For example, kinase drugs affect 
the digestive system and cause nausea, vomiting, and/or diarrhoea [65]. Further, most 
kinase inhibitors cause serious adverse effects, such as different degrees of cytopenia 
[66]. These side effects typically result from off-targets effects. To avoid such side 
effects, a highly selective drug is desired. Alternatively, adverse effect can be due to 
on-target toxicities involving the intrinsic mechanisms of the drugs [67]. At this point 
in the evolution of small molecule kinase drugs, novel compound scaffolds are needed 
to reduce adverse effect as much as possible. Maximizing the diversity of molecular 
scaffolds is critically important for extracting the novel compound early on. The 
increasing availability of panels of phenotypic assays may provide one strategy to 

Figure 2. 
(a) Covalent binding mode of Afatinib (PDB id: 4g5j). (b). 63 positions bearing the accessible cysteines  
(PDB id: 3byu). The legend shows the amino acids and the corresponding spatial positions (purple balls).
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profile selectivity by combining virtual structure-based kinome screening, which can 
filter a huge compound library into a highly focused kinase library [68].

Another challenge is acquired drug resistance [58, 69]. In clinical practice, kinase-
targeted drugs are frequently subject to drug resistance, which has become a primary 
vulnerability in targeted cancer therapy. The first difficulty is exploring resistance 
mechanisms due to the diversity of specific drug-binding mechanisms. For example, 
drug resistance of Erlotinib, which is one FDA-approved kinase drug used to treat 
patients with EGFR-overexpression induced NSCLC, is caused by the gatekeeper 
T790M mutation, which increases the binding affinity of ATP to the EGFR kinase 
[70]. In another example, Crizotinib was often found to be ineffective in the majority 
of patients after 1–2 years’ treatment against ALK-positive NSCLC due to the acquired 
ALK L1196M mutation, which decreased the binding affinity of Crizotinib [71].

Nevertheless, these challenges also provide unique opportunities to develop new 
approaches and applications. Currently, in vitro and/or in vivo kinome-scale and 
proteome-scale profiling methodologies have been merged into the drug design 
pipeline, which potentially provides a thorough understanding of targets and selec-
tivity of kinase inhibitors. Combined with the diseases’ signal pathway, the target 
spectrum can be further applied to “one-drug-multiple-target” drug design. For 
example, Midostaurin is a multi-target kinase drug [72] used to treat adult patients 
with newly diagnosed FLT3-mutated acute myeloid leukemia (AML). For a “multiple-
drug-multiple-target” combination therapy strategy, Capmatinib (a MET inhibitor) 
and Gefitinib (an EGFR inhibitor) had been approved to treat patients with EGFR-
mutated-MET-dysregulated – in particular, MET-amplified - NSCLC [73]. We can 
expect profiling methodologies will be further developed to cover the whole kinome 
and even the proteome.

In virtual drug design and discovery, the incorporation of machine/deep learning 
and structural biomedical data science are advancing compound screening, target 
validation, and selectivity improvement [74]. Currently, data science has become one 
of the fastest-growing disciplines and deep learning has been applied to drug syn-
thesis, design, and prediction [75–77]. Moreover, there are a large number of kinase 
assay databases available. For example, a database from Merck, KGaA, with over 1.0 
million data points (i.e., 4,712 compounds x 220 kinases). Merget et al. used it to train 
one virtual profiling assay model to support virtual screening, compound repurpos-
ing, and the detection of potential off-targets [37]. Here, we collate the free databases 
of available kinase-inhibitor activity (Table 3). It is worth noting that the ChEMBL 

Provider Technology Coverage Resource website

Reaction 
biology

HotSpot™ 300 Kinases × 178 
Inhibitors

www.guidetopharmacology.org

ChEMBL 
Kinase SARfari

Collected from 
academic publications

~530,000 data points www.ebi.ac.uk/chembl

Eurofins 
Discovery

KinaseProfiler™ 234 Kinases × 158 
Inhibitors

www.guidetopharmacology.org

DiscoverRx KinomeScan ~440 Kinases × 182 
Inhibitors

lincs.hms.harvard.edu

ActivX 
Biosciences

KiNativ™ (194 to 316) Kinases × 30 
Inhibitors

lincs.hms.harvard.edu

Table 3. 
Kinase-inhibitor interaction activity data resource.
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Kinase SARfari database, which contains ~54,000 compounds, ~980 kinases targets, 
and the corresponding approximately 530 K structure–activity data points [78], 
has been used to predict kinome-wide profiling of small molecules [79–81]. Taken 
together, data-driven methods and applications will further experimental protocols 
and facilitate the drug discovery processes.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Time Series Analysis on the
Conformational Change of c-Src
Tyrosine Kinase
Hyun Jung Yoon, Sungmin Lee, Suhyun Park and Sangwook Wu

Abstract

c-Src tyrosine kinase plays an important role in signal transduction pathways, where
its activity is regulated by phosphorylation of the two tyrosine residues. We performed
targeted molecular dynamics simulation to obtain trajectory of conformational change
from inactive to active form. To investigate the conformational change of c-Src tyrosine
kinase, we applied network analysis to time series of correlation among residues. The
time series of correlation between residues during the conformational change generated
by targeted molecular dynamic simulation. With centrality measures such as between-
ness centrality, degree centrality, and closeness centrality, we observed a few important
residues that significantly contribute to the conformational change of c-Src tyrosine
kinase for the different time steps.

Keywords: c-Src tyrosine kinase, targeted molecular dynamics simulation, network
analysis, time-series, clustering

1. Introduction

Tyrosine kinases play a critical role in various biological processes such as migra-
tion, angiogenesis, proliferation, differentiation, survival, and immune function
[1–3]. c-Src (cellular Src), encoded by Src gene, is a non-receptor tyrosine kinase first
isolated as the normal cellular homolog to the potent avian sarcoma viral transforming
oncogene v-Src [4]. c-Src tyrosine kinase consists of the N-terminal unique region, the
Src homology 3 (SH3), SH2, linker, kinase domain, and the regulatory C-terminal tail.
Under normal circumstances, the SH3 domain of the c-Src tyrosine kinase binds to the
proline-rich region in the linker domain. And the SH2 domain binds to Tyr527, which
leads to a closed conformation [5, 6]. However, under certain conditions, the closed,
inactive c-Src tyrosine kinase undergoes a transition to an open and active conforma-
tion. One of the important features of c-Src tyrosine kinase catalytic activation is to
control its phosphorylation status. One of the major phosphorylation sites is Tyr527,
which is located in the C-terminal tail. Dephosphorylation of pTyr527 (phosphory-
lated Tyr527) releases the closed conformation, which leads to the active state.
Another major phosphorylation site is Tyr416, which is located in the activation loop
of the tyrosine kinase domain [7, 8]. c-Src tyrosine kinase activity depends on the
phosphorylation status of the two residues: Tyr527 and the Tyr416.
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Using targeted molecular dynamics (TMD) simulation, we study the conformational
change of c-Src tyrosine kinase by applying an external bias [9]. We generate sequential
and continuous transition between two known conformations: the inactive and the
active conformation for the case of Tyr527-pTyr416 (instead of pTyr527-Tyr416).

Network analysis has been successfully applied to biological problems [10, 11]. For
instance, Goh et al. constructed a network of Mendelian gene-disease associations to
identify unknown important genes causing disease [12]. In a biological network, a
node corresponds to a gene and an edge is an interaction or correlation between genes.
Centrality measures are very effective approaches to determine the ranking or impor-
tance of genes in the gene-disease network. Those centrality measures uncover
important target genes relevant to disease. In this study, using network analysis,
clustering method, and time-series analysis, we attempt to reveal the key residues,
which influence the conformational transition of the c-Src tyrosine kinase between
the inactive and active conformation.

2. Method

2.1 Targeted molecular dynamics (TMD) simulation

To perform the Targeted Molecular Dynamics simulation, an external potential,
UTMD [13], to be defined.

UTMD ¼ k
2N

RMSD tð Þ � RMSD ∗ tð Þ½ �2 (1)

In the above equation, RMSD(t) is defined as root-mean-square deviation (RMSD) of
the simulated structure from the target structure at time t. RMSD*(t) is theRMSDvalue at
time t assuming a linear decrease from the initial to the target structure. The inactive (PDB
ID: 2SRC) and active form (PDB id: 1Y57) of c-Src tyrosine kinase are defined as initial and
target conformation, respectively [14, 15]. Both the conformations were modified (to
have the same number of atoms) for the TMD simulation. The spring constant ‘k’was set
as 2500 kcal/mol �Å2 for 3,619 atoms (hydrogen atoms excluded). NAMD 2.9 [16] with
the CHARMM 27 force field [17] was used to perform simulation and the protein param-
eters were incorporated with the CMAP corrections [18]. In TMD, the conformational
change from inactive to the active state is guided by the external force within a reasonable
time scale. In our calculation, we have used 10 ns time scale. To undergo the conforma-
tional change within 10 ns time scale and to avoid the bias effect, we employed the
smallest spring constant ‘k’ (2500 kcal/mol �Å2). TIP3P water model [19] was used in the
simulation. The particle mesh Ewald (PME)method was set as 12 Å direct space cut-off
[20]. The damping coefficient was set as 5 ps�1 for the Langevin dynamics simulation. To
maintain the constant pressure (1 atm), Nosé–Hoovermethodwas used (1 atm) [21]. The
NPT ensemble was carried out in 310K for the TMD simulation.

2.2 Network analysis

To analyze the correlation between residues in the trajectories of the TMD
simulations, we have used the dynamical cross-correlation (DCCM) method [22–24].
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Cij ¼
< ri tð Þ � < ri tð Þ>ð Þ rj tð Þ � < rj tð Þ>

� �
>ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

< r2i tð Þ> � < ri tð Þ> 2
� �

< r2j tð Þ> � < rj tð Þ> 2
� �r (2)

Where, ri(t) and rj(t) = atomic positions of the ith and jth Cα atoms at time t. The
quantity “ri(t)� <ri(t)>” corresponds to the fluctuation of the “ith” atom and “rj(t)�
<rj(t)>” corresponds to the fluctuation of the “jth” atom. For all the Cα atoms, a 450 �
450 (residues 84-533) correlation map was obtained during the 10 ns TMD simulation.
In Eq. (2), the quantity Cij in the DCCM is an adjacency matrix. The weight wij, of the
edge between the nodes, ‘i and j’, defined as [25, 26]

wij ¼ � log Cij
�� �� (3)

DCCM can be used tomeasure the weight, which is the probability of information
transfer across the edge. In the constructed network, every node is a Cα atom and each
edge is an information transfer probability, in the cross-correlation. To identify and quan-
tify the nodes that occupy critical positions in a network, a few centrality measures have
been proposed, including the degree, betweenness, and closeness centralities [27–29].

The degree centrality measures the number of edges incident on a node in a
network, thus expressing the “popularity” of the node.

CD við Þ ¼ di ¼
X
j

Aij (4)

where Aij is the adjacency matrix: if wij = 0 then Aij = 0, otherwise Aij = 1. The
closeness centrality is defined as the average length of the shortest paths between a
node and all the other nodes in a network. It can be used to measure information
spread from a given node to the other nodes. The closeness centrality is defined as

CC við Þ ¼ n� 1P
j6¼ig vi, vj

� � (5)

where g(vi, vj) is the shortest path with a weight between two nodes ‘i’ and ‘j’. The
betweenness centrality is to measure the number of information pathways that flow
through a node in a network. The betweenness of node ‘i’ is the fraction of the shortest
paths between pairs of nodes that pass through node ‘i’. The betweenness centrality is
defined as

bi ¼
P

s< tg
st
i =nst

1
2 n n� 1ð Þ (6)

where gsti is the number of shortest paths from ‘s’ to ‘t’ with a weight that passes
through node ‘i’. nst is the total number of shortest paths from to ‘s’ to ‘t’. We obtained
DCCM and three centralities using Bio3d [30–32].

2.3 Clustering

Clustering is an effective approach to discover interesting patterns of time series
data. It is widely used in diverse fields of research from biology to economy:
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functional clustering of time-series gene expression data [33], identification of func-
tionally related genes [34–36], detecting brain activity [37, 38], identifying patholog-
ical cases from mass spectrometry (MS) clinical samples [39], discovering energy
consumption pattern [40, 41], and pattern finding in stock time series [42, 43].

Using the targeted molecular simulation (TMD), we generated a dynamical corre-
lation matrix between two residues, Cij, for each time step during the conformational
change from the inactive to active state. Then, the time-series of Cij are grouped into a
set of time series in such a way that their temporal profiles in the same group (cluster)
are more similar to each other than those in other groups (clusters). We applied a
hierarchical clustering algorithm and repeated clustering runs with a different number
of clusters from 4 to 10 until getting clear clustering. The function ‘tsclust [44]’ of
‘DTWclust [45]’ in the R statistical package is used for clustering of time series data.

3. Results and discussion

3.1 Conformational change of c-Src tyrosine kinase

The electrostatic interaction between the Tyr527 and the positively charged
Arg175/Lys203 becomes weaker in the inactive conformation at the early stage of the
transition from the inactive to the active conformation by TMD simulation. The
C-terminal tail, including Tyr527, is completely detached from the SH2 domain (the
period of 0-3 ns) in the TMD simulation. The detachment of Tyr527 from the SH2
domain triggers the conformational change. The detached Tyr527 moves toward the
kinase domain (4-6 ns period: Figure 1b and c). At this stage, the most prominent

Figure 1.
Four snapshots of TMD simulation of c-Src tyrosine kinase between 0 and 10 ns. (a) 0 ns: inactive conformation (b) 4
ns: Detachment of Tyr527 in the C-terminal tail from the SH2 domain (c) 6 ns: Large-scale conformational change of
c-Src tyrosine kinase (d) 10 ns: active conformation. Color code: SH3 (resid 84-142, Orange), SH2 (resid 143-245,
Green), linker (resid 246-266, Magenta), and tyrosine kinase domains (resid 267-520, Blue), the regulatory
C-terminal tail (resid 521-533, Yellow). The two residues, pTyr416 and Tyr527, are represented as licorice [9].
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conformational change occurs in the kinase domain. The secondary structures,
including the αC-helix in the kinase domain, rotate significantly. During this time,
Tyr416 remains buried beneath the activation loop. At the final stage of transition,
Tyr527 has reached the far side of the kinase domain relative to the SH2 domain. The
activation loop has also moved from its original position. pTyr416 is now exposed to
the surface.

The activation processes from the inactive state (0 ns: Figure 1a) to the active state
(10 ns: Figure 1d) in the TMD simulation are shown in Figure 1. The conformational
transition of c-Src tyrosine kinase from the inactive to the active state generated by
TMD simulation is shown in the supplementary video material [9].

3.2 Centrality measures

The degree, closeness, and betweenness centralities are measured for the
conformational change that occurred during the 10 ns TMD simulation (Figure 2).
The residues with high values of the degree, closeness, and betweenness
centralities are not located in the activation loop, linker, αC-helix. The residues with
high centrality measures are mainly confined to the helix region adjacent to the
αC-helix. The residues with the top 5 values of each centrality measure are listed in
Table 1.

3.3 Clustering

We investigate correlation patterns between specific residues (Trp260,
Tyr416, Tyr527, Lys321) and all the other residues using the clustering method.
The clustering of residues provides us with information on not only the pattern of the
time series but also the correlation values, Cij, between residues at each time step.

Figure 2.
Centrality measures during the 10 ns TMD simulation. (a) Degree centrality (b) Closeness centrality
(c) Betweenness centrality. We mapped centrality measures onto the active conformation of c-Src tyrosine
kinase [9].

Betweenness Closeness Degree

1 Glu320 Val377 Val323

2 Lys321 Arg379 Val402

3 Ala368 Glu378 Lys321

4 Leu322 Met380 Ile370

5 Met380 Thr508 Thr301

Table 1.
Top 5 residues of each centrality measure [9].
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3.3.1 Trp260

Trp260 has an important role in the conformational change of c-Src tyrosine kinase
[46]. Figure 3 shows a time series of correlation, Cij (t), for Trp260. It shows distinctive
patterns among clustering groups. Residues in both group 6 (Figure 3a) and group 11
(Figure 3b) are positively correlated to Trp260 for the entire time window (0-10 ns).
The residues in clustering group 9 (Figure 3c), however, are negatively correlated to
Trp260. Figure 1a shows no correlation in early time (0-4 ns). The correlation increases
positively (4-7 ns), and reaches the highest correlation value (�7 ns). Eventually, the
correlation decreases (8-10 ns). The location of residues in clustering group 6 (orchid),
clustering group 9 (cyan), and clustering group 11 (pink) are shown (Figure 3d). The
positively correlated (blue) and negatively correlated residues (red) are shown
(Figure 3e). The positively correlated residues are mainly located near residue Trp260
in the inactive form of c-Src tyrosine kinase. The negatively correlated residues are
spread around a relatively far from Trp260 in the inactive form. The time series analysis
based on the clustering method and network analysis indicates that Trp260 is rapidly
changing its position after the second half of the conformational transition.

3.3.2 pTyr416

Figure 4 shows the time series of correlation, Cij (t), for pTyr416. The residues in
the clustering group 12 are positively correlated to Tyr416 for the entire time window

Figure 3.
Some distinctive clusters on the time series of correlation between Trp260 and other residues. (a) Clustering group
6 (b) Clustering group 11 (c) Clustering group 9 (d) Each cluster is mapped on the inactive conformation. Color
code: orchid, pink and cyan for clustering 6, 11, and 9 respectively. (e) The positive correlation clusters (blue) and
negative correlation clusters (red) on the inactive conformation.
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(0-10 ns) (Figure 4a). The residues in the clustering group 5, however, are negatively
correlated to pTyr416 (Figure 4b). Interestingly, the residues in the clustering group
16 show correlation change in the two different time regimes (Figure 4c). As shown
in Figure 4a, Cij (t) has a large value (> 0.5) even in early time and increases to 0.9.
During the 7-8 ns period, Cij (t) reaches a plateau with the highest correlation value.
After 8 ns, Cij (t) returns to 0.5. The residues in the clustering group 12, shown in
orchid in Figure 4d, are mainly located close to pTyr416. The positive correlation
between the clustering group 12 and pTyr416 is due to “physical distance”.

Most of the residues in the clustering group 5 are negatively correlated to pTyr416
during the conformational transition (Figure 4b). Cij (t) decreases to a minimum
value of -0.7 around 7 ns and returns to -0.3. The residues in group 5, shown as cyan in
Figure 4d, are located far away from pTyr416. The negative value of Cij (t) indicates
that the movement of pTyr416 and the residues in the clustering group 5 are in a
reverse direction.

The residues in the clustering group 16 show the correlation pattern change to
pTyr416 during the conformational transition. During 0-4 ns period, residues in
group 16 (shown as yellow in Figure 4d) shows negatively correlated to pTyr416 with
a minimum value of -0.3 in Cij (t). And after 4 ns, the correlation pattern shows
positively correlated to pTyr416. Cij (t) reaches 0.7 around 7 ns in the conformational
transition process.

Figure 4.
Some distinctive clusters on the time series of correlation between pTyr416 and other residues. (a) Clustering group
12 (b) Clustering group 5 (c) Clustering group 16 (d) Each cluster is mapped on the inactive conformation. Color
code: orchid, cyan, and yellow for clustering 12, 5, and 16 respectively. (e) The positive correlation clusters (blue)
and negative correlation clusters (red) on the inactive conformation.
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The positively correlated (blue) and negatively correlated residues (red) to
pTyr416 are mapped into the inactive conformation (Figure 4e).

3.3.3 Tyr527

Figure 5 shows the time series of correlation, Cij (t), for Tyr527. The residues in the
clustering group 14 are positively correlated to Tyr527 for the entire time window
(0-10 ns) (Figure 5a). The residues in the clustering group 9, however, are negatively
correlated to Tyr527 during the most time of conformational transition (Figure 4b).
As with the case of pTyr416, the residues in the clustering group 2 show correlation
pattern change in the two different time regimes (Figure 5c). As shown in Figure 5a,
Cij (t) increases to 0.6 during 0-4 ns period. After an abrupt decrease, Cij (t) increases
again to reach a plateau with the value of 0.6 during 6-10 ns. The residues in the
clustering group 14 (shown as orchid in Figure 5d) are located close to Tyr527.
Similarly, the positive correlation between the clustering group 14 and Tyr527 is due
to a strong coupled through “physical distance”.

Most of the residues in the clustering group 9 are negatively correlated to Tyr527
during the conformational transition (Figure 5b). The residues in the clustering
group 9 (shown as cyan in Figure 5d) are located away from Tyr527 in the inactive
conformation.

Figure 5.
Some distinctive clusters on the time series of correlation between pTyr416 and other residues. (a) Clustering group
14 (b) Clustering group 9 (c) Clustering group 2 (d) Each cluster is mapped on the inactive conformation. Color
code: orchid, cyan, and yellow for clustering 14, 9, and 2 respectively. (e) The positive correlation clusters (blue)
and negative correlation clusters (red) on the inactive conformation.

66

Protein Kinases - Promising Targets for Anticancer Drug Research



The residues in the clustering group 2 show the correlation pattern change to
Tyr527 during the conformational transition, which is observed in the case of
pTyr416. During 0-4 ns period, the residues in the clustering group 2 (shown as
yellow in Figure 5d) shows negatively correlated to Tyr527 with a minimum value of
-0.3 in Cij (t). And after 4 ns, the correlation pattern shows positively correlated to
Tyr527. In the last, Cij (t) reaches 0.45 around 7 ns in the conformational transition
process.

The positively correlated (blue) and negatively correlated residues (red) to
pTyr416 are mapped into the inactive conformation (Figure 5e).

3.3.4 Lys321

According to network analysis, Lys321 has high centralities both in betweenness
and degree centralities (Table 1). Within the framework of network theory, it implies
that Lys321 would play an essential role in the conformational change of c-Src tyrosine
kinase. The residues in the clustering group 13 are positively correlated to Lys321 for
the entire time window (0-10 ns) (Figure 6a). The residues in the clustering group 1
are negatively correlated to Lys321 (Figure 6b). As with the cases of pTyr416 and
Tyr527, the residues in the clustering group 16 show correlation pattern change in the
two different time regimes (Figure 6c).

Figure 6.
Some distinctive clusters on the time series of correlation between Lys321and other residues. (a) Clustering group
13 (b) Clustering group 1 (c) Clustering group 16 (d) Each cluster is mapped on the inactive conformation. Color
code: orchid, cyan, and yellow for clustering 13, 1, and 16 respectively. (e) The positive correlation clusters (blue)
and negative correlation clusters (red) on the inactive conformation.
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As shown in Figure 6a, Cij (t) values fluctuate around 0.5 during the 0-5 ns period.
After that, it increases to 0.7 around 7 ns. Finally, it decreases to around 0.55. The
residues in the clustering group 13 (shown as an orchid in Figure 6d) are located close
to Lys 321. Similarly, the positive correlation between the clustering group 14 and
Lys321 is due to a strong coupled through “physical distance”.

Most of the residues in the clustering group 1 are negatively correlated to Lys321
during the conformational transition (Figure 6b). The residues in the clustering group 1
(shown as cyan in Figure 5d) are located away from Lys321 in the inactive conforma-
tion. Figure 6b shows that Cij decreases to -0.5 until 6 ns and increases and reaches -0.3
at the end of the conformational transition. The residues in the clustering group 1,
shown in purple in Figure 6d, are located quite away from Lys321.

The residues in the clustering group 16 show the correlation pattern change to
Lys321 during the conformational transition, which is observed in the cases of
pTyr416 and Tyr527. During 0-2 ns period, the residues in the clustering group 16

TRP260 Positive
correlation

Cluster 6 93, 94, 95, 96, 97, 98, 99

Positive
correlation

Cluster 11 253, 254, 255, 256, 257, 263, 264, 265, 266, 267, 303, 304, 305, 306,
307, 308, 309, 310, 311, 312, 313, 314, 315, 325, 326, 330, 331, 332,
333, 334, 335, 336, 337

Negative
correlation

Cluster 9 176, 177, 180, 181, 182, 183, 184, 185, 203, 204, 205, 206, 207, 208,
209, 210, 211, 212, 213, 355, 356, 357, 358, 359, 360, 361, 362, 363,
364, 365, 366, 367, 452, 453, 454, 455, 456, 457, 458, 483, 484, 485,
486, 487, 488, 489, 490, 491, 492, 493, 494, 495

TYR416 Positive
correlation

Cluster 12 413, 414, 418, 419, 420, 424

Negative
correlation

Cluster 5 162, 163, 169, 170, 171, 172, 173, 174, 184, 185, 186, 187, 188, 189,
190, 191, 192, 193, 194, 195, 196, 197, 198, 199, 200, 201, 202, 203,
204, 205, 214, 215, 236, 237, 238, 239

Switch Cluster 16 527, 528, 529, 530, 531, 532, 533

TYR527 Positive
correlation

Cluster 14 524, 525, 530, 531, 532

Negative
correlation

Cluster 9 263, 264, 265, 266, 267, 268, 269, 270, 271, 272, 273, 274, 275, 276,
277, 278, 279, 280, 281, 282, 283, 284, 285, 286, 287, 288, 289, 290,
291, 292, 293, 294, 295, 296, 325, 326, 337, 338, 339, 340

Switch Cluster 2 93, 94, 95, 96, 97, 98, 99, 100, 101, 255, 256, 257, 258, 259, 260, 261,
262, 297, 298, 299, 300, 301, 302, 303, 304, 305, 306, 307, 308, 309,
310, 311, 312, 313, 327, 328, 329, 330, 331, 332, 333, 334, 335, 336,
386, 405, 406, 407, 408, 409, 410, 411, 412, 413, 414, 415, 416, 417,
418, 419, 420, 421, 422, 423, 424

LYS321 Positive
correlation

Cluster 13 319, 323, 368, 369, 370, 371, 372, 374, 375, 376, 399, 400, 402

Negative
correlation

Cluster 1 84, 85, 86, 87, 88, 89, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108,
109, 110, 111, 112, 113, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127,
128, 129, 130, 131, 132, 133, 134, 136, 137, 138, 139, 140, 420, 421,
422, 423, 424, 466, 467, 468, 469, 470, 471, 472, 473, 474

Switch Cluster 16 528, 529, 530, 531, 532, 533

Table 2.
The residues in the clustering group (Figures 3d, 4d, 5d, and 6d).
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TRP260 Negative
correlation

Cluster 1 84, 85, 86, 138, 139, 140, 141, 142, 143, 144, 145, 146, 149, 150, 151,
152, 153, 154, 174, 175, 178, 179, 186, 202, 214, 215, 216, 217, 218, 219,
220, 221, 222, 223, 224, 225, 226, 227, 346, 347, 348, 349, 350, 351, 352,
353, 354, 389, 448, 449, 450, 451, 459, 460, 461, 462, 463, 464, 465,
479, 480, 481, 482, 496, 497, 498, 499

Cluster 9 176, 177, 180, 181, 182, 183, 184, 185, 203, 204, 205, 206, 207, 208,
209, 210, 211, 212, 213, 355, 356, 357, 358, 359, 360, 361, 362, 363, 364,
365, 366, 367, 452, 453, 454, 455, 456, 457, 458, 483, 484, 485, 486,
487, 488, 489, 490, 491, 492, 493, 494, 495

Positive
correlation

Cluster 6 93, 94, 95, 96, 97, 98, 99

Cluster 10 :251, 252, 268, 284, 285, 286, 287, 288, 292, 293, 294, 295, 296, 297, 298,
299, 300, 301, 302, 316, 317, 318, 324, 338, 339, 406, 407, 408, 409,
410, 411, 412

Cluster 11 253, 254, 255, 256, 257, 263, 264, 265, 266, 267, 303, 304, 305, 306,
307, 308, 309, 310, 311, 312, 313, 314, 315, 325, 326, 330, 331, 332, 333,
334, 335, 336, 337

Cluster 12 258, 262, 327, 328, 329

Cluster 13 259, 261

TYR416 Negative
correlation

Cluster 4 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159, 160, 161, 175, 176,
177, 178, 179, 180, 181, 182, 183, 208, 209, 210, 289, 290, 291, 320, 321,
339, 340, 341, 342, 343, 344, 346, 349, 350, 351, 352, 353, 367, 368,
369, 370, 372, 393, 394, 401, 452, 455, 456, 457, 458, 485, 486, 487,
488, 489, 490, 491, 492, 513, 514, 515, 516, 517, 518, 519, 520, 521, 522,
523

Cluster 10 354, 355, 356, 357, 358, 359, 360, 361, 362, 363, 364, 365, 366, 395, 396,
397, 398, 399, 400

Positive
correlation

Cluster 6 261, 277, 278, 279, 296, 297, 298, 314, 328, 329, 330, 331, 332, 333, 334,
335, 336, 388, 404, 463, 466, 467

Cluster 7 299, 300, 301, 302, 303, 304, 305, 306, 307, 308, 309, 310, 385, 386,
406, 407, 427, 428, 429, 430, 431, 432, 438, 439, 440, 443, 468, 469,
470, 471, 472, 473

Cluster 8 311, 312, 313, 377, 378, 380, 381, 382, 383, 384, 387, 405, 441, 442,
444, 445, 446, 447, 474, 475, 476, 477, 478, 479, 499, 500, 501, 502,
503, 504, 505, 506

Cluster 11 408, 409, 410, 411, 412, 421, 422, 423, 425, 426, 433, 434, 435, 436,
437

Cluster 12 413, 414, 418, 419, 420, 424

Cluster 13 415, 417

TYR527 Negative
correlation

Cluster 9 263, 264, 265, 266, 267, 268, 269, 270, 271, 272, 273, 274, 275,
276, 277, 278, 279, 280, 281, 282, 283, 284, 285, 286, 287, 288,
289, 290, 291, 292, 293, 294, 295, 296, 325, 326, 337, 338,
339, 340

Positive
correlation

Cluster 13 516, 517, 518, 519, 520, 521, 522, 523, 533

Cluster 14 524, 525, 530, 531, 532

Cluster 15 526, 528, 529

LYS321 Negative
correlation

Cluster 1 84, 85, 86, 87, 88, 89, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108,
109, 110, 111, 112, 113, 118, 119, 120, 121, 122, 123, 124, 125, 126, 127,
128, 129, 130, 131, 132, 133, 134, 136, 137, 138, 139, 140, 420, 421, 422,
423, 424, 466, 467, 468, 469, 470, 471, 472, 473, 474
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(shown as yellow in Figure 6d) shows negatively correlated to Lys321 with the
minimum value of -0.25 in Cij (t). And for 2-4 ns, the correlation pattern shows
positively correlated to Lys321. After 4 ns, it sharply decreases to the minimum value
of -0.25. Subsequently, it reaches the maximum positive value of 0.3 in Cij (t). Even-
tually, it decreases to zero. The Cij (t) for Lys321 shows more correlation pattern
changes compared to the cases of pTyr416 and Tyr527.

The positively correlated (blue) and negatively correlated residues (red) to Lys321
are mapped into the inactive conformation (Figure 6e).

The residues in the clustering group (Figures 3d, 4d, 5d, and 6d) are listed in
Table 2 positively and negatively correlated residues in the clustering group
(Figures 3e, 4e, 5e, and 6e) are listed in Table 3.

4. Conclusions

In this study, we investigated the conformational transition of c-Src tyrosine
kinase from the inactive to the active state using TMD simulation and network theory.
Tyr416 and Tyr527 are known to be significant residues in the conformational transi-
tion by controlling the phosphorylation status. They play as a switch for the conversion
of the inactive/active conformation. The time-dependent correlation matrices, Cij (t),
between all the residues and pTyr416 and Tyr527 show very similar patterns (posi-
tively correlated, negatively correlated, negatively/positively correlated) during the
conformational transition process. The time-series analysis supports that pTrp416 and
Tyr527 act as a switch in a very concerted manner for completion of conformational
transition of c-Src tyrosine kinase. Based on the analysis of the three centrality
measures (betweenness, closeness, and degree), we observed that Lys321 plays an
essential role in the conformational transition of c-Src tyrosine kinase. The time-series
analysis shows that Cij (t), between all the residues and Lys321 show positively
correlated, negatively correlated, and pattern change from negatively to positively
correlated one during the conformational transition process. Combining the network
analysis with time-series analysis, Lys321 may be another candidate for a switch for the
conformational transition of c-Src tyrosine kinase.

Cluster 3 141, 142, 143, 144, 145, 146, 147, 298, 299, 300, 301, 413, 414, 415,
416, 417, 418, 419, 425, 426, 427, 428, 429, 431, 434, 435, 436, 460,
461, 462, 463, 464, 465, 475, 476, 477, 478, 479, 480, 481, 482

Positive
correlation

Cluster 9 290, 291, 292, 293, 311, 312, 313, 327, 337, 345, 349, 358, 359, 360, 383,
384, 387, 389, 391, 404, 405, 441, 444, 445, 448, 490, 491, 494, 507

Cluster 10 314, 315, 325, 326, 338, 340, 343, 344, 346, 381, 382

Cluster 11 316, 339, 341, 342, 361, 362, 363, 380, 396, 397, 508, 515, 516, 517, 518,
519, 520, 521, 522

Cluster 12 317, 318, 324, 364, 365, 366, 367, 377, 378, 379, 392, 393, 394, 395, 398,
403, 509, 510, 511, 512, 513, 514

Cluster 13 319, 323, 368, 369, 370, 371, 372, 374, 375, 376, 399, 400, 402

Cluster 14 320, 322, 373, 401

Table 3.
Positively/negatively correlated residues in the clustering group (Figures 3e, 4e, 5e, 6e).

70

Protein Kinases - Promising Targets for Anticancer Drug Research



Acknowledgements

This work was supported by the National Research Foundation of Korea(NRF)
grant funded by the Korea government(MSIT) (NRF-2018R1D1A1B07048762).

Conflict of interest

The authors declare no conflict of interest.

Author details

Hyun Jung Yoon1,2†, Sungmin Lee1†, Suhyun Park2 and Sangwook Wu1,2*

1 R&D Center of PharmCADD, Busan, Republic of Korea

2 Department of Physics, Pukyong National University, Busan, Republic of Korea

*Address all correspondence to: sangwoow@pknu.ac.kr; s.wu@pharmcadd.com

†These authors contributed equally.

© 2021 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

71

Time Series Analysis on the Conformational Change of c-Src Tyrosine Kinase
DOI: http://dx.doi.org/10.5772/intechopen.97726



References

[1] Frame MC. Newest findings on the
oldest oncogene; how activated src does
it. Journal of cell science. 2004;117(7):
989–998.

[2] Summy JM, Gallick GE. Treatment
for advanced tumors: SRC reclaims
center stage. Clinical Cancer Research.
2006;12(5):1398–1401.

[3] Yeatman TJ. A renaissance for SRC.
Nature Reviews Cancer. 2004;4(6):
470–480.

[4] Brown MT, Cooper JA. Regulation,
substrates and functions of src.
Biochimica et Biophysica Acta (BBA)-
Reviews on Cancer. 1996;1287(2):121–149.

[5] Roskoski R. Src protein-tyrosine
kinase structure, mechanism, and small
molecule inhibitors. Pharmacological
research. 2015;94:9–25.

[6] BOGGON TJ, ECK MJ. Structure and
regulation of Src family kinases.
Oncogene. 2004;23(48):7918–7927.

[7] SunG, Sharma AK, Budde RJ.
Autophosphorylation of Src and Yes blocks
their inactivation by Csk phosphorylation.
Oncogene. 1998;17(12):1587–1595.

[8] Meng Y, Roux B. Locking the active
conformation of c-Src kinase through the
phosphorylation of the activation loop.
Journal of molecular biology. 2014;426
(2):423–435.

[9] Yoon HJ, Lee S, Park SJ, Wu S.
Network approach of the conformational
change of c-Src, a tyrosine kinase, by
molecular dynamics simulation.
Scientific Reports. 2018;8(1):5673.

[10] Ma’ayan A. Introduction to network
analysis in systems biology. Science
signaling. 2011;4(190):tr5–tr5.

[11] Almaas E. Biological impacts and
context of network theory. Journal of
Experimental Biology. 2007;210(9):
1548–1558.

[12] Goh KI, Cusick ME, Valle D,
Childs B, Vidal M, Barabási AL. The
human disease network. Proceedings of
the National Academy of Sciences. 2007;
104(21):8685–8690.

[13] Schlitter J, Engels M, Krüger P,
Jacoby E, Wollmer A. Targeted
molecular dynamics simulation of
conformational change-application to
the T$R transition in insulin. Molecular
Simulation. 1993;10(2-6):291–308.

[14] Xu W, Doshi A, Lei M, Eck MJ,
Harrison SC. Crystal structures of c-Src
reveal features of its autoinhibitory
mechanism. Molecular cell.1999;3(5):
629–638.

[15] Cowan-Jacob SW, Fendrich G,
Manley PW, JahnkeW, Fabbro D, Liebe-
tanz J, et al. The crystal structure of a c-Src
complex in an active conformation
suggests possible steps in c-Src activation.
Structure. 2005;13(6):861–871.

[16] Phillips JC, Braun R, Wang W,
Gumbart J, Tajkhorshid E, Villa E, et al.
Scalable molecular dynamics with
NAMD. Journal of computational
chemistry. 2005;26(16):1781–1802.

[17] MacKerell AD, Banavali N,
Foloppe N. Development and current
status of the CHARMM force field for
nucleic acids. Biopolymers. 2000;56(4):
257–265.

[18] MacKerell AD, Feig M, Brooks CL.
Extending the treatment of back-bone
energetics in protein force fields:
Limitations of gas-phase quantum
mechanics in reproducing protein

72

Protein Kinases - Promising Targets for Anticancer Drug Research



conformational distributions in
molecular dynamics simulations. Journal
of computational chemistry.2004;25(11):
1400–1415.

[19] Jorgensen WL, Chandrasekhar J,
Madura JD, Impey RW, Klein ML.
Comparison of simple potential
functions for simulating liquid water.
The Journal of chemical physics. 1983;79
(2):926–935.

[20] Darden T, York D, Pedersen L.
Particle mesh Ewald: An N�log (N)
method for Ewald sums in large systems.
The Journal of chemical physics. 1993;98
(12):10089–10092.

[21] Feller SE, Zhang Y, Pastor RW,
Brooks BR. Constant pressure
molecular dynamics simulation: the
Langevin piston method. The Journal
of chemical physics. 1995;103(11):
4613–4621.

[22] Hünenberger P, Mark A, Van
Gunsteren W. Fluctuation and cross-
correlation analysis of protein motions
observed in nanosecond molecular
dynamics simulations. Journal of
molecular biology. 1995;252(4):492–503.

[23] Karplus M, Ichiye T. Comment on a
“fluctuation and cross correlation
analysis of protein motions observed in
nanosecond molecular dynamics
simulations”. Elsevier; 1996.

[24] Kasahara K, Fukuda I, Nakamura H.
A novel approach of dynamic cross
correlation analysis on molecular
dynamics simulations and its application
to Ets1 dimer–DNA complex. PloS one.
2014;9(11):e112419.

[25] Sethi A, Eargle J, Black AA, Luthey-
Schulten Z. Dynamical networks in
tRNA: protein complexes. Proceedings of
the National Academy of Sciences. 2009;
106(16):6620–6625.

[26] VanWart AT, Eargle J, Luthey-
Schulten Z, Amaro RE. Exploring residue
component contributions to dynamical
network models of allostery. Journal of
chemical theory and computation. 2012;
8(8):2949–2961.

[27] Freeman LC. Centrality in social
networks conceptual clarification. Social
networks. 1978;1(3):215–239.

[28] Mason O, Verwoerd M. Graph
theory and networks in biology. IET
systems biology. 2007;1(2):89–119.

[29] Newman ME. A measure of
betweenness centrality based on
random walks. Social networks. 2005;27
(1):39–54.

[30] Grant BJ, Rodrigues AP, ElSawy KM,
McCammon JA, Caves LS. Bio3d: an R
package for the comparative analysis of
protein structures. Bioinformatics. 2006;
22(21):2695–2696.

[31] Skjærven L, Yao XQ, Scarabelli G,
Grant BJ. Integrating protein structural
dynamics and evolutionary analysis with
Bio3D. BMC bioinformatics. 2014;15(1):
1–11.

[32] Skjærven L, Jariwala S, Yao XQ,
Grant BJ. Online interactive analysis of
protein structure ensembles with
Bio3D-web. Bioinformatics. 2016;32(22):
3510–3512.

[33] Fujita A, Severino P, Kojima K,
Sato JR, Patriota AG, Miyano S.
Functional clustering of time series gene
expression data by Granger causality.
BMC systems biology. 2012;6(1):137.

[34] Möller-Levet CS, Klawonn F, Cho KH,
Wolkenhauer O. Fuzzy clustering of short
time-series and unevenly distributed
sampling points. In: International
Symposium on Intelligent Data Analysis.
Springer; 2003. p. 330–340.

73

Time Series Analysis on the Conformational Change of c-Src Tyrosine Kinase
DOI: http://dx.doi.org/10.5772/intechopen.97726



[35] Ernst J, Nau GJ, Bar-Joseph Z.
Clustering short time series gene
expression data. Bioinformatics. 2005;21
(suppl1):i159–i168.

[36] Pyatnitskiy M, Mazo I, Shkrob M,
Schwartz E, Kotelnikova E. Clustering
gene expression regulators: new
approach to disease subtyping. PLoS
One. 2014;9(1):e84955.

[37] Wang X, Nagarajan MB, Abidin AZ,
DSouza A, Hobbs SK, Wismüller A.
Investigating the use of mutual
information and non-metric clustering
for functional connectivity analysis on
resting-state functional MRI. In: Medical
Imaging 2015: Biomedical Applications
in Molecular, Structural, and Functional
Imaging. vol. 9417. International Society
for Optics and Photonics; 2015.
p. 94171N.

[38] Van Den Heuvel M, Mandl R,
Pol HH. Normalized cut group clustering
of resting-state FMRI data. PloS one.
2008;3(4):e2001.

[39] Gullo F, Ponti G, Tagarelli A,
Tradigo G, Veltri P. A time series
approach for clustering mass
spectrometry data. Journal of
Computational Science. 2012;3(5):
344–355.

[40] Košmelj K, Batagelj V. Cross-
sectional approach for clustering time
varying data. Journal of Classification.
1990;7(1):99–109.

[41] Iglesias F, Kastner W. Analysis of
similarity measures in times series
clustering for the discovery of building
energy patterns. Energies.2013;6(2):
579–597.

[42] Fu Tc, Chung Fl, Ng V, Luk R.
Pattern discovery from stock time series
using self-organizing maps. In:
Workshop Notes of KDD2001

Workshop on Temporal Data Mining;
2001. p. 26–29.

[43] Aghabozorgi S, Teh YW. Stock
market co-movement assessment using a
three-phase clustering method. Expert
Systems with Applications.2014;41(4):
1301–1314.

[44] Montero P, Vilar JA, et al. TSclust:
An R package for time series clustering.
Journal of Statistical Software. 2014;62
(1):1–43.

[45] Sardá-Espinosa A. Comparing time-
series clustering algorithms in r using the
dtwclust package. R package vignette.
2017;12:41.

[46] Fajer M, Meng Y, Roux B. The
activation of c-Src tyrosine kinase:
conformational transition pathway and
free energy landscape. The Journal of
Physical Chemistry B. 2017;121(15):
3352–3363.

74

Protein Kinases - Promising Targets for Anticancer Drug Research



75

Chapter 5

Importance of Protein Kinase and 
Its Inhibitor: A Review
Panneerselvam Theivendren, Selvaraj Kunjiappan, 
Yashoda Mariappa Hegde, Sivakumar Vellaichamy, 
Murugananthan Gopal, Senthil Rajan Dhramalingam  
and Sattanathan Kumar

Abstract

Deregulation of a broad range of protein kinases has been linked to the 
 development and growth of cancer cells. Protein kinases are intracellular enzymes 
that regulate cell growth and proliferation as well as the triggering and regulation 
of immune responses. Protein kinases are important therapeutic targets in cancer 
because of their critical role in signalling mechanisms that drive malignant cell 
characteristics. Intensive efforts in drug research have been made in this area over 
the last two decades. The current study delves into the catalytic domain of a protein 
kinase as well as information transfer from the cell’s membrane to internal targets. It 
also discusses the function of protein kinases in signal transduction and their cellular 
signalling pathways. Furthermore, it specifically outlines a systematic method to 
hybrid therapies to solve the issue of protein kinase resistance. The therapeutic use 
of nitric oxide, as well as other targets such as Phosphoinositide 3-kinases (PI3K), 
Protein Kinase B (Akt), serine/threonine protein kinase (mTOR), p38 mitogen-
activated protein kinases (p38 MAPK), vascular endothelial growth factor receptors 
(VEGFR), epidermal growth factor receptors (EGFR), and anaplastic lymphoma 
(ALK) etc., According to the review article, selective therapy has shown high effec-
tiveness in the treatment of advanced cancer, with protein kinase inhibitors being a 
main focus of the therapy. As a result, the latest review summarized that, the current 
state of science with the aim of identifying a novel protein kinase inhibitor that may 
be utilized in the treatment of advanced cancers.

Keywords: Protein kinases, Signal Transduction, Cellular signalling pathways,  
NO and Anticancer

1. Introduction

The protein kinase enzyme family has been one of the most significant drug 
targets in the 21st century due to the dysregulation of protein kinase function in 
several diseases, including cancer. Protein kinases assume a crucial role in the 
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intracellular transduction on account of their capability to phosphorylate plenty of 
proteins. In recent years, various protein kinase inhibitors have been recognized and 
are being utilized effectively in the clinical sector. In 2020, the FDA approved the 
following medications for the treatment of the diseases listed: gastrointestinal stromal 
tumors), Capmatinib (non-small cell lung cancer), Pemigatinib (cholangiocarci-
noma), Pralsetinib and Selpercatinib (non-small cell lung cancer, medullary thyroid 
cancer, and distinguished thyroid cancer), Selumetinib (neurofibromatosis type I), 
and Tucatinib (neurofibromatosis type I) (HER2-positive breast cancer). About every 
part of cellular activity is implicated in protein kinases [1]. It controls the metabolism, 
cell division and motion, movement, as well as immune and nervous system function 
and programmed cell death. The transfer of -phosphate from ATP to its protein 
substrates is catalyzed by protein kinase [2]. Protein kinase is a high-energy phos-
phate donor enzyme that donates a phosphate to other proteins. Phosphorylation is 
the process of converting one substance into another. In the reaction below, the 
substratum receives a group of phosphates and a phosphate group is donated by the 
high-energy ATP molecule. Trans-esterification results in a phosphorylated substrate; 
dephosphorylation is generated if the phosphoryphorylated substrate donates a 
phosphate group, and the phosphorylated substrate is grouped with ADP [3]. Protein 
kinases catalyze the following reaction:

 MgATPl Protein OH Protein O:PO32 MgADP H− − − +
−+ → + +   

The human genome contains about 500 protein kinase genes, representing 
approximately 2% of all human genes [3]. Tyrosine kinases phosphorylate tyrosine 
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hydroxyl groups in their targets, while serine/threonine kinases phosphorylate serine 
and threonine hydroxyl groups in their targets [4]. Protein kinases can be present in 
bacteria as well as plants. The majority of cellular pathways, especially those involved in 
signal transduction, are known to be regulated by kinases, and their actions can alter up 
to 30% of all human proteins. Protein kinases are enzymes that phosphorylate serine, 
threonine, tyrosine, or histidine residues in proteins. Phosphorylation can affect the 
role of a protein in a number of ways. It has the ability to alter the function of a protein, 
stabilise or kill it, localise it in a particular cellular compartment, and start or stop its 
association with other proteins. Protein kinases make up the majority of kinases which 
have had a lot of criticism. Phosphatases are involved in the regulation of proteins and 
enzymes, as well as cell signalling. Aside from allosteric regulation, the potential to 
affect protein behaviour is tremendous [3], and there are many methods for covalently 
altering a protein. Allosteric regulation evolved to react to signals from inside the cell, 
while phosphorylation evolved to respond to signals from outside the cell, according to 
Edwin Krebs’ Hopkins Memorial Lecture. The fact that eukaryotic cells phosphorylate 
proteins even more frequently than prokaryotic cells supports this theory, implying 
that the more complicated cell form has evolved to react to a broader spectrum of 
signals [5]. The chemical feature of a kinase is to covalently attach an ATP phosphate 
group to one of three amino acids with a free hydroxyl group. While most kinases 
bind to serine and threonine, some (dual-specificity kinases) often bind to serine and 
tyrosine [3]. Protein kinases use two types of interactions to identify their physiological 
substrates in cells: (i) the active protein kinase site recognises the consensus phosphor-
ylation sequence in the protein substratum, and (ii) distal interactions between the 
kinase and the substratum are mediated by binding a docking motif spastically isolated 
from the phosphorylation site in the substratum to a substratum. Protein kinases use 
these interactions to identify their protein substrates with extreme precision. The 
identification of possible protein kinase physiological substrates should be aided by 
understanding the molecular basis for these interactions. Since protein phosphorylation 
is so important, researchers have spent a lot of time trying to figure out how protein 
kinase signal transduction mechanisms work. Dysregulation of protein kinases is seen 
in a wide range of illnesses, including cancer and inflammatory conditions.

2. Importance of protein kinase’s

Protein kinases are intracellular enzymes that regulate cell growth and pro-
liferation as well as immune response triggering and control. Protein kinases are 
phosphotransferases that binds phosphate to the side chains of serine, threonine, or 
tyrosine residues in cells to phosphorylate them. Kinases are needed in the first phase 
of intracellular immune cell signalling. Kinases, for instance, bind to the intracellular 
component of receptors on T and B lymphocytes’ cell surfaces, and once these recep-
tors are engaged with their extracellular ligands, they trigger intracellular signalling 
cascades within these cells. Phosphate (P) is transferred from ATP to a serine, threo-
nine, or tyrosine residue in protein by protein kinases (Figure 1). Phosphorylation 
acts as a’molecular shift,’ enabling proteins to be triggered or deactivated directly. 
Protein phosphatases, on the other side, catalyze the elimination of the -phosphate 
from the target protein, which inhibits kinase function and reverses phosphoryla-
tion results [1, 3]. Serine (Ser or S), threonine (Thr or T), and tyrosine (Tyr or Y) 
residues account for more than one third of all protein phosphorylation events 
(O-phosphorylation) [3]. Just 1.8 per cent of tyrosine residues are phosphorylated, 
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compared to 86.4 per cent of serine residues, 11.8 per cent of threonine residues, 
and 11.8 per cent of tyrosine residues [3, 4]. Tyrosine phosphorylation is peculiar 
among post-transitional modifications (PTM) in the EGFR band, including a tyro-
sine kinase domain. Histidine (His or H) and aspartate (Asp or D) metabolites may 
also be N-phosphorylated, but this process is less robust than other phosphorylation 
approaches. Since phosphorylation/dephosphorylation events mediated by differ-
ent kinases and phosphatases trigger and deactivate several enzymes and recep-
tors, protein phosphorylation is a central regulating mechanism in several cellular 

Figure 1. 
Phosphorylation by protein kinase.
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 processes, including protein synthesis, cell division, signal transduction, cell forming, 
development, and ageing. In addition, the human genome contains 568 protein 
kinases and 156 protein phosphatases, both of which control phosphorylation events 
and thus play a key role in biological processes such as proliferation, differentiation, 
and apoptosis. Phosphorylation stimulates the p53 receptor, which stops gene replica-
tion, stops the cell cycle, starts DNA repair, and, in certain instances, helps the cell 
die [2]. Chronic inactivation of the p53 protein due to excess in the phosphorylation/
dephosphorylation pathway will turn a cell cancerous. The 568 human protein kinases 
are classified based on the amino acid residues that they phosphorylate. The majority 
of kinases (serine/threonine kinases, or STKs) operate on both serine and threonine, 
while others (tyrosine kinases, or TKs) only work on one of the three amino acids 
(dual-specificity kinases; DSKs) [2]. STKs and TKs can be phosphorylated by the lat-
ter [6], with STKs accounting for about a quarter of all human protein kinases [2, 7]. 
STKs phosphorylate serine or threonine’s OH group. DNA injury, as well as chemical 
signals like Ca2+/calmodulin, cyclic adenosine monophosphate/cyclic guanosine 
monophosphate (cAMP/cGMP), and diacylglycerol [8–16], trigger them. Protein 
kinase phosphorylation sets off a chain reaction that results in the phosphorylation 
of various amino acids [17]. Kinases may be programmed or deactivated in a variety 
of ways, including cis- or autophosphorylation, binding with activator or inhibitor 
proteins, or checking their localization in the cell with a substrate [3].

3. Catalytic domain of a protein kinase

The catalytic domain of a protein kinase is divided into two parts: N-terminal and 
C-terminal. A peptidic strand connects the two, forming an active site with a front 
pocket (catalytic residues) and a back pocket. A stored lysine residue and a residue 
“gatekeeper” control access to the back pocket. The catalytic domain is unavailable 
while activated since the propellers of the N- and C-terminal sub domains move 
inward. Non-catalytic domains of the kinases allow substrate attachment and signal-
ling protein recruitment [3]. Kinases have gained in popularity in recent years, thanks 
to their functions in signal transduction and amplitude modulation, as well as their 
importance in signalling [18–20]. Many databases have been created to aid in the anal-
ysis of phospho-signalling networks [21, 22]. According to a review, protein kinases 
have been linked to over 400 diseases, either directly or indirectly. As a consequence, 
protein kinases are regarded as one of the most significant drug targets. Small molec-
ular compounds that inhibit protein phosphorylation and thus resist activation can be 
used to target kinases. These small molecule inhibitors reduce kinase gene expression 
by disrupting ATP-kinase binding, intervening with kinase-protein interactions, and 
disrupting ATP-kinase binding. Protein kinase targets (SYK) include Janus kinase 
(JAK), mitogen-activated protein kinase (MAPK), and spleen tyrosine kinase [1–3].

4. Manifestation of signal transduction

The transmission of information from the cell’s membrane to internal targets 
(within the cell) initiates a chain of molecular events that culminate in a biological 
response to the affector molecule (Figure 2). Advances in biochemical and molecular 
biological techniques have enabled the discovery of essential enzymes involved in 
the transduction phase, as well as the production of several natural and synthetic 
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 modulators of biological processes, over the last decade [5, 23]. Researchers have bet-
ter understood molecular events in both natural and pathological settings because of 
these techniques. As new information regarding molecular interactions that regulate 
cellular responses has become accessible, the potential for designing and creating new 
drugs to cure cancer, central nervous system disorders (Alzheimer’s disease), cardio-
vascular disorders (hypertension), skin disorders (inflammation), diabetes mellitus, 
and other chronic diseases has grown.

5. Protein kinase’s role in signal transduction

Second messengers such as cyclic AMP (adenosine monophosphate) and calcium 
are needed for the majority of isozymes to act [24, 25]. Kinases and phosphatases 
are known as “third messengers” because of this. Signal transduction is the process 
by which an extracellular primary signal is converted into an intracellular second 
messenger. In ligand-gated (ion channel) receptors, ion influx serves as a second 
messenger. G-protein-linked receptors can stimulate not only a second, but also a 
third and fourth messenger while they are activated. The ultimate end-point could be 
the manipulation of gene transcription to generate messenger RNA (mRNA) and then 
mRNA translation to produce a protein specific to that gene. When a receptor attaches 
to a signalling molecule, it activates a signal transduction process. The four forms of 
messenger systems are as follows:

The first messengers are G-protein-linked messengers, kinases, and phosphatases, 
followed by phospho-calcium/cyclic AMP response element-binding (CREB) protein 
as the fourth messenger.

6. Protein kinase’s role in cellular signalling pathways

Protein kinases play a number of roles in the body [26, 27]. Protein kinases are 
involved in variety of cellular signalling pathways Figure 3 (phosphorylation). 
Protein kinases have different physiological functions in various systems, such as the 
cardiovascular system [27]. Troponin is triggered when PKA is activated, increas-
ing the binding of excitation contractions. It also increases the contractility of the 
heart muscle. PKC activation phosphorylates other proteins in smooth muscles, 

Figure 2. 
The event of signal transduction.



81

Importance of Protein Kinase and Its Inhibitor: A Review
DOI: http://dx.doi.org/10.5772/intechopen.98552

despite the fact that cytosolic Ca++ combines with calmodulin (CAM) to activate 
myosin light chain kinase, causing smooth muscle contraction [25, 28]. Protein 
kinase A causes an increase in membrane water permeability by increasing the rate 
of exocytosis of water-containing vesicles (WCVs) into the apical membrane and 
decreasing the rate of endocytosis of WCVs from the apical membrane in the kidneys. 
The mitogen-activated protein (MAP) kinase pathway is activated by angiotensin I 
receptors (At1) in the kidney, which promotes cell development, especially in vas-
cular and cardiac cells. It raises proton changes, particularly C-fos and C-jun, which 
regulate the transcription of several genes involved in cell growth [23]. At1 activates 
Protein Kinase A, which causes phosphorylation of proteins involved in aldosterone 
synthesis, neurotransmission facilitation, CNS outcomes, and renal impact.

7. A review of functions of protein kinases

Protein kinases assign a phosphate group from the ATP gamma location to specific 
amino acid residues in proteins and peptides. Protein phosphorylation is implicated 

Figure 3. 
The protein kinase sequence of signaling process.
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in a variety of physiological processes, including glucose absorption, signalling, 
epigenetic modifications, and cell cycle progression. Diabetes, cardiovascular dis-
ease, Alzheimer’s disease, and cancer, to name a few illnesses, have all been linked to 
phosphorylation deficiencies. Monitoring protein kinase activity is crucial for better 
understanding disease molecular mechanisms and determining whether or not a 
treatment is successful. Inhibiting pathological phosphorylation can aid in the treat-
ment of these diseases as well [29]. The desire to solve the three-dimensional struc-
tures of many of these enzymes sparked interest in academia and the pharmaceutical 
industry due to these factors [30]. According to Steinberg SF, cyclin-dependent 
kinases (CDKs) are a form of serine/threonine kinase whose activity is mediated by 
cyclin, a protein regulatory subunit. Eukaryotic cell division and transcription are 
aided by CDKs. PKC is a serine/threonine kinase that regulates a variety of natural 
cellular responses and also plays a role in the pathogenesis of ischemia–reperfusion 
injury. The Abelson murine leukaemia virus (Abl) proto-oncogene is a non-receptor 
tyrosine kinase that is activated by both extrinsic ligands such as growth factor recep-
tors and intrinsic signals such as DNA damage and oxidative stress. c-Abl shuttles 
between the cytosolic and nuclear compartments, phosphorylates a variety of cellular 
substrates (including adaptor proteins, other kinases, cytoskeletal proteins, transcrip-
tion factors, and chromatin modifiers), and controls signalling pathways implicated 
in actin polymerization and cytoskeletal remodelling, cell adhesion and motility, 
transcriptional regulation, and the DNA structure [30]. The mitogen-activated 
protein kinase 4 (MKK4) has been discovered to be a central regulator of liver regen-
eration, according to Klövekorn P et al., and could be a valuable drug goal for treating 
liver diseases by restoring the organ’s intrinsic regenerative potential. According to 
Wüstefeld et al., MKK4 is a primary promotor for liver regeneration, with positive 
results on hepatocyte regeneration, robustness, fibrosis, and Fas-mediated apoptosis 
[31]. The primary intracellular energy sensor, according to Jovanovic-Tucovic et al., 
is AMP-activated protein kinase (AMPK), which triggers ATP-generating catabolic 
pathways while inhibiting ATP-requiring processes in response to the increase 
in the AMP/ATP ratio and/or oxidative stress. Depending on the form of stimuli 
and the intensity/length of AMPK activation, this serine/threonine kinase may be 
neuroprotective or neurotoxic, and its dysregulation has been attributed to neurode-
generative disorders including Parkinson’s disease. Serine/threonine-protein kinase 
B/Akt is another crucial protein kinase for neuronal cell metabolism and survival. 
Phosphodiesterase 5A inhibitors, such as Sildenafil, have been shown to protect 
against ischemic injury by decreasing cardiac Na+/H+ exchanger (NHE1) activity, 
which is regulated by protein kinase G, as mentioned by Diaz RG et al. [32]. In 1954, 
Burnett and Kennedy discovered the Casein Kinase 2 (CK2) catalyst. It’s a Ser/Thr 
protein kinase that’s acidophilic and pleiotropic, and it’s crucial for cell viability. 
When coupled with CK1, it acts as a catalyst, phosphorylating Casein protein in vitro 
(but not in vivo) [32]. The use of enacted AMP protein kinase as a therapeutic target 
for ischemia–reperfusion injury was identified by Rong Ding et al. [33].

The most popular drug targets include BCR-Abl, B-Raf, vascular endothelial 
growth factor receptors (VEGFR), epidermal growth factor receptors (EGFR), and 
ALK. The bulk of small molecule protein kinase antagonists adhere to the protein 
kinase domain and treat cancers such as myelofibrosis, polycythemiavera, persistent 
immune thrombocytopenia, rheumatoid arthritis, idiopathic pulmonary fibrosis, and 
glaucoma [34].

Human eukaryotic protein kinases (ePKs) have been divided into nine classes, 
according to Gaji et al. The following are examples of these: (1) the AGC group, 
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which includes PKA, PKB (At1, At2, At3) PKG, and PKC; (2) the Ca2+/calmodulin-
dependent protein kinase (CAMK) group, which includes calcium/calmodulin-
dependent protein kinases (CAMK) and mitogen activated protein kinase activating 
protein kinases (MAPKAPKs); (3) the casein kinase 1 (CK1) group, which has 12 
members; (4) the CMGC group, which has 6161members including cyclin-dependent 
protein kinases (CDK), mitogen-activated protein kinases (MAPK), glycogen syn-
thase kinase (GSK) and cyclin dependent kinase like (CDKL) families; (5) The STE 
group (related to yeast non-mating or sterile genes) has 47 members who are MAPK 
upstream regulators; (6) the tyrosine kinase (TK) group has 90 members, including 
58 receptor protein kinases (RTKs) and 32 non-receptor tyrosine kinases; (7) the 
tyrosine kinase like (TKL) group has 43 members, and proteins in this family; (8) the 
receptor guanylylcyclase (RGC) group consists of five members; and (9) the ‘other’ 
group has 83 members. In addition, 40 kinases are known as atypical kinases, one of 
which is the mitochondrial pyruvate dehydrogenase kinase [35]. For types and classes 
of protein kinases refer Tables 1 and 2. AMP-activated protein kinase (AMPK) senses 
energy levels and controls metabolic processes to maintain homeostasis. The function 
of AMPK is influenced by the supply of nutrients such as carbohydrates, lipids, and 
amino acids. AMPK function is impaired by overnutrition, inflammation, and hyper-
secretion of certain anabolic hormones, such as insulin, which is exacerbated by food 
shortages and inhibited by obesity. According to Zhao and Saltiel, activating AMPK in 
the liver inhibits de novo lipogenesis, promoting fatty acid oxidation (β - oxidation). 
Furthermore, AMPK activation prevents hepatic steatosis by inhibiting the pro-
duction of free fatty acids from adipose tissue (Figure 4) [36]. On the other side, 
Alghamdi et al. investigated the function of AMPK in nutrient absorption by tissues, 
especially glucose and fatty acid uptake. Because of its impact on carbohydrate and 
lipid metabolism, rising FA oxidation and decreasing lipogenesis, AMPK activation 
has been proposed as a therapeutic goal for nutrient overload. In NAFLD/NASH 
(non-alcoholic fatty liver disease/non-alcoholic steatohepatitis), nutrient overload 
induces hepatic steatosis, which leads to fibrosis and liver injury. Hepatic steatosis is 
the accumulation of ectopic lipids in the liver and is closely linked to obesity, insulin 
resistance and type-2-diabetes.

Types Examples Functions

Serine/threonine-
specific protein kinases

Calcium/calmodulin-
dependent protein kinase II 
(CaMKII)

Phosphorylate serine or threonine's –OH 
(hydroxyl) functional group.

Tyrosine-specific 
protein kinases

Platelet derived growth factor 
(PDGF) receptor
Epidermal growth factor 
(EGF) receptor1
Insulin growth factor (IGF1) 
receptor
Stem cell factor (scf) receptor

Processes alzheimer's amyloid precursor 
protein, epithelial cell migration and 
carcinoma invasion, spermatogonia 
osmoregulation, and antiaging survival 
factor

Histidine-specific 
protein kinases

Histidine kinase The histidine kinase family is structurally 
similar to the pyruvate dehydrogenase family 
of kinases in animals.

Mixed kinases Muscle action potential kinase 
(MAPK)

Involved in the cascade of muscle action 
potential kinase

Table 1. 
A summary the types of protein kinases based on amino acid residue.
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De novolipogenesis (DNL) from carbohydrates or increased FA absorption and 
triglyceride synthesis cause lipid accumulation in the liver. Increased hepatic FA oxi-
dation, on the other hand, reduces steatosis [37]. Li et al. results suggest that AMPK 
may be used as a clinical therapy for the treatment of cholestatic liver damage. The 
ability to evaluate the dose- and time-effects of AMPK activation in various models 
representing various stages of cholestatic liver injury is critical not just for determin-
ing the efficacy of AMPK as a targeted therapy for treating cholestatic liver injury, but 
also for providing crucial scientific proof for clinical practice and translational studies 
of existing AMPK inducers [38].

In recent pharmacological study, protein kinases have become one of the most 
widely researched therapeutic targets, especially in cancer and inflammation studies. 
For the treatment of cancer and inflammation, the US Food and Drug Administration 
has licenced 32 small-molecule protein kinase inhibitors. However, no medication 
successfully treats neuroinflammation and/or neurodegenerative conditions due to 
a lack of protein kinase drug targets for CNS disorders. According to new findings, 
some protein kinases have recently been established as promising drug targets in the 
treatment of neuroinflammation and/or neurodegenerative diseases. Lee and Suk 
investigated a number of protein kinases that are increasingly being seen as potential 
therapies in microglia-mediated neuroinflammation (Figure 5). Because of their 
critical roles in neuronal toxicity, some of these kinases, such as LRRK2, MST1, and 
tyrosine kinases (c-Abl, Src, and Fyn), have been proposed as potential drug targets, 
while others were presented here as novel protein kinase drug candidates because of 
their critical roles in microglial activation [39]. Many neurodegenerative disorders, 

Types Functions

Protein 
kinase A 
(PKA)

Acts as a catalyst, allowing intracellular proteins to be catalysed. Glycogen, sugar, and lipid 
metabolism are all regulated by this protein.
Phosphorylate acetyl-CoA carboxylase and pyruvate dehydrogenase in adipocytes, myocytes, and 
hepatocytes, resulting in acetyl-CoA-lipogenesis.
The dopamine signal is translated into cells in the nucleus acumens neurons.

Protein 
kinase B 
(PKB)

Akt Akt1 Akt2 Akt3

Cell proliferation, apoptosis, 
transcription, and cell 
migration are all involved 
in glucose metabolism. Cell 
survival - both actively and 
indirectly facilitate growth 
factor-mediated cell survival. 
Glycogen synthesis is aided by 
metabolism. Angiogenesis is 
linked to tumour growth and 
angiogenesis.

Is implicated in: 
cellular survival 
pathways, by 
inhibiting apoptosis 
processes. skeletal 
muscle hypertrophy 
and general 
tissue growth. 
the transforming 
retrovirus as the 
oncogene

The insulin 
signalling 
pathway has 
been linked to 
this protein. 
Glucose 
transport 
induction is 
a term used 
to describe 
the process 
of causing 
glucose

It tends to be 
expressed 
primarily in 
the brain. The 
brains of mice 
lacking Akt 3 
are weak.

Protein 
kinase C 
(PKC)

Phosphorylation of intracellular proteins is catalysed by this enzyme, which changes their 
activities. Controls cellular growth and differentiation.

Table 2. 
Summary of classes of protein kinases [34].
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such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and stroke, are due to 
microglia-mediated neuroinflammation. Microglia-mediated neuroinflammation has 
been compared to protein kinases such as leucine-rich repeat kinase 2 (LRRK2) and 
mammalian Ste20-like kinase 1 (MST1), Src family protein tyrosine kinases (SFKs), a 
cellular homolog of the Abelson murine leukaemia virus oncogene (c-Abl), and TAM 
family receptor tyros TLRs, TNFR, CD11b, and P2Y12 protein kinases are all known 
to play a role in microglial activation by relaying signals from different exogenous 
inducers through cell surface receptors. Parkinson’s disease and Alzheimer’s disease 
all have protein aggregates as a pathological function (a-synuclein [a-SYN] in PD 
and Ab peptides in AD). These protein aggregates bind to TLR, CD11b, and other 
microglial receptors, triggering a number of intracellular signalling pathways. They 
are activated as a consequence of neuronal death or other proliferation mechanisms. 
Bacterial lipopolysaccharide (LPS), adenosine diphosphate (ADP), tumour necrosis 
factor (TNF), and RNA virus are among the other triggers that activate microglia 
through TLRs, P2Y12, and TNFR. TAM receptor tyrosine kinases including Axl 
and Mer are involved in several areas of microglia-mediated neuroinflammatory 
pathology in PD. As a consequence of their activation, activated microglia produce 

Figure 4. 
Regulation of hepatic steatosis by AMPK.



Protein Kinases - Promising Targets for Anticancer Drug Research

86

a broad variety of proinflammatory cytokines, chemokines, and reactive oxygen/
nitrogen species (ROS/RNS). In response to stimuli and intracellular protein kinases, 
activated microglia increased migration and phagocytic action. Several studies have 
linked protein kinases to neuronal toxicity and microglial activation. In comparison 
to neurons, only a few protein kinases (PKs) have arisen as critical signalling com-
ponents modulating microglial activation. Some kinases, such as Leucine-rich repeat 
kinase 2 (LRRK2), mammalian Ste20-like kinase 1 (MST1), tyrosine kinases, and 
mitogen-activated protein kinases (MAPKs), tend to be involved in both neuronal 
toxicity and microglial activation, while TAM receptor tyrosine kinases (RTKs) like 
Axl and Mer also recently emerged as new targeted therapies for inflammation caused 
by microglia [39].

According to Simon Diering et al., the modulation of the b1-adrenoreceptor 
(AR) signalling pathway regulates the contraction and relaxation of the heart by 
activating cAMP-dependent protein kinase (PKA) and subsequent cardiac protein 
phosphorylation. The key cardiac protein phosphatases, PP2A and PP1, prevent 
phosphorylation. Intra molecular disulfide formation in the catalytic subunits of both 
kinases and phosphatases inhibits their function [40]. Hashemol hossein discovered 
that CK2 is involved in a number of phases in the biology of striated skeletal muscle, 
including myogenesis and homeostasis in adult muscle, as well as neuromuscular 

Figure 5. 
Microglia-mediated neuroinflammation.
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junctions, which connect muscle fibres and motor nerves. CK2 regulates protein 
import in  myotube organelles, as well as the consistency and dignity of the postsyn-
aptic machinery in neuromuscular junctions and the muscular cytoskeleton [40]. It’s 
also becoming clear that CK2’s function in processes that dynamically regulate the 
phosphoproteome of muscle cells is significant, and that it’s likely to play a role in 
maintaining muscle homeostasis at the molecular level.

A wide range of protein kinase inhibitors (PKIs) have entered various stages of 
clinical development in the last two decades, with various properties and potential 
applications, such as different selectivity and modes of binding to kinases, and some 
have been licenced by the FDA. PKIs have therefore developed themselves as a signifi-
cant class of cancer medicines, and their therapeutic ability continues to attract atten-
tion. In fact, studying kinase biology in relation to PKI development is an essential 
part of targeted therapies. The resistance of cancer cells to PKI therapies necessitates 
the development of new therapeutic options. As a result, new generation PKIs have 
been built and tested in the hopes of overcoming resistance. According to Ghione 
et al., NO may directly or indirectly regulate protein kinases involved in essential 

Figure 6. 
Impact of NO on protein kinases and PKIs activities.
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cancer signalling pathways, as seen with PKIs. The NO donor NTG has been studied 
in a growing number of clinical trials as an anticancer treatment when combined with 
radiotherapy or chemotherapy.

NO’s ambivalent impact on PKI (encouraging or inhibiting PKI’s anticancer 
potential) and the action of protein kinases are summarised (regulated at the tran-
scriptional or the post-translational level by NO) Figure 6 [41].

8. NO acts as a kinase activator

According to several reports, the intracellular production of NO by NOS is needed 
for the phosphorylation and subsequent activation of EGFR signalling pathways. 
Overexpression of iNOS in a number of tumours, including breast cancer, has been 
related to tumour development and angiogenesis. Indeed, high iNOS expression has 
been linked to EGFR phosphorylation, activation, and poor prognosis in various 
breast cancer subtypes.

9. NO acts as a kinase inhibitor

NO has been shown to have a detrimental regulatory impact on protein kinases in 
many experiments, which is compatible with its unclear role in cancer. By inhibiting 
the activity of many protein kinases, NO may inhibit pathways implicated in cancer 
cell proliferation and survival. For some of these protein kinases, selective protein 
kinase inhibitors (PKIs) are currently being investigated [41].

Mori et al. investigated whether the biguanide anti-hyperglycemic medication 
metformin dilates retinal blood vessels in rats. In vivo, photographs of the ocular 
fundus were taken with a high-resolution optical fundus camera, and the diameters 
of retinal blood vessels were determined. The pulse rate and systemic blood pres-
sure were also constantly monitored. Metformin (0.01–0.3 mg/kg/min) raised the 
diameters of retinal blood vessels in a dose-dependent way. Metformin’s retinal 
vasodilator effect was blocked by compounds, an AMPK inhibitor, and NG-nitro-L-
arginine methyl ester, a nitric oxide (NO) synthase inhibitor. The AMPK activator 
5-aminoimidazole-4-carboxamide-1-D-ribonucleoside (AICAR, 0.01–1 mg/kg/min) 
generated similar effects. The effects of metformin and AICAR on mean blood pres-
sure and heart rate were not important. When NO synthase was inhibited, however, 
a significant presser reaction to AICAR was observed. These findings indicate that 
metformin activates AMPK, which dilates retinal blood vessels, and that NO plays a 
significant role in the retinal vasodilator reaction after AMPK activation (Figure 7). 
According to this report, the anti-diabetic medication metformin dilates retinal blood 
vessels by activating AMPK, which is the first pharmacological proof according to this 
report. Metformin inhibits inflammatory reactions and angiogenesis in the retina, in 
addition to lowering blood glucose levels. Aside from these benefits, the retinal vaso-
dilator influence can help prevent or delay the development of diabetic retinopathy 
[42]. KN-93, a calmodulin-dependent protein kinase inhibitor, prevents neuronal cell 
viability in an in vitro Alzheimer’s disease model, according to Yilmaz. Alzheimer’s 
disease is the most prevalent form of dementia in people over the age of 65, and it is 
marked by memory loss that progresses over time. The neurofibrillary tangles formed 
by hyperphosphorylated tau and the senile plaques generated by the -amyloid peptide 
(A 1–4) are the key cardinal lesions consistent with Alzheimer’s disease. CaMKII, 
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a central enzyme in memory development, incorporates transient knowledge reflect-
ing both past and current cellular behaviour into the complex essence of “continuous” 
calcium signalling. Although the alpha and beta isoforms of the CaMKII enzyme have 
been shown to play a role in memory development, the role of the gamma and delta 
isoforms is yet to be determined [43]. Researchers have continued to design and create 
new Rho kinase inhibitors throughout the decade after Fasudil was approved in Japan 
for the treatment and prevention of cerebral vasospasm and subarachnoid haemor-
rhage. Rho kinase inhibitors have been shown to be useful in the treatment of neuro-
degenerative conditions, coronary diseases, metabolic syndrome, and glaucoma. Both 
animal and human trials have supported the beneficial effect of Rho kinase inhibitors 
in the improvement of lung arterial relaxation and remodelling, suggesting that 
they may be useful in the treatment of pulmonary hypertension. According to Abedi 
et al., Rho kinase inhibitors have also been shown to be successful in the preventing 
and treating pulmonary fibrosis, with increasing confirmation that the Rho/ROCK 
signalling system is involved in actinomyosin contraction and actin filament assem-
bly. Down regulation of the Rho/ROCK signalling system is aided by specific Rho 
kinase inhibitors. Rho induction has also been linked to other possible clinical uses. 
For example, statins’ action on atherosclerosis has been linked to their Rho inhibi-
tory effect, as has simvastatin’s preventive role in chronic pulmonary hypertension. 
Inhibitions of RhoA activity and down regulation of Rho kinase activity are thought 
to be involved in ibuprofen’s beneficial effects in ventilator-induced lung injury. In 
humans, the use of a Rho kinase inhibitor has not been confirmed to have severe 

Figure 7. 
AMPK activated protein kinase.
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hemodynamic side effects, and it has been shown to have excellent tolerability. Based 
on post-market monitoring, haemorrhage (1.7 percent) and hypotension were the 
most frequent adverse effects recorded for fasudil (0.07 percent). Rho kinase inhibi-
tors’ protection profile may be their most significant benefit in the care of acute lung 
inflammation acute lung inflammation (ALI). However, since these inhibitors are 
multifunctional, they seem to be more beneficial than any other medicinal agents 
utilised in the care of ALI. Rho kinase inhibitors have been shown to improve cell 
viability in several in vitro trials. In our search of the literature, we identified no single 
report that contrasted the effectiveness and/or risks of Rho kinase inhibitors to those 
of other therapeutic agents. Human evidence and clinical trials confirming the ben-
eficial effects of Rho kinase inhibitors in ALI are minimal or non-supportive, despite 
preclinical studies endorsing the beneficial effects of Rho kinase inhibitors in ALI. 
For example, in the case of sepsis and inflammatory diseases, around 150 compounds 
reached clinical trials based on preclinical evidence, none of which were Rho kinase 
inhibitors, but failed to hit the market, indicating the need for improved preclinical 
efficacy protocols. Finally, it appears that up regulation of the RhoA/ROCK signalling 
pathway is essential in the pathogenesis of ALI.

Rho kinase inhibitors have shown in limited preclinical studies to have a high 
potential for preventing the development of ALI. Inflammation, immune cell migra-
tion, apoptosis, coagulation, contraction, and cell adhesion were all inhibited, which 
had positive effects.

Endothelium barrier impairment and edoema was reduced as a result of increased 
pulmonary endothelial cells. Inhibition of Rho kinase seems to be a successful new 
method for treating ALI [ARDS]. However, more clinical trials are needed to back up 
this hypothesis [44].

p38 MAP kinase inhibitors in signalling pathways as possible neuroprotective 
drugs were studied by Ahmed et al. The discovery of p38 MAP kinase’s connection to 
TNF- and IL-1 synthesis in 1994 established the fact that the net biological effect of 
p38 activation is the downstream development of various inflammatory mediators 
that initiate the activation and recruitment of leukocytes. p38 MAP kinase signalling 
is linked to excitotoxicity (glutamine aggregation in synapses) in astrocytes, synaptic 
plasticity, and tau phosphorylation in neurons, and it leads to neuroinflammation. 
The activity of the p38 MAP kinase may play a role in the pathophysiology of a variety 
of neurodegenerative disorders, including Parkinson’s disease (both hereditary and 
sporadic) and multiple sclerosis. There are four different isoforms of the p38 MAP 
kinase, all of which share roughly 60% homology. The p38a MAP kinase is a major 
isoform of p38 that is activated under inflammatory conditions and is a key player in 
the synthesis of inflammatory mediators. Upstream MAP3Ks normally trigger 
downstream MAP kinases (MKK3 and MKK6). MKK3 and MKK6 trigger p38 MAPK 
through dual phosphorylation on Tyr182 and Thr180 once enabled. In neurodegen-
erative diseases, p38 MAP kinase may control hyperphosphorylation of Tau 
(PHFTau), leading to its dissociation from the cytoskeleton and self-aggregation. 
PHF-Tau is a significant component of the neurofibrillary tangles, which are one of 
the most common aberrant forms seen in Alzheimer’s cases. In the astrocytoma cell 
line U373 MG, p38 MAP kinase mediates substance P (SP)-induced IL-6 expression 
independently of NF-B activation. SP caused p38 MAP kinase phosphorylation, which 
was independent of p42/44 MAPK and protein kinase C activation [45]. Gordon et al. 
found that stimulation of protein kinase c delta in response to neurotoxic stressors 
(a-synuclein, TNF-, LPS) plays a crucial role in the induction of dopaminergic 
neuronal failure. Protein kinase c delta deficiency was shown to reduce locomotor 
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deficiencies and decrease proinflammatory reaction in the mouse substantianigra in 
an experimental model of Parkinson’s disease. The function of p38 MAP kinase 
inhibitors in the treatment of neurodegenerative disorders has been investigated, with 
a particular emphasis on their regulatory pathways [46]. According to Lund et al., 
CEP-1347 inhibits cytokine synthesis in human or murine microglia primary cultures 
as well as monocyte or macrophage-derived cell lines stimulated with Ab140 or 
endotoxins. The MLK inhibitor CEP-1347 inhibited the activation of the cJun/JNK 
signalling pathways in stressed neurons.

In PD animal experiments, the inhibitor also reduced neurodegeneration. It is 
important to provide a thorough understanding of the signal transduction mecha-
nisms involved in microglia-mediated inflammation in order to find therapies that 
can be used to cure neurological disorders. The p38 MAP kinase inhibitors and JNK 
signalling pathways specifically allow a better choice to be investigated further due to 
their potential to decrease proinflammatory cytokines production and their intracel-
lular signalling pathway [47]. Watts et al., [48] and Wu et al., [49] recently published 
studies that say MAP4K4. According to Wu et al. [49], factors secreted in motor 
neuron cultures trigger MAP4K4.Following MAP4K4 activation, motor neurons die. 
As a result, MAP4K4 reduction will affect motor neuron viability through I attenu-
ation of the c-Jun apoptotic pathway, and (ii) activation of autophagy mediated by 
FoxO1 that reduces protein aggregate accumulation and depicts that the activation of 
the p38 MAP kinase pathway in various cell types and pathways in neurodegenerative 
diseases.

10. Differential modulation of phosphorylation

In a single cell method, Basken et al. used phosphoproteomics to compare molecu-
lar responses to inhibitors that target protein kinases in several tiers of the MAPK 
cascade. They learned a lot regarding oncogenic BRAF signalling in melanoma cells, 
as well as new knowledge about MAPK pathway organisation, phosphorylation 
specificity, and off-target responses to therapeutics that are currently in use or being 
developed. The following results may be drawn from the study’s findings:
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First, there is a lot of variation between the phosphosites that are substantially 
influenced by MKK1/2 and ERK1/2 inhibitors. There were no answers that were specific 
to MKK1/2 or ERK1/2 inhibitors. This indicates that the signalling system is mostly 
absent of MKK1/2 targets that split upstream of ERK1/2. Comparing the BRAF inhibi-
tor vemurafenib to the MKK1/2 inhibitor selumetinib in a previous analysis from our 
lab revealed identical results. The observed results suggest that signalling downstream 
of oncogenic BRAF requires a linear organisation of protein kinases, from BRAF to 
MKK1/2, and from MKK1/2 to ERK1/2, rather than a bifurcation in the pathway.

Second, the 161 sites controlled by all four MKK1/2 and ERK1/2 inhibitors 
revealed phosphorylation sites most likely to be bona fide targets of the MAPK 
pathway, allowing us to recognise phosphorylation sites most likely to be bona fide 
targets of the MAPK pathway. Moreover, hundreds of phosphosites have been identi-
fied as possible new ERK targets. Just 20% of the 103 phosphosites with Ser/Thr-Pro 
sequence specificity for ERK met existing ERK targets, implying 82 additional 
direct phosphorylation targets. A subset of 47 previously unreported phosphosites 
is prioritised as probable ERK1/2 substrates by searching for markers of MAPK 
substrates, such as proximity to Pro at position P-2 and the inclusion of DEF or DEJL 
docking motifs. The importance of this study is that, considering the fact that more 
than 700 ERK phosphorylation sites have been identified in vitro and/or in vivo, the 
amount of sites yet to be found is uncertain. The use of phosphoproteomics to find 
new substrates is hampered by a lack of understanding of kinase inhibitor specificity, 
as well as the risk of off-target results. Where a pathway signals linearly, as tends to be 
the case with the enzymes in the MAPK pathway, contrasting the coordinated effects 
of several inhibitors on more than one tier of the kinase cascade, as well as sequence 
determinants of ERK substrates, offers a rigorous filter for specificity. The findings 
indicate that ERK1/2 regulates new types of cellular processes, and they add for 
understanding of the pleiotropy of cellular responses that this important signalling 
kinase may influence.

Third, they discovered that 21 of the phosphosites observed to react to at least one 
of four kinase inhibitors only reacted to one of the four compounds, whilst the other 
three were obviously unresponsive. This serves as a useful filter for detecting inhibitor 
off-target results. Surprisingly, the majority of unambiguous off-target phosphosites 
reacted to the ERK1/2 inhibitor GDC0994, while responses to other kinase inhibitors 
were scarce. This is something to think about if you’re looking at ERK1/2 inhibitors as 
a way to tackle resistance to BRAF and MKK1/2 inhibitor combinations. The inhibi-
tion of MKK6 by the clinically important MKK1/2 inhibitor trametinib suggests that 
even a single off-target may be significant. Depending on the cell type or stimulus, 
blocking the p38 MAPK pathway may influence survival by promoting oncogenic 
or tumour suppressive results. Despite the fact that trametinib’s IC50 for p38 MAPK 
inhibition was higher than that of MKK1/2-ERK1/2, this concentration range is often 
used in literature studies. SB203580, a p38 MAPK inhibitor, increased the cell inhibi-
tory response to selumetinib, implying that inhibiting p38 synergizes with MKK1/2 
inhibitors to compromise cell viability in melanoma cell lines. CA-MKK6 and p38 
MAPK signalling have been shown to shield melanoma cells from UV-induced apop-
tosis, according to previous research. When SB203580 was combined with trametinib, 
the synergistic impact was reduced, which we believe is due to trametinib’s off-target 
influence on MKK6. The findings indicate that trametinib’s impact on p38 MAPK may 
enhance the drug’s effectiveness in some circumstances.

Finally, they discussed the problem of differential modulation of phosphorylation 
targets downstream of BRAF-MKK-ERK signalling. Different proteomics studies 
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sometimes see differences in phosphosite responses to the same pathway, but cannot 
differentiate if such results are due to unequal signalling responses or experimental 
heterogeneity. The findings revealed that various cell systems had different reactions 
to the same pathway. However, some of the reported inconsistencies may be explained 
by methodological differences between laboratories or off-target inhibitor results, 
which the study could not rule out. The authors were able to re-address this issue 
more rigorously after comparing four inhibitors using data obtained by one lab in one 
cell system. Finally, it was discovered that certain, but not all, validated ERK1/2 
targets are protected from phosphorylation in cell system. The significance of this 
discovery is that nothing is known regarding why certain phosphorylation sites that 
are usually supervised by ERK are bypassed under some conditions but are repeatedly 
attacked under others. Awareness the processes that regulate variability in cellular 
responses may include an understanding of the fundamental mechanisms that 
contribute to differential regulation within the phosphoproteome. The gain of new 
insight into new targets for control by the oncogenic BRAF driver pathway in cancer 
cells by comparing different inhibitors of multiple kinase tiers utilising phosphopro-
teomics, which is a valuable method for assessing the specificity of drugs and drug 
candidates [50]. The Bender and colleagues have shown that significant effect on CK2 
and it has a proliferation and differentiation of neural stem cells from the sub ven-
tricular region in a sample. They reported that proliferative ability is significantly 
reduced when the enzyme is inhibited [51]. CK2 inhibition interrupts the neuronal 
and glial lineages within a three-day time window during differentiation. CK2 kinase 
function seems to be redundant at later levels of differentiation. While it has been 
established that CK2 plays a role in nervous system production, knowledge on the role 
of kinase-dependent pathways in neurogenesis is scarce. This may be attributed to the 
CK2 or CK2 knockout mice’s extreme and fatal neurodevelopmental phenotypes. 
Huillard et al. found that disrupting the CK2 subunit induced oligodendrogenesis to 
be negatively regulated. The bHLH transcription factor Olig2, which is one of the 
main regulators of oligodendrocyte growth [52], interacts with CK2. It was also 
discovered that embryonic stem cells lacking tCK2 had a viability deficiency. They 
also discovered that CK2 is needed for neurosphere oligodendroglia differentiation. In 
the absence of CK2, the effect of CK2 is attributed to a defect in the holo enzyme’s 
CK2 kinase activity. Those substrates that are only phosphorylated by the holo 
enzyme cannot be phosphorylated without CK2. It also explains how Drosophila CK2 
is involved in cell proliferation and survival during brain growth. The nucleolar 
mushroom body miniature (mbm) protein is one of the potential substrates. This 
protein is thought to be involved in nutrient-dependent signalling processes that 
regulate ribosomal expression. The observed findings with inhibitors of CK2 kinase 
activity clearly support the theory that the holo enzyme is the functional type of CK2 
involved in neurosphere proliferation and differentiation. Furthermore, hereditary 
disruption in embryonic neurogenesis results in decreased neural stem cell prolifera-
tion and self-renewal. These results are in line with our findings from postnatal neural 
stem cells originating from the subventricular region that were inhibited. The issue of 
lethality can be solved by using knock-down methods or CK2 inhibitors, which allows 
researchers to explore the postnatal function of CK2 in the nervous system. The 
function of CK2 in the nervous system may be investigated further using these 
methods. As a result, it was discovered that CK2 plays a role in ion channel organisa-
tion and synaptic transmission [51]. CX-4945 [Silmitasertib] is a powerful inhibitor 
of CK2’s kinase function that was developed as an anticancer medication. CX- 4945 
has been shown to have cytotoxic properties in acute lymphoblastic leukaemia cells, 
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inhibit pro survival signalling in human breast cancer cells, and may be used to treat 
cancer stem cells in glioblastomas. CX-4945 also appears to control osteoblast differ-
entiation in vitro and can function as a splicing regulator. CX-4945-treated human 
mesenchymal stem cells divide into adipocytes in the same way as untreated cells do, 
according to a new report. The inability to prevent differentiation was shown to be 
followed by a lack of CK2 kinase inhibitory activity. The function of CK2 in neuro-
genesis was investigated using CX-4945 in various concentrations. The proliferation 
of neurospheres is inhibited in a dose-dependent way, according to this research. 
Since CK2 can be effectively inhibited, two concentrations, 10 and 20 M, were chosen 
for differentiation experiments. A higher concentration of CX 4945 causes apoptosis, 
which greatly decreases cell numbers and attacks stem cells and neuronal precursor 
cells in particular.

As a result, the effect on neurogenesis at this concentration is due to apoptosis 
rather than a particular inhibition. Despite this, the remaining cells maintain their cell 
cycle distribution. We were able to demonstrate that inhibiting CK2 contributes to a 
significant suppression of neurogenesis as well as a reduction in gliogenesis by focus-
ing on the surviving cells during differentiation. We have also seen that the effect of 
CK2 persists for many days during separation and that this effect degrades slowly 
and steadily. The lack of apoptosis was observed when a dosage of 10 M CX-4945 was 
used, indicating that this concentration is non-toxic. In this scenario, we found that 
gliogenesis was inhibited but not neurogenesis, indicating that neuronal precursors 
are more susceptible to apoptosis at higher inhibitor concentrations. Using various 
concentrations of quinalizarin, they were able to achieve either heavy apoptosis 
or no inhibition of the CK2 kinase activity. The CK2 kinase function was inhibited 
by about 40% when 40 M quinalizarin was used. In this event, neurogenesis was 
inhibited but gliogenesis was not. The findings obtained with the two inhibitors lead 
me to believe that neurogenesis inhibition is somehow linked to apoptosis activation, 
whereas gliogenesis inhibition is specifically linked to CK2 inhibition. This hypothesis 
is confirmed by Huillard and Ziercher’s findings, which showed that disrupting CK2 
subunit expression causes oligo-dendrogenesis to be negatively controlled. It appears 
that the period when CK2 kinase activity is needed for differentiation is critical. 
Although knocking out CK2 in embryonic stem cells causes overall developmental 
failure, lineage finding can benefit from timely activation or inhibition of the enzyme 
within a particular organ system, particularly when the enzyme is partially up- or 
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down-regulated. The results indicate that inhibiting CK2 for 1–3 days prevents stem 
cell differentiation. The interdependencies of the specific partners, such as neurons 
and glial cells, are also a significant feature of CK2’s function in neurogenesis. Glial 
cells are well known for producing a wide variety of trophic factors and cytokines that 
can aid in the survival and differentiation of neurons. The current observations in 
the nervous system are consistent with the osteoclast separation results obtained with 
CX-4945. Furthermore, CX-4945 was found to suppress RANKL-induced osteoblast 
differentiation. CX-4945, on the other hand, increased BMP2-induced osteoblast 
differentiation. Another research looked at the differentiation of pre-adipocytes 
into adipocytes and found that the activation of the CK2 kinase increased at the 
start of the differentiation phase and decreased as the differentiation progressed. 
Furthermore, inhibiting CK2 kinase activity at the start of differentiation for up to 
6 days inhibits differentiation, although there was no inhibition of differentiation 
after day 6. As a consequence, these findings are in strong harmony with the neural 
differentiation evidence discussed here. Future experiments with graded up- and 
down-regulations of CK2 will reveal whether CK2 is still active in the differentiation 
fate decision of neurons and glial cells [51].

Platelet glycoprotein IIb/IIIa inhibitors (GP IIb/IIIa inhibitors) have a well-
established thrombolytic role in myocardial infarction. Despite this, there is a scarcity 
of information on the mechanism of GP IIb/IIIa inhibitors’cardioprotective function 
in ischemic-reperfusion injury (IR). 120 minutes of coronary ischemia and 180 min-
utes of reperfusion were provided to Sprague–Dawley rats. PKC (chelerythrine), PI3 
kinase and Akt (wortmannin), p38 MAPK (SB203582), p42/44 MAPK (PD98059), 
and ERK1/2 (u0126) inhibitors were provided by continuous intravenous infusion at 
a rate of 2 ug/kg/min 30 minutes prior to reperfusion with/without inhibitors of PKC 
(chelerythrine), PI3 kinase and Western blot analysis was used to isolate and analyse 
proteins. The apoptotic index (AI) was determined as the percentage of myocytes 
positive for terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end 
labelling of all myocytes stained with 4′, 6-diamidino-2-phenylindole and the ratio 
of myocardial necrotic region to the area at risk (AAR). The GP IIb/IIIa inhibitor 
decreased the ratio of myocardial necrotic region to AAR and AI, as well as exerting 
an immediate cardioprotective impact by phosphorylating and triggering multiple 
signalling pathways such as PKC, PI3 kinase, Akt, p38 MAPK, p42/44 MAPK, and 
ERK1/2. Raf and MEK1/2 phosphorylation, on the other hand, did not show any 
major rises. Chang et al., found that inhibiting GP IIb/IIIa decreased the level of car-
diac IR and greatly reduced myocyte apoptosis in rats. Furthermore, the cardiopro-
tective influence was induced by several signal transduction pathways activation [53].

Linagliptin-induced vasodilation was studied by Seo et al., in a concentration-
dependent manner. The absence of endothelium, as well as pre-treatment with a 
nitric oxide synthase inhibitor (L-NAME) or a small-conductance Ca2+-activated K+ 
channel inhibitor, had little impact on the vasodilatory effect of linagliptin (apamin). 
Furthermore, the adenylyl cyclase inhibitor SQ22536, the protein kinase A (PKA) 
inhibitor KT5720, the guanylylcyclase inhibitor ODQ, and the protein kinase G 
(PKG) inhibitor KT5823 had no impact on linagliptin’s vasodilatory effect. Y-27632, 
on the other hand, greatly reduced linagliptin-induced vasodilation by inhibiting 
Rho-associated protein kinase. The function of ion channels in linagliptin’s vasodila-
tory effect was also examined. Glibenclamide (ATP-sensitive K+ channels), Ba2+ 
(inwardly rectifying K+ channels), 4-AP (voltage-dependent K+ channels), and 
paxilline (large conductance Ca2+-activated K+ channels) were not found to influence 
linagliptin-induced vasodilation. Furthermore, nifedipine, an inhibitor of L-type Ca2+ 
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channels, and thapsigargin, an inhibitor of the sarcoplasmic/endoplasmic reticulum 
Ca2+-ATPase (SERCA) pump, had no impact on linagliptin’s vasodilatory effect. The 
inhibition of Rho-associated kinase, but not the endothelium, cAMP-PKA or cGMP-
PKG-dependent signalling pathways, K+ channels, Ca2+ influx, or the SERCA pump, 
could be responsible for linagliptin-induced vasodilation [54].

PKCs are thought to control certain pancreatic functions in natural acinar cells, 
ductal cells, and islets, as well as in disease states such as insulin tolerance, diabetes 
mellitus, pancreatitis, and pancreatic ductal adenocarcinoma, according to Fleming 
and Storz (PDA). PKCs control secretory processes in the regular pancreas, as shown 
by amylase secretion in acinar cells, bicarbonate secretion in ductal cells, and glu-
cagon and insulin secretion in islets. PKCs play a role in the production of insulin 
tolerance and diabetes mellitus by regulating -cell proliferation and activity, as well 
as insulin secretion and cell death. PKCs play a crucial role in pancreatic injury and 
inflammation, as well as trypsinogen activation and basolateral exocytosis, during 
pancreatitis. PKCs eventually play a role in the growth of PDA by promoting acinar 
cell dedifferentiation (PKC) and acinar-to-ductal metaplasia (PKC). PKC control 
proliferation and promote anchorage-independent development throughout the pro-
gression of PDA. Atypical PKCs have also been linked to the regulation of metastasis. 
In conclusion, PKC isoforms play a variety of roles in normal pancreatic regulation, 
but they may also play a role in the onset and development of pancreatic disease [55].

Mitochondrial ATP synthase, a significant ATP supply in respiring cells, should 
be regulated in both quantity and action to react to differing ATP demands. Sugawara 
et al., screened 80 protein kinase inhibitors and discovered that four of them 
decreased mitochondrial ATP synthesis function in HeLa cells. Knocking down their 
target kinases (PKA, PKCd, CaMKII, and smMLCK) consistently resulted in lower 
mitochondrial ATP synthesis output. The mitochondria of smMLCK-knockdown cells 
only possessed a limited amount of ATP synthase, whereas the a- and b-subunits of 
ATP synthase were formed normally, implying that smMLCK affects ATP synthase 
assembly (or decay) [56].

PIM (proviral insertion in murine) Kinases are a kind of proto-oncogene that 
phosphorylates the target proteins’ serine/threonine residues. PIM-1, PIM-2, and 
PIM-3 are the three groups that play an important regulatory function in signal 
transduction cascades by facilitating cell survival, proliferation, and drug tolerance. 
These kinases are overexpressed in a variety of solid and hematopoietic tumours, 
supporting malignant cell growth and survival in vitro and in vivo by controlling cell 
cycle and inhibiting apoptosis. They are constitutively active until transcribed and 
they lack a regulatory domain. PIM kinases are thought to be essential downstream 
effectors of oncoproteins that overexpress and aid in the mediation of drug resistance 
to available agents like rapamycin. According to Panchal and Sabina, PIM kinases 
have special hinge regions where two Prolines exist, which makes ATP binding unique 
while also providing a focus for a growing array of potent PIM kinase inhibitors. 
Preclinical trials of such inhibitory compounds in different cancers suggest that they 
have positive efficacy, and some of them are currently being studied. In their study, 
they described the molecular mechanism and signalling mechanisms of PIM kinases, 
as well as matriculation in multiple cancers and a list of commonly used inhibitors 
[57]. Dengue virus (DENV) infection is a disease that is common to many areas of the 
world, and its rising incidence places it among the diseases that pose a serious public 
health danger. Dengue fever (DF), dengue hemorrhagic fever (DHF), and dengue 
shock syndrome are among the clinical symptoms of DENV infection (DSS). Extreme 
dengue fever is characterised by increased proinflammatory cytokines and vascular 
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permeability, all of which trigger organ damage. Sreekanth et al. used hepatic cell 
lines, mouse models, and autopsy specimens from DENV-infected patients to observe 
symptoms of liver damage, and these signs substantiated the results of inflammatory 
responses and hepatic cell apoptosis. During viral infections, MAPK are implicated in 
inflammatory responses and cellular tension. MAPK signalling has been implicated in 
inflammatory responses and hepatic cell apoptosis in both in vitro and in vivo models, 
according to published evidence. In DENV infection, modifying MAPK signalling 
reduces inflammatory responses and hepatic cell apoptosis. This body of knowledge 
about the function of MAPK signalling in inflammatory responses and cell apoptosis 
in DENV infection is illuminating, and it could speed up the creation of new or 
repositioned therapies to treat this unpredictably disabling disorder [58].

11. Conclusion

In this study, we have addressed the role of protein kinase in human cells and the 
effects of protein kinase inhibitors in the treatment of various diseases and disorders. 
Protein kinase is a type of kinase enzyme that adds phosphate groups to other proteins 
chemically (i.e. phosphorylation). Many biochemical signalling pathways within cells 
(i.e. signal transduction) and effectors in cellular functions, such as cell proliferation 
and necrosis, are influenced by this enzyme. Protein kinases are the third messenger 
mechanism, and most of their isoforms depend on second messengers like cAMP and 
calcium to function. Overexpression of protein kinase, on the other hand, causes life-
threatening diseases such as cancer, cardiovascular disease (hypertension), central 
nervous system disease, skin disease (inflammation), diabetes mellitus, and so on. 
Moreover, the findings of various researchers has also added to the fact. There are 
currently a range of protein kinase inhibitors in the market that inhibit protein kinase 
activity. They can be used to regulate the cellular responses that protein kinase activ-
ity causes. As a result, there is scope for the design and production of new medicines 
that inhibit protein kinase overexpression for the prevention and treatment of associ-
ated disorders. The functions of protein kinases in signal transduction, the effects of 
overexpression, and the therapeutic roles of various protein kinase inhibitors are all 
discussed here. As a result, further research into the protein kinase is needed in order 
to develop more potent and effective prophylactics for disease treatment.
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Chapter 6

Recent Advances in the Therapeutic 
Development of Receptor Tyrosine 
Kinases (RTK) against Different 
Types of Cancer
Somi Patranabis

Abstract

Receptor Tyrosine Kinases (RTKs) are an important class of receptors involved in 
regulating different cellular functions. The usual pathway of RTK activation involves 
specific ligand binding, dimerization and trans-autophosphorylation. Recently, RTK 
has been extensively studied as they have potential applications in targeted cancer 
therapy. RTK-based therapeutic strategies are promising because dysfunction of 
RTK is connected to a variety of diseases. More specifically, RTK has been widely 
associated with different types of cancer and related diseases. The chapter aims to 
cover recent advances and challenges in RTK related research, to get an overview 
of the problems and possibilities associated with targeted therapy. This will help in 
 deciphering novel therapeutic applications in the future.

Keywords: receptor tyrosine kinase, RTK mutations, cancer, targeted therapy,  
RTK inhibitors

1. Introduction

A cell is dependent on a wide array of molecules to perform all its activities in a 
regulated manner. Any disruption in any of the molecules or related pathways can 
lead to various developmental issues and diseases. Hence, a cell depends on stringent 
signaling pathways which enables it to grow, proliferate, differentiate, and carry out 
all physiological processes required for survival and/or apoptosis. One such signal-
ing pathway is the Receptor Tyrosine Kinase (RTK) signaling pathway which is 
extremely crucial in almost all kind of cells. This pathway usually begins by activation 
of receptors on the cell membrane, which in turn, undergoes self-phosphorylation 
and activation of other downstream signaling targets (Figure 1). There are various 
mechanisms by which RTK can elicit its effects on the cell. Any mutation in RTK or its 
associated targets can be detrimental to the cell, leading to various diseases, includ-
ing cancer. Thus, identifying these mutations and strategizing therapies targeting 
such receptors and their associated molecules, can prove to pave the path for creating 
effective anticancer drugs. Tyrosine kinase inhibitors can also be used to attenuate the 
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increased activity of RTK signaling pathway. A multitude of cancers have been linked 
to dysregulation of RTK signaling. This chapter covers the current scenario of RTK-
associated cancers and the recent therapeutic strategies, either implemented or having 
the capacity to be implemented in the future. An understanding of the recent advances 
in this field has ample potential to investigate the plethora of  possibilities ahead.

2.  RTK: at the crossroads of cell growth, proliferation and differentiation

Receptor Tyrosine Kinases are a class of very important receptors involved in 
signaling mechanisms related to cell growth, proliferation, survival and development. 
Dysregulation of this receptor or its associated molecules has been linked to various 
diseases, including cancer. Human genome contains around 55 receptor tyrosine 
kinases (RTK). These RTKs undergo several types of post-translational modifica-
tions, some of which include tyrosine phosphorylation, ubiquitination, ectodomain 
shedding, and regulated intramembrane proteolysis. Structurally RTKs are single-
pass membrane proteins that are grouped into subfamilies based on similarity in 
their extracellular domains. The intracellular kinase domains are in turn, coupled 
to different extracellular modules. Many RTKs have been reported to be cleaved by 
gamma-secretase-mediated intramembrane proteolysis. It is a two-step process. In 
the first step, the RTK ectodomain is released to the extracellular space by proteolytic 
cleavage called shedding. In the second step, RTK transmembrane domain is cleaved 
by the gamma-secretase complex. This, in turn, leads to release of a soluble RTK 
intracellular domain that can translocate to various cellular compartments, such as 
the nucleus or proteasome, and can also interact with transcriptional regulators and 
other molecules to induce cell survival, proliferation and differentiation. The tyrosine 
kinase domain is an integral part of this intracellular domain [1]. The internalization 
process retains the RTK’s transmembrane domain. The endosomal RTK remains 
active before being recycled or degraded. The transport of RTK from endosome-
Golgi-ER to the nucleus is primarily dependent on membranous vesicles and hence, 
relies on its interaction with the transport complexes like COP-I vesicle complex, 
Sec61 translocon complex and importin. Nuclear- RTKs have the property of retain-
ing oncogenic properties and can enhance cancer progression. Nuclear-localized 
RTKs have, in fact, positive correlation with cancer recurrence and therapeutic 
resistance of cancer patients [2]. It has also been observed that reduced ectodomain 
shedding and decreased  ubiquitination of the cytoplasmic region produce malignant 

Figure 1. 
Mechanism of activation of the tyrosine kinase receptor. Receptor tyrosine kinase exists as monomers in the 
inactive state. It has an extracellular domain and a cytosolic domain. Upon binding to a specific ligand, it is 
activated by trans-autophosphorylation of the tyrosine kinase domain. This leads to recruitment of specific 
adaptor protein(s) and activation of downstream signaling pathways.
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cells. Events like receptor phosphorylation and ubiquitination are reversible, whereas 
proteolytic cleavage events are irreversible. Any such modification has the potential to 
alter the subcellular localization of RTKs [3].

The activation of RTK is by dimerization of two monomers and this can either 
be receptor-mediated or ligand-mediated. The ligands can either be soluble or 
membrane-embedded. Sometimes, multiple ligands can interact with the same recep-
tor. Such ligands often act as biased agonists and can initiate signaling responses via 
activation of the same receptor [4]. Activation of RTK involves homodimerization fol-
lowed by trans autophosphorylation. However, some groups of RTKs can interact with 
each other even in the absence of ligand, which eventually leads to heterodimerization 
across sub-families. This results in irreproducibility of data from different experimen-
tal sets and hence, is a big hurdle for RTK inhibitors to produce desired therapeutic 
effects [5]. Both genetic and epigenetic modifications in the genes encoding for RTKs 
are responsible for activation of growth factor-mediated signaling events. This hyper-
activation of RTK mediated signaling cascades can even cause cancer [6].

The degree and duration of RTK signaling plays a pivotal role in determining 
specific cellular behaviors. The feedback regulation of RTK signaling is critical for 
determining different diseases. The loss of such feedback mechanism can lead to an 
aberrant increase in the RTK signaling, resulting in an uncontrolled increase in cell 
growth, proliferation and survival. Thus, both positive and negative regulators of 
RTK signaling are crucial in development [7].

The use of Tyrosine Kinase Inhibitors (TKI) remains one of the standard methods 
of elucidating anticancer effects. The antitumoral properties of TKIs due to induction 
of apoptosis and cell cycle arrest is a result of tightly controlled events involving dif-
ferent cellular compartments such as endoplasmic reticulum and mitochondria [8].

3. RTK mutations: targets for cancer therapy

Receptor Tyrosine Kinase and its downstream signaling mechanism is crucial 
for maintaining the integrity of cellular processes, such as growth, proliferation and 
survival. Any mutation in the RTK or its associated partners can be detrimental to the 
cell and can even be oncogenic in nature. A mutation which can directly or indirectly 
lead to upregulation of RTK can eventually result in tumor formation. Recent large-
scale genomic studies have highlighted the presence of mutations and alterations 
in the genes encoding RTKs such as EGFR, HER2/ErbB2, and MET and many other 
genes. Abnormal RTK activation in human cancers can occur by four major pathways: 
gain-of-function mutations, genomic amplification, chromosomal rearrangements, 
and/or autocrine activation [9].

For instance, loss or inactivation of phosphate and tensin homolog (PTEN), 
leads to overactivation of RTK/PI3K/Akt signaling pathway, eventually leading 
to tumorigenesis. It has been observed that transcription of PTEN pseudogene, 
PTENP1, results in sense and antisense transcripts which can, in turn, exhibit 
post-transcriptional and transcriptional modulation of PTEN expression, respec-
tively. Thus, the effects of the sense and antisense transcripts of PTENP1 on PTEN 
expression can influence RTK expression and associated signaling pathway, and has 
promising potential in cancer therapeutics [10]. Another well studied mutant of RTK 
is MET, which was discovered way back in 1984. The MET RTK and its ligand HGF 
are key players in more than one type of cancer. High expression of the MET receptor 
has been shown to correlate with poor prognosis and resistance to therapy. MET exon 
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14 splicing variants that was initially identified in lung cancer can be treated through 
various tyrosine kinase inhibitors (TKIs) [11].

Additionally, alternative splicing of RTK pre-mRNA is a novel aspect of study, 
which can be linked to development of tumor and its maintenance. However, the exact 
biological functions of different RTK splice variants and the signals responsible for it is 
not yet well studied. The mechanism by which these splicing events affect the response 
of tumor to RTK targeted therapies, and whether these therapies have any effect on 
the fate of RTK alternative splicing, is a very interesting aspect that can be studied. 
Moreover, the upstream signals that control their expression in tumors, remain to be 
understood. More importantly, it remains to be determined whether, and how, these 
splicing events may affect the response of tumor cells to RTK-targeted therapies, and 
inversely, whether these therapies may impact these splicing events [12].

An overall understanding of the different mutations and alterations related to 
RTK, will provide a deeper understanding of the receptor and pathways that have 
important implications in anticancer therapies. Numerous RTK-targeted therapies 
have been developed to counteract this hyperactivation.

4. RTK disruption in different types of cancer

Receptor Tyrosine kinases are a class of extremely important receptors, and hence, 
any issue with its regulation or expression can bring about changes in a cell’s growth, 
survival, differentiation and metabolism. One of the most significant effects of RTK 
dysregulation is cancer and related phenotypes. RTKs serve as important biomarkers 
that can help analyze tumor progression and metastasis and determine diagnosis and 
prognosis in the patients. Different cancers have been observed to have a major link 
with RTKs. For instance, the Epidermal Growth Factor receptor (EGFR) gene has a 
tyrosine kinase domain, and somatic mutations within this domain, has been linked 
to non-small cell lung cancer (NSCLC) progression and are called “EGFR sensitizing 
mutations”. One of its inhibitors, called Raf Kinase Inhibitor Protein (RKIP) has the 
potential to modulate RTK associated signaling events, such as those controlled by 
EGFR. It has been reported to have metastasis suppressor role in lung cancer [13].

RTK has also been studied extensively in a complex and heterogenous tumor arising 
from neural crest derived peripheral neurons, known as neuroblastoma, which sadly 
accounts for 10–15% of all childhood related cancer deaths. Neuroblastoma tumorigen-
esis involves a receptor tyrosine kinase known as Anaplastic Lymphoma Kinase (ALK), 
which is a fusion partner in translocation events related to different types of cancers. 
RTK translocations are responsible for creating a fusion protein containing a dimerizing 
partner fused to an RTK kinase domain. This, in turn, leads to constitutive kinase domain 
activation and results in altered RTK cellular localization as well as upregulation of 
different downstream signaling. In neuroblastoma, however, the full length ALK RTK is 
itself mutated [14]. Fortunately, many different RTK inhibitors, that are known to inhibit 
ALK, have been FDA approved and can be used in ALK-driven neuroblastoma treatment.

Apart from neuroblastoma, another type of cancer-related to the brain is glio-
mas, representing the most common form of malignant brain tumor. Unregulated 
RTKs such as MET and EGFR, have a central role in the progression of glioblastoma. 
Mutations in MET and its various regulatory molecules have been linked to different 
stages of glioblastoma. MET along with its ligand Hepatocyte Growth Factor (HGF) 
have been shown to hold importance in proliferation, invasion, migration, angiogen-
esis, recurrence and therapeutic resistance. Targeting HGF/MET in glioma patients is 
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an important therapeutic strategy [15]. HGF/MET has also been extensively studied 
and found to be involved in different primary malignant brain tumors such as astro-
cytomas, glioblastomas, oligodendrogliomas, ependymomas, and embryonal central 
nervous system tumors (including medulloblastomas and others) [16].

Another report highlights the relevance of different types of RTKs such as 
epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor 
(PDGFR), c-Met, Tie, Axl, discoidin domain receptor 1 (DDR1), and erythropoietin-
producing human hepatocellular carcinoma (Eph) in glioma invasion, and how these 
can act as targets for glioma therapy [17].

Another common RTK that has been observed in different tumor promoting 
activities, such as cell proliferation and invasion is AXL. It does so by promoting EMT 
events, metastasis and drug-resistance. It can also modulate tumor microenvironment 
and corresponding immune response. This RTK is known to be involved in cancer 
progression of different types of malignancies ranging from hematopoietic cancers to 
solid tumors. AXL upregulation has been observed in a wide variety of cancer types, 
such as breast cancer, and is under focus to investigate possible therapeutic implica-
tions by its modulation [18]. Downstream signaling pathways of RTKs such as MAPK, 
PI3K/Akt and JAK/STAT pathways are major players that regulate cancer progression 
and metastasis, if not regulated [19]. Problems related to proper regulation of RTK 
signaling pathway has also been noted in Acute Myeloid Leukemia (AML) [20].

Another type of cancer where issues related to RTK signaling are noted, is osteo-
sarcoma. Multi-target tyrosine kinase inhibitors have shown promising effects in the 
treatment of osteosarcoma, but the exact target is unclear. This is because inhibiting 
any one type of RTK as a target for treatment of osteosarcoma has not been proven to 
be effective. Rather, inhibition of multiple RTKs simultaneously show a much better 
progress in TKI dependent osteosarcoma treatment. This is because receptor tyrosine 
kinases like MET, IGF-1R, AXL, PDGFRs, KIT, and FGFRs might be relevant but 
unimportant targets for osteosarcoma treatment [21].

Gastrointestinal stromal tumor (GIST) is also a type of tumor originating from 
interstitial cells of Cajal in the GI tract, in which genes encoding RTK are mutated. 
Genes such as KIT and PDGFRA are activated and eventually lead to tumor forma-
tion. It has also been noted that RTK inhibitors like imatinib, can significantly act as 
therapeutic agent in treatment of patients with GIST [22]. Inhibition of downstream 
signaling like PI3K/AKT/mTOR also exhibit promising outcomes.

RTK dysregulation has also been observed in head and neck cancers, having 
important implications in tumorigenesis and metastasis. A recent report illustrates 
the association of non-coding RNAs with RTK and confirms that RTKs and RTK 
based therapy are superior to other existing therapeutic interventions for HNC [23].

Although issues in RTK regulation are more common in solid tumors, RTK trans-
locations are also observed in hematological malignancies. Fibroblast Growth Factor 
Receptor (FGFR), Platelet-Derived Growth Factor Receptor (PDGFR), Rearranged 
during Transfection (RET), Colony Stimulating Factor 1 Receptor (CSF1R), and 
Neurotrophic Tyrosine Kinase Receptor Type 3 (NTRK3) fusions are some of the 
common anomalies found in hematopoietic disorders [24].

5. An overview of RTK inhibitors

There have been a wide variety of Receptor Tyrosine Kinase (RTK) inhibitors, 
many of which have been approved by the FDA. These inhibitors play a significant 
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role in inhibiting the effect of RTK in cells where they are dysregulated, and thereby, 
providing a strategy to inhibit cell growth and proliferation. As a result, these inhibi-
tors are well known anticancer agents as well (Figure 2). One such example is the 
inhibitor known as Entrectinib (A) (Figure 2), which shows massive potential in the 
treatment of very complex childhood cancer, neuroblastoma. This type of cancer is 
mainly caused by differential expression of ALK or TRKA/B/C. Entrectinib (RXDX-
101) is a pan-ALK, TRKA, TRKB, TRKC, and ROS1 inhibitor with activity against 
tumors with ALK, NTRK1, NTRK2, NTRK3, and ROS1 alterations in Phase I clinical 
trials in adults [25]. In June 2019, Entrectinib got its first global approval in Japan, 
for treating adult and pediatric patients with NTRK fusion-positive and advanced 
or recurrent solid tumors. It is under regulatory review for the treatment of adult 
patients with ROS1-positive non-small cell lung cancer (NSCLC). Entrectinib is also 
under regulatory review in the USA (PDUFA date 18 August 2019) and EU [Priority 
Medicines (PRIME) designation] for NTRK-positive solid tumors and ROS1-positive 
NSCLC [26]. Another example of an inhibitor which acts against multiple receptor 
tyrosine kinases is Cabozantinib (B) (Figure 2). This is commercially available as 
Cabometyx tablet and is used in the treatment of hepatocellular carcinoma (HCC). 
This inhibitor is usually used in the treatment of patients who are in an advanced 
stage of cancer and have already been under treatment with the multi-RTK inhibitor 
sorafenib [27].

6. Promising therapeutic strategies

Receptor Tyrosine Kinases are important regulators of the cell cycle pathway. For a 
cell to grow and proliferate normally, this receptor plays a major role. Hence, any form 
of over-expression or overactivity of the RTK or its associated signaling pathway, 
naturally leads to tumor formation and is well connected with the development of 
cancer. As a result, RTK and its associated pathways have always been under investi-
gation to find targets in the fight against cancer.

A recent report establishes the relationship between RTK signaling and DNA 
repair, hinting towards a connection between RTK and the factors involved in the 
repair pathway. Thus, RTKs can act as potential modulators of the DNA repair 
pathway and novel therapeutic strategies can be implemented, which will target both 
DNA repair pathways and RTK mediated signaling pathways [28]. Another report 
also highlights the link between RTK signaling and DNA repair. Activation of the 
serine/threonine kinase AKT, also known as protein kinase B (PKB) stimulates DNA 

Figure 2. 
Structure of potent RTK inhibitors. (A) Entrectinib (B) Cabozantinib.
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repair, like double strand break repair after radiotherapy. Thus, AKT could possibly 
be a major predictive marker of conventional cancer therapy, molecularly targeted 
therapy, and immunotherapy for solid tumors. Activated AKT mediates resistance to 
cancer treatment modalities, such as radiotherapy, chemotherapy, and RTK targeted 
therapy [29]. Checkpoint inhibitors such as pembrolizumab have proven effective 
at extending survival for mismatch repair (MMR)-deficient and high microsatellite 
instability (MSI) metastatic colorectal patients.

Different RTK mutations, deletions, translocations and amplification/over-
expressions have been identified and these are currently under study to elucidate their 
role in cancer. The therapeutic strategies involving RTKs can be classified into small 
molecule inhibitors and monoclonal antibodies [30].

The presence of RTK fusions is by large, responsible for providing acquired 
resistance to different therapies. This poses a challenge in the administration of 
Tyrosine Kinase Inhibitors as anticancer treatment and thus, is a field that requires a 
lot of attention. Recent reports have come up with the different strategies that can be 
beneficial in solving this issue [31].

Another interesting and emerging study reveals the connection between EGFR, 
a common RTK that is dysregulated in different malignancies, and autophagy. In 
fact, autophagy upregulation as well as downregulation has been observed in sev-
eral cancers, highlighting its oncogenic and tumor suppressor properties in tumor 
progression. EGFR has the potential to determine whether autophagy will have a 
cytotoxic or cytoprotective effect. The EGFR-mediated pathways or proteins involved 
in autophagy regulation include (a) the EGFR-mTOR pathway; (b) the EGFR-RAS 
pathway; (c) EGFR-Beclin1; [8] the EGFR-STAT3 pathway and (e) EGFR-LAPTM4B 
(oncoprotein lysosomal-associated transmembrane protein 4B). Thus, understand-
ing the regulation of autophagy by EGFR can prove to be a highly efficient strategy 
to identify potential cancer therapeutic targets [32]. Anti-epidermal growth factor 
receptor (anti-EGFR) agents panitumumab and cetuximab, combined with chemo-
therapy, have also prolonged the survival of cancer patients.

One of the most promising therapeutic strategy which is widely established and 
used is immunotherapy. It has proved its worth by improving the prognosis of many 
patients with a broad variety of hematological and solid malignancies. The impor-
tance of immunotherapy has been acknowledged by the Nobel prize for physiology or 
medicine 2018 awarded for the discovery of cytotoxic T-lymphocyte-associated pro-
tein (CTLA-4) to James P. Allison and programmed cell death protein 1/programmed 
cell death protein ligand 1 (PD-1/PD-L1) to Tasuku Honjo [33].

Epithelial-mesenchymal transition (EMT) is a very important event in the progno-
sis of malignancy. It has been studied that a receptor tyrosine kinase AXL can directly 
affect the mesenchymal state, making the tumor more aggressive and drug-resistant. 
The inhibition of AXL has come up as a promising therapeutic strategy in revers-
ing EMT resensitization to other tyrosine kinase inhibitors, mitotic inhibitors, and 
platinum-based therapy. Therefore, novel ways to inhibit AXL can be used as an effec-
tive therapeutic strategy against different types of cancer [34]. AXL receptor tyrosine 
kinase (RTK) and its ligand, growth arrest-specific protein 6 (Gas6), have been 
known to be involved in different malignancies and autoimmune disorders. Several 
molecules are presently under investigation, which can aid in targeting the AXL/Gas6 
molecular system, thus providing therapeutic and diagnostic applications [35].

Apart from the inhibitors that directly target the RTK and its associated mol-
ecules, some molecules are naturally present with antitumor properties. One such 
molecule is decorin, which is present in the tumor microenvironment. This molecule 
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is prototype member of the SLRP family found in a variety of tissues and is expressed 
in the stroma of various forms of cancer. Decorin has recently gained a lot of attention 
because of its effects in inflammation, fibrotic disorders, and cancer. Since it is pres-
ent in the tumor microenvironment, it has been proposed to act as a “guardian from 
the matrix.” Soluble decorin has a pan-RTK inhibiting property and can target a few 
RTKs, including EGFR, Met, IGF-IR, VEGFR2, and PDGFR. Decorin/RTK interac-
tion can induce caveosomal internalization and receptor degradation. Additionally, 
this interaction can trigger cell cycle arrest and lead to apoptosis, and can induce 
conserved catabolic processes, such as endothelial cell autophagy and tumor cell 
mitophagy. Antimetastatic and antiangiogenic processes have also been reported to 
be induced by decorin/RTK interaction. Due to such diverse plethora of anticancer 
effects, decorin is a promising candidate for combatting cancer, especially the cancer 
types where the major issue is with RTK signaling [36].

Combinations of immunotherapies, RTKs, monoclonal antibodies, and cytotoxic 
drugs are being investigated to provide broad-spectrum protection against relapse by 
simultaneously targeting many cancer hallmarks [37].

7. Challenges in RTK related research

Despite the huge potential and success of RTK based targeted cancer therapy, there 
remain some challenges in this field. One of the major challenges is reducing the off-
target effects of Tyrosine Kinase Inhibitors. This non-specificity can lead to deleterious 
effects on normal cells as well. A possible solution to this challenge can be TKIs-based 
nanodelivery systems, that will specifically target tumor cells [38]. Another common 
challenge faced by any anticancer drug is the induction of chemo-resistance during 
therapy. Patients may invariably develop resistance to these therapies, leading to recur-
rence. Research that will aim in dealing with chemoresistance by manipulating specific 
molecules related to it, can have potential role in overcoming this challenge [39]. Thus, 
increasing target specificity and decreasing drug resistance are the major challenges in 
RTK related research, along with identification of novel TKIs.

8. Conclusion

This chapter covers the recent advances made in the field of signaling biology, 
mainly Receptor Tyrosine Kinase-mediated signaling. The structural and functional 
aspects of the receptor, modes of its activation and current research-based on it has 
been discussed. Additionally, information related to RTK mutations and disruptions 
in different types of cancers, gives a better understanding of the different anticancer 
therapeutic strategies that have come up in the form of inhibitor molecules and 
drugs. The scope of these receptors is huge if they can be exploited further, along 
with identification of other novel mutations associated with cancer, and their targets. 
Sequencing data based on different types of cancer cells, including hematological and 
solid tumors, can provide a clear picture of the RTK associated genes that are either 
upregulated or downregulated in different diseases. These studies will open new 
avenues because different inhibitors/activators or drugs that can target such RTK or 
its associated molecules, can either be extracted from natural sources or designed in 
the laboratories. This, in turn, has the potential of targeted therapies and may prove 
beneficial in the treatment of different types of diseases including cancer.



111

Recent Advances in the Therapeutic Development of Receptor Tyrosine Kinases (RTK)…
DOI: http://dx.doi.org/10.5772/intechopen.98497

Author details

Somi Patranabis
Amity Institute of Biotechnology, Amity University, Kolkata, India

*Address all correspondence to: smpatranabis@gmail.com

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Protein Kinases - Promising Targets for Anticancer Drug Research

112

[1] Merilahti J, Elenius K. Gamma-
secretase-dependent signaling of 
receptor tyrosine kinases. Oncogene. 
2019 Jan;38(2):151-163.

[2] Chen MK, Hsu JL, Hung MC. Nuclear 
receptor tyrosine kinase transport and 
functions in cancer. Adv Cancer Res. 
2020;147:59-107.

[3] Kreitman M, Noronha A, Yarden Y. 
Irreversible modifications of receptor 
tyrosine kinase. FEBS Lett. 2018 
Jul;592(13):2199-2212.

[4] Trenker R, Jura N. Receptor tyrosine 
kinase activation: From the ligand 
perspective. Curr Opin Cell Biol. 2020 
Apr;63:174-185.

[5] Paul MD, Hristova K. The RTK 
Interactome: Overview and Perspective 
on RTK Heterointeractions. Chem Rev. 
2019 May 8;119(9):5881-5921.

[6] Spangle JM, Roberts TM. Epigenetic 
regulation of RTK signaling. J Mol Med 
(Berl). 2017 Aug;95(8):791-798.

[7] Neben CL, Lo M, Jura N, Klein OD. 
Feedback regulation of RTK signaling in 
development. Dev Biol. 2019 Mar 
1;447(1):71-89.doi:10.1016/j.ydbio. 
2017.10.017.

[8] Rodríguez-Hernández MA,  
de la Cruz-Ojeda P, López-Grueso MJ, 
Navarro-Villarán E, Requejo-Aguilar R, 
Castejón-Vega B, Negrete M, Gallego P, 
Vega-Ochoa Á, Victor VM, Cordero MD, 
Del Campo JA, Bárcena JA, Padilla CA, 
Muntané J. Integrated molecular 
signaling involving mitochondrial 
dysfunction and alteration of cell 
metabolism induced by tyrosine kinase 
inhibitors in cancer. Redox Biol. 2020 
Sep;36:101510.

[9] Du Z, Lovly CM. Mechanisms of 
receptor tyrosine kinase activation in 
cancer. Mol Cancer. 2018 Feb 19;17(1):58.

[10] Haddadi N, Lin Y, Travis G, 
Simpson AM, Nassif NT, McGowan EM. 
PTEN/PTENP1: 'Regulating the regulator 
of RTK-dependent PI3K/Akt signalling', 
new targets for cancer therapy. Mol 
Cancer. 2018 Feb 19;17(1):37.

[11] Malik R, Mambetsariev I, Fricke J, 
Chawla N, Nam A, Pharaon R, Salgia R. 
MET receptor in oncology: From 
biomarker to therapeutic target. Adv 
Cancer Res. 2020;147:259-301. Adv 
Cancer Res. 2020;147:259-301.

[12] Whiteside TL. Splice Variants of the 
RTK Family: Their Role in Tumour 
Progression and Response to Targeted 
Therapy. Adv Clin Chem. 2016;74: 
103-41.

[13] Raquel-Cunha A, Cardoso-Carneiro 
D, Reis RM, Martinho O. Current Status 
of Raf Kinase Inhibitor Protein (RKIP) in 
Lung Cancer: Behind RTK Signaling. 
Cells. 2019 May 10;8(5):442.

[14] Umapathy G, Mendoza-Garcia P, 
Hallberg B, Palmer RH. Targeting 
anaplastic lymphoma kinase in 
neuroblastoma. APMIS. 2019 
May;127(5):288-302.

[15] Cheng F, Guo D. MET in glioma: 
signaling pathways and targeted 
therapies. J Exp Clin Cancer Res. 2019 
Jun 20;38(1):270.

[16] Mulcahy EQX, Colόn RR, 
Abounader R. HGF/MET Signaling in 
Malignant Brain Tumors. Int J Mol Sci. 
2020 Oct 13;21(20):7546.

[17] Nakada M, Kita D, Teng L, Pyko IV, 
Watanabe T, Hayashi Y, Hamada JI. 

References



113

Recent Advances in the Therapeutic Development of Receptor Tyrosine Kinases (RTK)…
DOI: http://dx.doi.org/10.5772/intechopen.98497

Receptor Tyrosine Kinases: Principles 
and Functions in Glioma Invasion. Adv 
Exp Med Biol. 2013;986:143-70.

[18] Colavito SA. AXL as a Target in 
Breast Cancer Therapy. J Oncol. 2020 Feb 
14;2020:5291952.

[19] Butti R, Das S, Gunasekaran VP, 
Yadav AS, Kumar D, Kundu GC. Receptor 
tyrosine kinases (RTKs) in breast cancer: 
signaling, therapeutic implications and 
challenges. Mol Cancer. 2018 Feb 
19;17(1):34.

[20] Carter JL, Hege K, Yang J, 
Kalpage HA, Su Y, Edwards H, 
Hüttemann M, Taub JW, Ge Y. Targeting 
multiple signaling pathways: the new 
approach to acute myeloid leukemia 
therapy. Signal Transduct Target Ther. 
2020 Dec 18;5(1):288.

[21] Tian Z, Niu X, Yao W. Receptor 
Tyrosine Kinases in Osteosarcoma 
Treatment: Which Is the Key Target? 
Front Oncol. 2020 Aug 28;10:1642.

[22] Duan Y, Haybaeck J, Yang Z. 
Potential of PI3K/AKT/mTOR Pathway 
in Gastrointestinal Stromal Tumors: 
Rationale and Progress. Cancers (Basel). 
2020 Oct 14;12(10):2972.

[23] Nadhan R, Srinivas P, Pillai MR. 
RTKs in pathobiology of head and neck 
cancers. Adv Cancer Res. 2020;147: 
319-373.

[24] Nelson KN, Peiris MN, Meyer AN, 
Siari A, Donoghue DJ. Receptor Tyrosine 
Kinases: Translocation Partners in 
Hematopoietic Disorders. Trends Mol 
Med. 2017 Jan;23(1):59-79.

[25] Pacenta HL, Macy ME. Entrectinib 
and other ALK/TRK inhibitors for the 
treatment of neuroblastoma. Drug Des 
Devel Ther. 2018 Oct 23;12:3549-3561.

[26] Al-Salama ZT, Keam SJ. Entrectinib: 
First Global Approval. Drugs. 2019 
Sep;79(13):1477-1483.

[27] Deeks ED. Cabozantinib: A Review 
in Advanced Hepatocellular Carcinoma. 
Target Oncol. 2019 Feb;14(1):107-113.

[28] Chabot T, Cheraud Y, Fleury F. 
Relationships between DNA repair and 
RTK-mediated signaling pathways. 
Biochim Biophys Acta Rev Cancer. 2021 
Jan;1875(1):188495.

[29] Iida M, Harari PM, Wheeler DL, 
Toulany M. Targeting AKT/PKB to 
improve treatment outcomes for solid 
tumors. Mutat Res. 2020 Jan-Apr; 
819-820:111690.

[30] Yamaoka T, Kusumoto S, Ando K, 
Ohba M, Ohmori T. Receptor Tyrosine 
Kinase-Targeted Cancer Therapy. Int J 
Mol Sci. 2018 Nov 6;19(11):3491.

[31] Zhu VW, Klempner SJ, Ou SI. 
Receptor Tyrosine Kinase Fusions as an 
Actionable Resistance Mechanism to 
EGFR TKIs in EGFR-Mutant Non-Small-
Cell Lung Cancer. Trends Cancer. 2019 
Nov;5(11):677-692.

[32] Wu M, Zhang P. EGFR-mediated 
autophagy in tumourigenesis and 
therapeutic resistance. Cancer Lett. 2020 
Jan 28;469:207-216.

[33] Altmann DM. Nobel prize-worthy 
pursuit: cancer immunology and 
harnessing immunity to tumour 
neoantigens. Immunology. 2018 
Nov;155(3):283-284.

[34] Antony J, Huang RY. AXL-Driven 
EMT State as a Targetable Conduit in 
Cancer. Cancer Res. 2017 Jul 
15;77(14):3725-3732.

[35] Di Stasi R, De Rosa L, D'Andrea LD. 
Therapeutic aspects of the Axl/Gas6 



Protein Kinases - Promising Targets for Anticancer Drug Research

114

molecular system. Drug Discov Today. 
2020 Dec;25(12):2130-2148.

[36] Baghy K, Reszegi A, Tátrai P, 
Kovalszky I. Decorin in the Tumor 
Microenvironment. Adv Exp Med Biol. 
2020;1272:17-38.

[37] Rawla P, Barsouk A, Hadjinicolaou 
AV, Barsouk A. Immunotherapies and 
Targeted Therapies in the Treatment of 
Metastatic Colorectal Cancer. Med Sci 
(Basel). 2019 Jul 30;7(8):83.

[38] Paranthaman S, Goravinahalli 
Shivananjegowda M, Mahadev M, 
Moin A, Hagalavadi Nanjappa S, 
Nanjaiyah N, Chidambaram SB, 
Gowda DV. Nanodelivery Systems 
Targeting Epidermal Growth Factor 
Receptors for Glioma Management. 
Pharmaceutics. 2020 Dec 10;12(12):1198.

[39] Merikhian P, Ghadirian R, 
Farahmand L, Mansouri S, Majidzadeh-A 
K. MUC1 induces tamoxifen resistance in 
estrogen receptor-positive breast cancer. 
Expert Rev Anticancer Ther. 2017 
Jul;17(7):607-613.



Chapter 7

The Role of Kinase Inhibitors in
Cancer Therapies
Gizem Kursunluoglu, Duygu Erdogan, Elcin Cagatay,
Esra Bulut Atalay, Seminay Guler, Yonca Gungor and
Hulya Ayar Kayali

Abstract

Protein kinases are enzymes that transfer a phosphate group to the threonine,
serine, or tyrosine residues of the target protein, regulating its activity. The activity of
these enzymes are very important and strictly regulated in the cell as they promote
cell proliferation, survival, and migration. In the case of any dysregulation of these
enzymes, they can be associated with cancer initiation and progression. Small-
molecule kinase inhibitors approved by the FDA for their improved clinical benefits
are currently used in targeted therapy for the treatment of various cancers. So far,
there are 62 FDA-approved therapeutic agents targeting different protein kinases,
eight of which were approved in 2020. Today, kinase inhibitors are used as FDA
approved cancer agents and newly developed ones are evaluated in clinical trials.
Those protein kinase inhibitors can be grouped as growth factor receptor inhibitors,
Ras/Raf/Mek inhibitors, phosphoinositide 3-kinase (PI3K) and cyclin dependent
kinase inhibitors, other targets, and agents such as protein kinase c and 3
phosphoinositide-dependent kinase 1. In this chapter, these kinases, their pathways,
and their inhibitors will be discussed in detail.

Keywords: cancer therapy, clinical use, inhibitor, protein kinase, drug

1. Introduction

Protein kinases (PKs) are enzymes that regulate the activity of a protein by adding
phosphate group to specific amino acids using ATP as a resource, thereby resulting in
a conformational change of that protein. More specifically, they add terminal γ-phos-
phate group to the serine, threonine or tyrosine residues of the target proteins and this
process is called phosphorylation. Phosphorylation of a protein changes its activity,
location or downstream function that can result in amplification of the first signal [1].
Furthermore, phosphorylation can also alter biological activities such as transcription
and translation. In addition, it can have inhibitory or stimulatory effect on the target.
In either case, it has a significant role in regulation of cellular activities.

PK family is one of the largest protein family comprising more than 500 different
kinases in the human proteome that is encoded by 2% of the human genome [2]. PKs in
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regulating protein activity have a massive effect on cell signaling pathways involved in
metabolism, immune responses, growth, differentiation, migration, and adaptation.

Because of the potency of PKs, changes in their expression levels or patterns can
impact various pathways resulting in disease development including cancers, as well
as metabolic and developmental disorders.

PKs are tightly regulated to restrain their potency and any dysregulation could
result in a diseased state. Either a kinase itself or the pathway that the kinase is
regulated is mutated in many cancers [3–5] and those PKs can be classified as proto-
oncogenes. In fact, in 1978, the first identified proto-oncogene encodes a tyrosine
kinase called c-Src [6]. Overexpression or dysregulation of oncogenic kinases results
in altered signaling pathways and oncogenic transformation. In other words, any
perturbation on the regulation of oncogenic kinases can result in anchorage-
independent uncontrolled growth and proliferation as well as angiogenesis and
metastasis. Exploring the role of kinases in cancer development and progression have
highlighted the potential of kinase targeted therapies. In this chapter, we will focus on
the kinases’ role in oncogenic pathways and the kinase inhibitors targeting these
pathways as a therapeutic option.

Protein kinase inhibitors (PKIs) are antineoplastic substances that are used to
block the constant or overactivity of dysregulated protein kinases. The first developed
PKI called imatinib mesylate (Gleevec, STI571, or CP57148B) targets a fusion protein
called “BCR-ABL” which is a constantly active tyrosine kinase that is observed in
chronic myeloid leukemia (CML). In addition, imatinib directly inhibits ARG, KIT,
and PDGFR tyrosine kinases and used to treat blood neoplasia other than CML and
solid tumors that stem from activation of these tyrosine kinases. Consequently, the
remarkable success of imatinib had a major impact on researchers to focus on the
development of other targeted PKIs that could be potential cancer therapeutics. Fol-
lowing imatinib, other BCL-ABL inhibitors such as nilotinib, dasatinib, bosutinib and
ponatinib were developed to overcome imatinib-resistant mutants [7].

The success of imatinib had opened the door to exploration of other oncogenic
kinases in other signaling pathways. Those kinase inhibitors can be grouped as growth
factor receptor inhibitors, Ras/Raf/Mek inhibitors, phosphoinositide 3-kinase (PI3K)
and cyclin dependent kinase inhibitors, other targets and agents such as protein kinase
c and 3 phosphoinositide-dependent kinase 1 (PDK1). This chapter will focus on the
kinases’ role in oncogenic pathways and the kinase inhibitors targeting these pathways
as a therapeutic option.

2. Growth factor receptors

Development, growth and homeostasis of multicellular organisms are controlled
by growth factors. Growth factors show their activity by binding to their receptors
and are required for cell–cell communications for embryonic tissue induction, cell
survival, fate determination, apoptosis, cell migration and tissue specialization. These
receptors transmit extracellular signals to the intracellular region in two ways:
activation of intracellular transporters or direct translocation of the receptor to the
nucleus [8].

The feature of cancer is its continuous growth. Growth factors include epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), transforming growth factor (TGF), insulin-like growth factor (IGF) and
platelet-derived growth factor (PDGF) and they stimulate proliferation, migration
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and invasion of cancer cell and stromal cell, thereby regulating tumor growth, angio-
genesis and metastasis (Figure 1) [9]. Table 1 shows molecules that inhibits growth
factor receptors.

2.1 Epidermal growth factor receptor

One of the most studied drugs in human cancer is the EGF family of receptor
tyrosine kinases (RTKs), also called ErbB or HER receptors [8]. Family of EGF recep-
tor (EGFR) comprises four receptor proteins: ErbB-1/EGFR-1 to �4 (also called HER
1–4). These proteins are expressed on cell surface and have alike structure: an intra-
cellular domain with kinase activity, a transmembrane domain and an extracellular
domain with ligand binding site [10]. The binding of EGFR ligand initiates homo- and
heterodimers between receptors, activating cascades of mitogenic and anti-apoptotic
signal [11].

The dimerization is required to activate the intracellular tyrosine kinase domain
and C-terminal tail phosphorylation. Its autophosphorylation then promotes either
directly or by adaptor proteins, the signal transduction pathways including
Ras/MAPK, PI(3)kinase/Akt, PLCg1/PKC, and STAT pathways [8] in modulating
differentiation, cellular proliferation, and survival [11].

EGFR has been extensively studied for cancer therapeutics due to mutations, dele-
tions, and overexpression in tumors [11]. EGFR is generally investigated in non-small
cell lung cancer (NSCLC): its amplification is �80% and its mutation is 20% [12, 13].
When compared to chemotherapy used in NSCLC patients, EGFR TKIs have more than
twice the progression-free survival (PFS) with actionable mutations of EGFR. More-
over, they have better objective response rates (ORRs), response time, life quality, and
reduction in treatment- associated toxicity [14]. First generation EGFR-tyrosine kinase
inhibitors (TKIs) bind reversibly to EGFR and block ATP-TK domain binding and this
blockage causes cell death by inhibiting cell proliferation [15]. Some examples of these
EGFR-TKIs are gefitinib, erlotinib, and icotinib [14]. When looked at the second-
generation EGFR-TKIs these irreversibly bind to EGFR. Afatinib and dacomitinib can

Figure 1.
Kinase inhibitors and their inhibition pathways. Cetuximab binds to EGFR with a higher affinity than EGF and
competitively inhibits its binding. Other drugs compete with ATP, inhibits the autophosphorylation process. 1st
generation EGFR inhibitors gefitinib, erlotinib and icotinib are not effective against the receptors containing exon
19 deletion and L858R mutations. On the other hand, 3rd generation drug osimertinib is effective against EGFR
containing exon 19 deletion, L858R and T790M mutations. Bevacizumab binds to VEGFR ligand VEGF,
inhibiting its binding with VEGFR. Other inhibitors of VEGFR, FGFR, IGF-R1 and PDGFR target
autophosphorylation mechanism, thereby prohibiting the downstream activation of other proteins.

117

The Role of Kinase Inhibitors in Cancer Therapies
DOI: http://dx.doi.org/10.5772/intechopen.99070



Target Inhibitors

EGFR Gefitinib Erlotinib Icotinib

Dacomitinib Osimertinib Almonertinib

Furmonertinib Rezivertinib (BPI-
7711)

Lazertinib Nazartinib

VEGFR
and
PDGFR

Sunitinib Sorafenib Axitinib Pazopanib

Lenvatinib Anlotinib Regorafenib Donafenib

VEGFR Cabozantinib Vandetanib Vorolanib

Apatinib Sitravatinib
(MGCD516)

Tivozanib
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be given examples as second generation [14]. Although dacomitinib has improved
median PFS, hazard ratio, and median overall survival [16, 17] compared to first-line
treatment, the usage of afatinib and dacomitinib in clinical practice may be limited due
to having increased toxicities [18].

EGFR T790M mutation causes almost 50% resistance to EGFR-TKIs of first and
second generations [19]. As an EGFR TKI of third-generation, osimertinib inhibits
both EGFR T790M mutations and EGFR-sensitizing [20] and it is promising for
central nervous system (CNS) metastatic patients which is due to EGFR mutation in
NSCLC patients [20] or after treatment with EGFR-TKIs of first- or second-
generation [21]. Other EGFR TKIs as a third-generation for advanced NSCLC with
mutation in EGFR T790M are almonertinib [22], furmonertinib (AST2818) [23], BPI-
7711 [24], lazertinib (YH25448) [25], and nazartinib (EGF816) [26], and they have
exhibited acceptable safeties and promising efficacies. Almonertinib was also
approved by China National Medical Products Administration (NMPA).

Monoclonal antibodies (mAbs), cetuximab and panitumumab, have been used
against EGFR and are approved for metastatic colorectal cancer (CRC) treatment.
Only small patient subgroups to cetuximab and panitumumab indicate clinical bene-
fit. The best response to cetuximab and panitumumab is seen in patients with the
combination of wild type KRAS, BRAF, and PIK3CA and PTEN protein express [27].

Target Inhibitors

FGFR Futibatinib Infigratinib Erdafitinib

TGF-βR Galunisertib LY2109761

IGFR Linsitinib Picropodophyllin (AXL1717)

PDGFR Famitinib Cediranib

Table 1.
Structures of growth factor receptors inhibitors.
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Trastuzumab is another mAb used in EGFR/HER2 pathway for the treatment of
HER2-positive breast cancers [28].

2.2 Vascular endothelial growth factor receptor

Vascular endothelial growth factors (VEGF) are a family of polypeptides contain
highly conserved receptor binding domain in disulfide-node [29]. There are two types
of VEGF; VEGF-A and VEGF-B, which bind their receptors named RTK. VEGF
members display plural interactions with RTKs are the critical factors for blood vessel
formation which cause cord formation and tubulogenesis, differentiation of endothe-
lial cells, proliferation, migration. In mammals, the vascular endothelial growth factor
receptor (VEGFR), transmembrane tyrosine kinase receptors, comprises three mem-
bers VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1) and VEGFR-3 (Flt-4), and control the
generation of blood and lymphatic vessels [30].

VEGFRs have seven immunoglobulin (Ig)-like domains on the extracellular site
and two split tyrosine kinase domains in the intracellular site [10]. In adults, while the
vascular endothelial cells are posess largely VEGFR-1 and VEGFR-2 in their structure,
the lymphatic endothelial cells have VEGFR-3 [31]. The literature shows that VEGF
pathway is critical for renal cell carcinoma (RCC) initiation and progression, and
VEGFRs targeted TKIs have been used for most favorable RCC treatment strategy.

In recent years, VEGFR-associated multi-targeted TKIs have been revealed as antı-
tumor agents for cancer treatment [18]. VEGFR-targeted therapeutic agents have
become the main element used for RCC patients treatment [31]. The FDA has
approved 6 small molecules, named as sunitinib, sorafenib, axitinib, pazopanib,
cabozantinib and lenvatinib, that inhibit VEGFR1/2/3 for use in RCC treatment.
Additionally, for clinical trials, seven VEGFR inhibitors; vandetanib, vorolanib,
anlotinib, MGCD516, regorafenib, tivozanib, and apatinib are under review [31].

Not only VEGFRs targeted and block by these drugs, also some other receptors
generally overexpressed in RCC, platelet-derived growth factor (PDGF) receptors a
and b (PDGFR-a/b), stem cell factor receptor (c-KIT), FMS-like tyrosine kinase-3
(FLT3), tyrosine protein kinase MET, rearranged during transfection (RET), tyrosine
kinase that contains immunoglobulin-like loops and epidermal growth factor-similar
domains-2 (Tie2), fibroblast growth factor receptor (FGFR), the GAS6 receptor
(AXL), serine/threonine protein kinase Raf-1, colony stimulating factor1 receptor
(CSF1R), and discoidin domain receptor (DDR) targeted by these small drugs. In
addition, growth, proliferation and angiogenesis of tumor cells are significantly
inhibited by the effects of VEGFR1/2/3 inhibitors. The humanized IgG1 monoclonal
antibody approved in 2009, Bevacizumab can bind VEGF and for use in first-line
therapy for RCC in combination with IFN-α [32].

Besides, in hepatocellular carcinoma (HCC), the efficiency of VEGFR-associated
multi-targeted TKIs was demonstrated. Especially Sorafenib can target VEGFR,
PDGFR, FGFR, and other signaling targets and prefered as first line therapy in inop-
erable cases [33, 34]. In phase II/III studies of Donafenib, VEGFR-associated
multitargeted TKI, is shown a higher overall survival rate than sorafenib in advanced
HCC cases [35]. Moreover, regorafenib [36], apatinib [37] and cabozantinib [38] are
used for second-line treatment of HCC. More recently, it is shown that
Pembrolizumab is anti programmed cell death protein-1 (PD-1) antibody and
lenvatinib combination therapies demonstrated promising anti-tumor effect on
untreated/inoperable HCC patients and this combination named as breakthrıough
therapy by FDA [39].
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For lung cancer therapy (on NSCLC [40] and SCLC [41]), Anlotinib showed
promising results and was approved for further-line therapy by(National Medical
Products Administration of China (NMPA) [18]. Furthermore, similar results
identified in thyroid carcinoma and soft tissue sarcoma (STS) patients [42].

2.3 Fibroblast growth factor receptor

Fibroblast growth factor receptors (FGFRs), which are members of receptor tyro-
sine kinase can be thought as single pass membrane proteins due to the cellular
membrane covering in a single region [43]. There are four transmembrane proteins
(FGFR1–4) for the FGFR family and different isoforms of them with changed ligand
specificity [10]. Upon binding of the different FGF ligands to different FGF receptors,
auto-phosphorylation and kinase activation are initiated by FGFR dimerization. This
binding causes cell death inhibition and uncontrolled growth, respectively due to
downstream anti-apoptotic PI3K/AKT signals and mitogenic growth signals (MAPK)
so the interaction FGF-FGFR plays a critical role in tumorigenesis. Moreover, the
downstream of PLC/PKC pathway joins the MAPK pathway to promote cell
growth [10].

The use of FGFR pathway downstream molecules as targets in anti-cancer drugs
has attracted attention, and these drugs are small compounds and antibodies against
cancer driver mutations in FGFRs and related signaling molecules [43]. Most FGFR-
TKIs belong to multiple target TKIs [18].

FGFR2 changes are associated with the cholangiocarcinoma (CCA). Pemigatinib, a
FGFR1–3 TKI, has been accepted for the treatment of locally advanced or metastatic
CCA [44]. Some other FGFR-TKIs (such as futibatinib, infigratinib) also have the
potential to be used for CCA based on their results [45].

In addition to CCA, FGFR2 changes also play a role in urothelial carcinoma (UC).
Fusions and mutations in FGFR2/3 are seen in 20% of patients with UC [46]. Treat-
ment with erdafitinib, a FGFR1–4 TKI, has been accepted for the adult patients with
previously treated metastatic or locally advanced FGFR2/3-mutated UC. Response
was more promising as second-line therapy for advanced UC compared to antibody-
drug conjugates such as enfortumab vedotin or sacituzumab govitecan [47] and
pembrolizumab [48]. In addition, other inhibitors of pan-FGFR are investigated and
for example infigratinib (BGJ 398) is examined in the treatment of UC holding a
FGFR3 mutation [47].

2.4 Transforming growth factor-β receptor

Transforming growth factor-beta (TGF-β) is a cytokine which has different func-
tions and modulates cell growth and differentiation, extracellular matrix production,
apoptosis, angiogenesis, cell motility, and cellular immune responses. Interestingly,
TGF- β shows different effects on tumorigenesis. Although it acts as a tumor suppres-
sor in the early stages, it advances tumor growth by producing a more suitable
environment for tumor invasion and metastasis in later stages [49].

There are three membrane receptors for the TGF-β receptor (TGF-βR) family:
TβRI, TβRII and TβRIII. Their expression in various cell types control different cellular
functions by altering signals upon ligand binding of TGF-β [10]. When high binding
affinity is established between activated TGF-β and TβRII signaling is started. The
binding needs altering the conformation of TβRII by engagement of TβRIII [49].
Receptors transphosphorylation is triggered after binding is created between TGF-β
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ligand and transmembrane receptor serine/threonine kinase (type I and II) complex.
After that, SMAD proteins in C-terminal serine are phosphorylated by activated
receptors. SMAD complexes which are activated control target genes transcription by
migrating to the nucleus [50], thereby controlling cell proliferation, migration,
survival, and differentiation [10].

TGF-β can signal via intracellular Smad proteins and some Smad independent
pathways involving ERK, MAP kinase, PI3K, JNK, p38, and AKT [49]. The Smad
pathway is very important in the antiproliferative properties of TGF-β and modifica-
tions in the Smad system by missense mutations [51, 52]. Moreover, blocking of the
phosphorylation process or Smad 2/3 complex formation has been demonstrated to be
effective in tumor development [53]. The TGF-β overexpression has been determined
in many tumors containing cancers of the breast, colon, liver, stomach, lung, esopha-
gus, kidney, prostate, pancreas, brain, and malignant melanoma, as well as certain
hematological malignancies [54–61]. Some small-molecule TKIs of TβR II and TβR III
can block the signaling pathway of TGF-β-mediated receptor.

Galunisertib (LY2157299) monohydrate has shown powerful as a TβR I inhibitor
by reducing Smad2 phosphorylation in pancreatic, colorectal cancer, lung cancer [62]
and ovarian cancer [63]. LY2157299 is another promising inhibitor of Smad2 phos-
phorylation for hepatocellular carcinoma models [64]. It moved to Phase II and was
approved by the FDA for liver cancer as an orphan drug in 2013. LY2109761 for
metastatic NSCLC [65], colorectal cancer [66] could also investigated as a kinase
inhibitor. In addition, Ki26894 blocks Smad2 phosphorylation by binding to the
TβR I-ATP domain and its activity was demonstrated in breast cancer [67] and gastric
cancer [68].

2.5 Insuline-like growth factor receptor

The insulin-like growth factor receptor (IGFR) family includes two cell membrane
receptors, named as IGF-IR and IGF-IIR. IGF-IR (that also forms a heterodimer with
the insulin receptor [IR]) has higher affinity to insulin-like growth factor 1 (IGF-I)
but IGF-II comparatively has lower affinity. Although IGF-IR, receptor tyrosine
kinase, has the triggering effects on IGF-I and IGF-II and thus on cell proliferation,
migration and invasion, IGF-IIR lacks kinase activity [9].

Pathways activated by the presence of IGF and progressive pathological and phys-
iological processes take place through proper receptors, named as IGFR. The mature
IGF-IR have homodimer structure, containing α2 and β2 chains bounded with disul-
fide bonds. The intracellular domain is autophosphorylated by the binding of ligands
and the downstream processes continue with the activation of a number of proteins.
In several carcinomas, proliferation, transformation and metastasis are induced by
overexpression of IGFIR genes. IGF-IIR, called mannose-6 phosphate receptor,
M6P, is formed as a single polypeptide chain and performs as a “scavenger receptor”
that suppresses tumor growth, modulates invasiveness, and blocks angiogenesis.
Mutated IGFIIR locus could be found in lung cells and early phase hepatocellular
carcinoma [10].

Especially, cancer associated macrophages, tumor cells and liver cells secrete IGF.
The increased risk of breast and prostate cancer is correlated with high levels of IGF in
the circulating system [69, 70]. For smokers,there is a moderate correlation between
IGF level and lung cancer risk [71]. IGF-I is not related to colorectal cancer but takes
increased risk for colorectal cancer [72]. Multiple signaling pathways of PI3K/Akt,
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JAK/STAT, MAPK, Src and focal adhesion kinase (FAK) lead to the proliferation,
survival, and migration of cancer cells by binding IGF to its appropriate receptor, are
activated.

In many human tumors, especially mesenchymal, epithelial and hematopoietic
cancers, the growth of cancer cells, metastasis and the formation of drug resistance
can be associated with the activation of IGF signaling pathways [73–75].

The IGF-IR has been evaluated as a target protein in cancer treatment. There are
some small-molecule inhibitors and anti-IGF-IR mAbs used in pre-clinical models and
clinical trials. A dual IGF-IR/Insulin receptor inhibitor, linsitinib (OSI-906), is inves-
tigated in phase II in recurrent small cell lung cancer patients. However, clinical
activity failed to show improvement in small cell lung cancer, metastatic or advanced
adrenocortical carcinoma, metastatic colorectal cancer, advanced NSLC, gastrointes-
tinal stromal tumors and metastatic prostate cancer. AXL1717 is studied in early phase
with relapsed malignant astrocytomas and can show long-term stable disease and
patients’ survival [9].

2.6 Platelet derived growth factor receptor

Platelets produce platelet-derived growth factor (PDGF) and are secreted from both
epithelial and mesenchymal cells [76]. The PDGF family has five isoforms (PDGF AA,
BB, AB, CC, and DD) that bind to two RTKs, PDGFRα and PDGFRβ. After activation of
PDGFRα and β, they promote cell proliferation, migration and survival through initiat-
ing signaling pathway with the inclusion of the extracellular signal-regulated kinase 1/2
(ERK) and phosphatidylinositol 3-kinase (PI3K)/AKT [77].

Overexpressed platelet-derived growth factor receptor (PDGFR) is associated with
the formation of various human tumors like glioma, neurofibroma, ovarian cancer,
prostate cancer, and non-small cell lung carcinoma. In addition, PDGF accelerates
angiogenesis by increasing VEGF expression and development of cancer-related
fibroblasts that directly or indirectly affect tumor formation. Moreover, PDGF plays a
role in gene amplification [76].

To enhance anti-angiogenesis effect and suppress tumor growth PDGFR is targeted
by most VEGFR-related multiple kinase inhibitors such as sorafenib, sunitinib,
regorafenib, lenvatinib, axitinib, pazopanib, anlotinib, famitinib, donafenib and
cediranib. These inhibitors can be critical to treat various cancer types [18].

3. Ras/Raf/MEK pathway inhibitors

Ras/Raf/MEK pathway inhibitors are important as kinase inhibitors in various
cancer treatment. Firstly, the Ras protein known as Ras GTP-binding protein is the
member of small G protein family, which has an important role in transmitting
growth factor and relay signals from activated growth factor receptors (GFR)
(Figure 2).

Ras proteins are regulated by a GDP-GTP cycle, different form is carried out when
bound to GDP or GTP, inactive form is Ras-GDP and active form is Ras-GTP [78].
Therefore this cycle has been stimulated via receptor activation then Ras proteins bind
to GTP (active form), cellular proliferation and other effects are promoted [79]. Ras
protein associate with cell transformation such as cell growth, differentiation, apo-
ptosis, cell migration, this Ras regulation is carried out by modulating some signaling
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molecules by translocating them to the plasma membrane for activation. Since Ras
proteins play critical role as a branch point in signal transduction and orchestrate the
activity of multiple signaling pathways such as Raf/MEK/ERK [78].

Numerous of the signal transduction pathways are occurred through protein
kinases regulating of cellular metabolism [80]. One of the most important key protein
kinases are Ras, Raf and MEK for targeting of the anticancer drug and also, Ras
mutations are quite common as they are identified in about 30% of cancers [81–83].
Ras protein activations are depended on the cancer type, for instance N-Ras in lym-
phoid and myeloid cancers, K-Ras in colon and pancreatic cancers, H-Ras in bladder
and kidney cancers [84]. One of the main reasons for this situation is thought to be the
disorder in protein kinase activity. Thus, the protein kinase enzyme family is seen as
one of the most important drug targets of the 21st century in many diseases, especially
cancer, and there are 62 FDA-approved therapeutic agents targeting different protein
kinases, eight of which were approved in 2020 [85]. Thus, today, kinase inhibitors are
both used as FDA approved cancer agents and evaluated in clinical trials. Protein
kinase inhibitors related to the Ras / Raf / MEK pathway, which is the subject of this
part, are structurally classified as small molecules and antisense oligonucleotides and
structure of Ras/Raf/MEK kinase inhibitors is shown in Table 2.

3.1 Ras kinase inhibitors

Ras protein, which has the ability to induce different growth and proliferation path-
ways of the cell, is located in the cell membrane. And most importantly, overactivation
of mutated Ras can induce to make progress in cancer. Farnesyl Transferase enzyme
catalyzes the first step of the reaction in the posttranslational modification of both the
normal andmutated Ras gene, thus it is easier to settle on the cell membrane. FTase, one
of the tansferase enzymes, targets Ras proteins, adding a farnesyl group to it. After the

Figure 2.
Downstream molecular pathways that are activated upon stimulation of receptor tyrosine kinases (RTKs). The
main pathways include protein kinase C (PKC), Ras–Raf–Mek and PI3K pathways.

124

Protein Kinases - Promising Targets for Anticancer Drug Research



Target Inhibitors

Ras
Kinase

Tipifarnib (R115777) Lonafarnib (SCH66336)

L-778123 BMS-214662

Raf
Kinase

Encorafenib (LGX818) Dabrafenib (GSK2118436)

BAY 43-9006

MEK
Kinase

CI-1040 Binimetinib (MEK162) PD 0325901

Cobimetinib (GDC-0973) Selumetinib (AZD6224) Trametinib (GSK1120212)

Table 2.
Structures of Ras–Raf–MEK kinase inhibitors.

125

The Role of Kinase Inhibitors in Cancer Therapies
DOI: http://dx.doi.org/10.5772/intechopen.99070



essential transfer step, the activity of the Ras protein has been inhibited by Ftase [86, 87].
Therefore, FTase enzyme and the downstream pathways of the Ras protein are consid-
ered to be one of the most important groups of targets that can be medicated in cancer
therapy [88]. The potential anti-cancer agent effect of Farnesyl Transferase inhibitors
acting as kinase inhibitors which is affecting Ras and Ras downstream will be reviewed
in this part. Various FTase inhibitors such as tipifarnib/R115777, lonafarnib/SCH66336,
L-778123 and BMS-214662 have been used primarily in clinical trials and phase
studies [89].

The antitumor activity of tipifarnib, a potent and selective farnesyltransferase
inhibitor, also known as R115777, has been evaluated the antiproliferative effect of
tipifarnib, 53 human tumor cell lines have been studied and 75% were obtained to be
sensitive to R115777 [90, 91]. The strong potency effect of Tipifarnib was detected in
SU86.86 human pancreatic cells, CAPAN-2 human pancreatic cells and NCI-H441
human lung cells and these cells espacially include the KRAS 12 mutation cells
[90, 91]. Tipifarnib has been studied as a phase 2 study on 249 adult patients with
refractory urothelial carcinoma (UC) and HRAS mutation. This study shows that
tipifarnib is effective in previously treated metastatic UC patients by inhibiting the
processing of newly synthesized proteins [92]. In refractory advanced colorectal can-
cer as a Phase III study, it had an acceptable toxicity profile and was well tolerated but
did not improve overall survival according to the best supportive [93], and R115777
was not effective in metastatic colorectal cancer patients in another Phase II study
[94]. Another phase two studies of R115777 emphazied that antitumor properties were
not observed in metastatic c pancreatic cancer and did not improve overall survival in
advanced non-small cell lung cancer [95, 96]. Farnesyl transferase inhibitor R115777,
one of the protein kinase inhibitors, which are thought to be effective in the Ras
pathway, has being continuing to be evaluated different combination therapies studies
as well as single therapy [97].

Lonafarnib (SCH66336) as a clinical candidate FTase inhibitor, showed antitumor
activity in vivo lung, colon, pancreas, bladder and prostate human tumor xenograft
models [98]. Various antiproliferative effects of the SCH66336 agent were observed in
eight human astrocytoma cell lines with different concentrations of IC50 values
(0.6 mM - 32.3 mM) [99]. Growth inhibitory effects of the drug SCH66336 were
observed in human tumor xenografts with various tumor models (colon, lung, pan-
creatic, prostatic carcinoma and a H-ras transgenic mouse model) [100]. In the other
phase 2 studies, Lonafarnib, which was used as a combined treatment with paclitaxel,
had clinical benefit and low toxicity in patients with non-small cell lung carcinoma,
while the targeted response of Lonafarnib was not observed in 5-fluorouracil and
irinotecan-resistant metastatic colorectal cancer and gastrointestinal toxicity was
observed in single therapy [97] .

L-778123, a peptidomimetic farnesyl protein transferase (FPTase) inhibitor, was
administered to patients with solid malignancies developed in phase 1 studies and
their toxicity levels were investigated. While unacceptable toxicity was observed at
the doses of L-778123 given as 1120 mg / m2 / day, the dose of 560 mg/m2/day was
well tolerated. Also, no objective tumor response was observed following drug
administration in this phase 1 study [101]. When the toxicity of L-778123 and radio-
therapy combination was evaluated in phase 1 studies, it was found to be at an
acceptable level in pancreatic cancer patients [102]. Although there are no important
studies on cancer treatment in phase 1, this drug has been stopped in its clinical
development due to its severe and unexpected toxicity [103].
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3.2 Raf kinase inhibitors

Receptor tyrosine kinase effector Raf derives its name from “Rapidly Accelerated
Fibrosarcoma” [104]. There are 3 different isoforms of Raf family related to serine/
threonine protein kinases, namely Raf-1, A-Raf and B-Raf [105]. Critical steps are
needed for Raf activation to occur, these are Raf-1 phosphorylation, binding of Raf
protein to Ras-GTP, oligomerization of Raf protein, interaction of Raf protein with
membrane lipids, and conformational changes in Ras-induced Raf protein [106].
Phosphorylation of Raf kinases plays an important role in cell cycle regulation, prolif-
eration and differentiation, cell survival, apoptosis, and many cellular processes [107].
Furthermore, Raf kinase isoforms become overactive in a variety of solid tumors such
as renal cell carcinoma (RCC), hepatocellular carcinoma (HCC), non-small cell lung
cancer (NSCLC), and papillary thyroid carcinoma. BAY 43–9006 is a potent Raf
kinase inhibitor with significant activity in four different types of human tumors,
including colon, pancreatic, lung and ovarian tumors. The in vivo study of BAY 43–
9006 shows that after 14 days of injection, tumor growth is strongly suppressed in
athymic mice modeled with human tumors [107]. It suggests that BAY 43–9006 may
have clinical potential as a cancer therapeutic agent with a new mechanism of action
with its antitumor activity [107]. One of the other important raf kinase inhibitors is
ISIS 5132 (CGP 69846A), for which phase I and II studies have also been performed.
This Raf kinase inhibitor provides inhibition of c-Raf mRNA expression and inhibits
the proliferation of lung, colon, cervical, prostate and ovarian carcinoma cell lines
[105]. According to the phase1 and phase 2 studies performed with ISIS 5132, no
significant response occurred in small cell or non-small cell lung carcinoma, hormone-
resistant prostate cancer, and Colorectal cancer [105]. There are two FDA approved
molecules among Raf Kinase Inhibitors, one of which is Dabrafenib (GSK2118436),
which is effective in BRAFV600E/K melanomas, BRAFV600E NSCLC, BRAFV600E ana-
plastic thyroid cancers, and Encorafenib (LGX818), which is suitable for combination
therapy with binimetinib for BRAFV600E/K melanomas [85].

3.3 MEK kinase inhibitors

One of the most important involved in cancer biology downstream targets of Ras is
mitogen activated extracellular signal regulated kinase (MEK) [108]. Various MEK
inhibitors, one of the first selective inhibitors of mitogen-activated protein kinase
(MAPK) pathway activation, were investigated in phase 1 and 2 studies [109]. CI-
1040, the first MEK inhibitor participating in the clinical study, was tested on 66
patients, while a partial response was observed in one patient with pancreatic cancer,
stable disease was observed in 19 patients with various solid tumors such as non-small
cell lung, breast and colon cancer [110]. PD 0325901, a second generation MEK
inhibitor, was studied in 27 patients, while a partial response was observed in two
patients with melanoma, and stable disease was observed in eight patients with vari-
ous solid tumors [111]. There are 4 different FDA approved small molecule protein
kinase inhibitors, for which “MEK1/2” is the primary target. These FDA approved
MEK protein kinase inhibitors, Binimetinib (MEK162), Cobimetinib (GDC-0973),
Selumetinib (AZD6224), Trametinib (GSK1120212), are respectively effective in
these diseases; Combination therapy with encorafenib for BRAFV600E/K

melanomas, melanomas in combination with vemurafenib, Neurofibromatosis type I,
BRAFV600E/K melanomas, BRAFV600E NSCLC [85].
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4. Phosphoinositide 3-kinase (PI3K) pathway inhibitors

The activation of PI3K, a superfamily of lipid kinases, leads to the production of
lipid seconder molecule phosphatidylinositol-3,4,5-trisphosphate (PIP3) which
recruits phosphatidylinositide-dependent protein kinase (PDK1) and Akt protein
kinases to the plasma membrane. Akt that activated and phosphorylated from PDK1
and mTOR, phosphorylates several target proteins either at the plasma membrane or
in the cytosol and nucleus (Figure 2). Cell proliferation controlled by the PI3K path-
way is partially dependent on a large kinase protein called mammalian target of
rapamycin (mTOR). mTOR complex 1 plays a role in cell growth and survival by
stimulating nutrient uptake and metabolism. Akt activates mTOR independently of
phosphorylation at complex 1 [112].

PI3K has three different classes (I, II and III) and four different isoforms (α, β, γ, δ).
While it has central physiological roles in cancer, diabetes, and aging, the isoformwithin
each class has distinct roles.Several small molecules have been produced with good
pharmacological properties that have been tested in various cancers to selectively inhibit
PI3K, AKT or, mTOR [113].

Idelalisib and Copanlisip are FDA-approved drugs. Idelalisib has been selectively
developed for the delta isoform of PI3K p110 inhibitor. This purine-quinazoline
derivative has been used for the treatment of patients with CLL, relapsed follicular
B-cell non-Hodgkin lymphoma (NHL), and relapsed small lymphocytic leukemia
(SLL) [114]. The combination study with rituximab resulted in a significant
increase in the response rate and overall survival on CLL patients [115]. Copanlisip
is the inhibitor of the pan-class I PI3K, which shows preferential activity against
p110α and p110δ as compared with p110β and p110γ. It has been used for the
treatment of various subtypes of indolent and aggressive malignant lymphoma such as
NHL, relapsed follicular lymphoma (FL), and CLL in phase II study. This small
molecule, administered intravenously, becomes advantageous compared to other
FDA-approved drugs, exhibiting a favorable toxicity profile and maintaining
efficacy [116].

Rapamycin and derivatives (CCI-779 and RAD001) inhibit both mTOR and the
downstream kinase target such as p70S6 kinase (p70S6K) and 4E-binding protein-1
(4E-BP1). The derivatives under clinical study have been shown to suppress the
proliferation and growth of various tumor cell lines by blocking the G1-S transition in
the cell cycle [117]. Furthermore, the immunosuppressant effect of rapamycin has
been observed in several case studies, with transplanted patients reducing the inci-
dence of cancer [118]. In ongoing clinical studies in prostate cancer in which the PI3K/
Akt/mTOR pathway is highly expressed, it was observed that rapamycin and its
derivatives were well tolerated in prostate cancer patients and decreased mTOR level
[119]. In addition to the antiproliferative effect, RAD001 is also used as an immuno-
suppressant for the treatment of several malignancies in phase I study [120]. CCI779
that is the soluble ester of rapamycin [121] has been used for the treatment of several
cancers in phase II study. This drug candidate has been used for T-cell leukemia,
prostate, breast, and SCLC, as well as glioma and melanoma cell lines. CCI779 showed
apoptosis induction, delaying the growth of the tumor, encouraging survival [105]. In
combined treatment with apatinib, the treatment inhibits the proliferation and
migration of small cell lung cancer cell lines [122].

Recently synthesized CYH33 is a novel PI3Kα inhibitor in phase 1b clinical trial for
esophageal squamous cell carcinoma (ESCC) and breast cancer therapy. In vitro and
in vivo studies show the anti-proliferative activity of this drug candidate to cell lines,
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induction of G1 phase arrest, and down-regulation of phosphorylated ERK in solid
tumors [123]. The structure of all PI3K pathway inhibitors is shown in Table 3.

5. Cyclin-dependent kinase (CDK) inhibitors

CDKs found in a family of serine/threonine kinases are key regulators in the
various phases of the cell cycle (Figure 3). CDKs ensure the continuation of the cell
cycle by phosphorylating critical target proteins that are necessary to proceed to the
next stage. Especially cells need to regulate the phosphorylation of kinases to sustain
constant division in the presence of abnormal ploidy. Cyclin proteins, differently from
CDKs, are synthesized at certain stages of the cell cycle. When the various cyclin form
complexes with their target CDKs, it regulates the cell cycle transitions by enabling
them to be phosphorylated and activated. For example, both cyclin D/CDK4 and
cyclin D/CDK6 complexes direct phosphorylation of the Retinoblastoma gene (RB),
which induces the separation of E2F to allow the transcription of the genes necessary
for the proceed G1 to S phase transition. CDK inhibitors have been used in cancer
therapy to interfere with the limitless replicative potential which is one of the hall-
marks of cancer cells [124].

Palbociclib (PD 0332991) [128], Ribociclib (LEE011) [125], and Abemaciclib
(LY2835219) [126] are novel dual inhibitors of both CDK4 and CKD6, that were
approved by the FDA. Abemaciclib, more potent against CDK4 (IC50s of 2 nM for

Target Inhibitors

PI3K Idelalisib Copanlisib Rapamycin

CCI-779z RAD001 CYH33

Table 3.
Structures of PI3K pathway inhibitors both in clinical development and FDA approved.
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CDK4 and 10 nM for CDK6) [126]. These drugs have using for the treatment of
postmenopausal women with HR-positive, HER2-negative advanced, or metastatic
breast cancer. The action mechanism is that inhibiting the phosphorylation of Rb
protein in the G1 phase results in cell cycle arrest [127]. Palbociclib has a synergistic
effect in combination therapy with either letrozole or fulvestrant [128]. Abemaciclib
also has a synergistic effect with gemcitabine [126].

BMS-387032 (SNS-032) is an aminothiazole, selectively designed for
CDKs 2, 7, and 9 (with IC50s of 38 nM, 62 nM, and 4 nM, respectively) inhibition. Its
activity was shown to inhibit both the cell cycle and the expression of anti-apoptotic
proteins in various carcinoma models [129]. A phase I dose-escalation clinical trial
study carried out to evaluate the safety, and clinical efficacy demonstrates limited
clinical activity in heavily pretreated CLL and MM patients [130].

CYC202 (Seliciclib) shows potent inhibitors for broad CDK such as Cdk2, Cdk1,
Cdk7, and Cdk9 (with IC50s of 0.1, 2.7, 0.5, and 0.8 mM, respectively), competing at
their ATP binding sites [131]. This small molecule showed antitumor activity inducing
apoptosis in multiple myeloma cell lines and has assayed in phase II study resulted in
the dosing schedule being tolerable in nasopharyngeal carcinoma patients [132].

E7070 is a novel chloroindolyl-sulfonamide anticancer agent, which leads to
induces arrest at the G1-S boundary and in company with mitigation in the expression
of CDK2. E7070 has been assayed for melanoma cancer therapy in phase II and the
results showed that CDK activity can be inhibited in tumor cells, but the dose and
schedule applied are not suitable for single-agent chemotherapy for melanoma cancer
treatment [133].

Flavopiridol has potent strong activity on several CDKs (CDK1, 2, 4, 6, and 7). In
addition to controlling the cell cycle, it exhibits more than one action mechanism by
showing an antiproliferative effect to leukemias and lymphoma cell lines [134, 135].
Phase I and phase II studies have been tested on various progressive tumors and it has
been observed that flavopiridol has no effect on metastatic renal carcinoma [135]. The
structure of all CDK kinase inhibitors is shown in Table 4.

Figure 3.
Cyclin dependent kinases (CDKs) in the cell cycle and their inhibitors. CDKs are a family of serine/threonine
kinases and key regulators in the cell cycle.
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6. Other protein kinase inhibitors

Protein kinase C (PKC) is a family of serine/threonine kinases. They have
important role in regulating a range of cellular functions including gene expression,
differentiation, proliferation, cell cycle, apoptosis and cell migration. The PKC family
includes 12 isoenzymes that can be divided into three groups depending on activation
requirements. Conventional PKCs are calcium dependent and they require negatively
charged phospholipid and diacylglycerol for activation. Novel PKCs are calcium

Target Inhibitors

CDK Palbociclib BMS 387032

Ribociclib

CYC202 E7070 Flavopiridol

Abemaciclib

Table 4.
Structures of CDK kinase inhibitors both in clinical development and FDA approved.
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independent, as conventional PKCs their activation requires phospholipid and
diacylglycerol. Atypical PKCs are both calcium and diacylglycerol independent pro-
tein kinase group [136].

Regarding the PKC as a receptor for tumor-promoting phorbol esters, the
researcher targets PKC for the potential treatment of cancer.

PKC is activated by phorbol esters and this event prevents cell death. Therefore,
the inhibition of PKCα results in apoptosis. PKC activity has been reported to increase
in many types of cancer, suggesting that PKC has important role in tumor formation.
There are many PKC inhibitor candidates in clinical development for the treatment of
cancer (Figure 2) [137].

First class of PKC inhibitors with anti-cancer activity are bryostatins. They are
macrocyclic lactones extracted form marine bryozoan Bugula nerutina. Interaction of
bryostatins with regulatory domain of PKC causes downregulation of the enzyme.
Besides anti-proliferative, apoptotic and cytotoxic effects of Bryostatins on cancer
cells, they also have immunomodulatory functions. Bryostatins provide the develop-
ment of tumor-specific cytotoxic T-lymphocytes and stimulates the release of differ-
ent cytokines such as TNF, IL-6. Both the immunomodulatory effect and
downregulation of PKC has participated in antitumor effect of bryostatins [137, 138].

Second class of PKC inhibitors are staurosporines. Staurosporine is a microbial
alkaloid derived from Streptomyces species organisms. In addition to PKC,
staurosporine has shown the activity aganist different kinases including, pyruvate
dehydrogenase kinase 1 (PDK1), PKA and PTK. Several staurosporines are under in
clinical research such as UCN-01 (7-hydroxystaurosporine) or midostaurin
(N-benzoyl staurosporine, PKC412) [138]. UCN-01 (7-hydroxy-staurosporine) has
been reported to have more PKC inhibitory effects than staurosporine [105, 137].
UCN-01 causes cell cycle arrest in G1 step, thus leading the cell to death.

There is a growing interest in antisense therapy for PKC inhibitors. The structures
of PKC inhibitors are shown in Table 5. ISIS 3521, an antisense therapy agent, is a
phosphorothioate antisense oligodeoxynucleotide. ISIS 3521 binds to 30 untranslated
region (UTR) of human PKC-α messenger RNA (mRNA). This hybridization is then
cleaved by RNase H and resulted in inhibition of PKC-α expression. Based on in vitro
and in vivo studies results, ISIS 3521 may be a potential treatment agent for cancer
patients [139].

Besides PKC inhibitor classes for cancer therapies described above, there are other
agents including safingol, quercetin, antiestrogens, and miltefosine. Safingol is a
synthetic sphingoid base analogue and safingol was the first to enter clinical trials.
Quercetin belongs to flavonoids and widely distributed in nature. Quercetin inhibits
different classes of protein kinases including PKC, phosphatidyl inositol-3 kinase. The
PKC inhibitory effect of the classical antagonism of estradiol at the estrogen receptor
level has been mentioned in many studies. However, the antiestrogen tamoxifen and
its analogues have also been shown to inhibit PKC at very low concentrations.
Miltefosine is an alkylphosphocholine and it shows its activation by preventing phos-
pholipid metabolism. Miltefosine’s antitumor activity is possibly associated with its
abilitiy to inhibit PKC, but there has also been multiple alternative actions [137].

Although most protein kinase C inhibitors target the PKC-α, inhibitors targeting
PKC-β have been investigated. PKC-β belongs to major PKC isoform classes. Hyper-
glycemia activated PKC-β leads to diabetic kidney diseases. LY333531 named as
Ruboxistaurin selectively inhibits PKC-β. Recent studies showed that LY333531
significantly reduced PKC activity and PKC-β protein expression in the kidney
[140, 141].
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7. Conclusions

Protein kinases are potent oncogenes because of their ability to activate or inhibit
other proteins. Furthermore, the ability to activate other protein kinases results in
producing an exponential signal. In other words, a tiny signal can lead to a huge
cellular response. This property of protein kinases makes their strict regulation cru-
cial, and any dysregulation can lead to catastrophic outcomes. Many cancers are
caused by the dysregulation of such oncogenic kinases, and inhibitors of those shown
to increase overall survival in cancer patients. Although some tumors may gain resis-
tance to some of those protein kinase inhibitors (PKIs), promising results of PKI
administered cancer patients have led to developing new PKIs to treat PKI-related
cancers [142].

Target Inhibitors

PKC UCN-01 Bryostatin-1 Staurosporine

Safingol Miltefosine

Ruboxistaurin Tamoxifen Quercetin

Table 5.
Structures of other kinases’ inhibitors.
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