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Abstract

diabetes, hypertension, tuberculosis, and inflammation.

Background: Src kinase, a nonreceptor protein-tyrosine kinase is composed of 11 members (in human) and is
involved in a wide variety of essential functions required to sustain cellular homeostasis and survival.

Main body of the abstract: Deregulated activity of Src family kinase is related to malignant transformation. In
2001, Food and Drug Administration approved imatinib for the treatment of chronic myeloid leukemia followed by
approval of various other inhibitors from this category as effective therapeutics for cancer patients. In the past
decade, Src family kinase has been investigated for the treatment of diverse pathologies in addition to cancer. In
this regard, we provide a systematic evaluation of Src kinase regarding its mechanistic role in cancer and other
diseases. Here we comment on preclinical and clinical success of Src kinase inhibitors in cancer followed by

Short conclusion: Studies focusing on the diversified role of Src kinase as potential therapeutical target for the
development of medicinally active agents might produce significant advances in the management of not only
various types of cancer but also other diseases which are in demand for potent and safe therapeutics.

Keywords: Src family kinase, Src kinase inhibitors, Anticancer agents, Antidiabetic agents, Antituberculosis agents

Background

The group of diseases in which the body cells grow and
divide uncontrollably is collectively termed as cancer.
Cancer is a diseased state in which the regulatory
processes of the body like senescence and apoptosis are
arrested. Cancer is the second leading cause of death
globally, accounting for an estimated 9.6 million deaths
(in 2018) as per World Health Organization (WHO)
data. In 2016, 7.2 million cancer cases and 8.9 million
deaths due to cancer were reported worldwide [1]. In
2016, all cancers together contributed to 5.0% of the
total Disability-adjusted life years (DALYs) and 8.3% of
the total deaths in India [2]. Cancerous cells lose their
structure and function due to insufficient differentiation
that results in cell mass formation in the affected area of
the body. Cancer development occurs in three main
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phases namely initiation, promotion, and progression.
Benign tumors can rarely become malignant, and the
activities of some enzymes namely, hexokinase, phospho-
fructokinase, aldolase, enolase, and pyruvate kinase have
been compared for benign and normal tissues [3]. Unlike
other health threats contributing to the global burden of
diseases, cancer represents a group of drastically different
diseases that require unique and specific approaches for
prevention, diagnosis, and treatment [1]. The United Na-
tions Sustainable Development Goals target the reduction
of premature mortality from non-communicable diseases,
which includes cancer, to one-third by 2030 through pre-
vention and treatment [4].

Various causes of cancer are possible, but all these
causes eventually lead to the activation of proto-oncogenes.
Classification of oncogenes can be done based on the func-
tional and biochemical properties of protein products of
proto-oncogenes. The groups in which oncogenes are clas-
sified are growth factors like platelet-derived growth factor
(PDGE), growth factor receptors (ErbB, ErbB-2, Fms, Kit,
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Met, Ret, Ros, and Trk), signal transducers (non-receptor
protein kinases and guanosine triphosphate binding pro-
teins), transcription factors (ErbA, Ets, Fos, Jun, Myb, and
c-Myc), and others, including programmed cell death regu-
lators bcl-2 [5]. Src is a protein-coding gene and the protein
encoded by this gene is protein kinases. Src, the proto-
oncogene is useful for cytoskeletal formation via PI3K,
MAPK, STAT-3, IL-8, and VEGF signaling pathways.
Cellular Src (known as c-Src), was the first proto-oncogene
to be identified [6]. The Nobel Prize in Physiology or
Medicine, 1989 was awarded jointly to J. Michael Bishop
and Harold E. Varmus for their discovery of the cellular ori-
gin of retroviral oncogenes [7]. In 1978, Raymond Erikson
and coworker Marc Collette isolated the Src protein at the
University of Colorado Medical Center [8].

Kinase, as defined by the National Cancer Institute, is
an enzyme that acts by phosphorylation of other mole-
cules like sugars or proteins. Phosphorylated proteins
aid in signal transduction and is an important compo-
nent of various signaling pathways and thus the know-
ledge of regulatory functions of kinases can be useful to
identify more effective anticancer agents [9]. Active tri-
phosphate forms of nucleoside analogues are used as an-
ticancer agents as they can arrest elongation and/or
inhibit enzymes essential for deoxyribonucleic acid
(DNA) synthesis when incorporated into growing DNA
strand [10]. Most of the protein kinases in normal physi-
ology promote cell proliferation, differentiation, and mi-
gration, but when it is activated or overexpressed, they
promote carcinogenesis. Kinase inhibitors are the most
used categories of chemotherapy medicine. Unlike the
extreme side effects of conventional chemotherapy, kin-
ase inhibitors have high clinical efficacy with compara-
tively lesser toxic effects upon initial administration. The
observed high frequency of acquired resistance in the
case of kinase inhibitors suggests use of multi-targeted
approaches that can rapidly eliminate the cancer cells by
inhibiting multiple pathways. It helps to control the can-
cer cells by inhibition at multiple levels [11]. Over 30
anticancer kinase inhibitors are approved in the US, and
many more are under development. The US FDA has
approved a total of 52 small molecule protein kinase in-
hibitors as of 1st January 2020 [12]. The present manu-
script aims to give an overview of kinase enzymes, their
classification followed by importance of Src kinase as
potential target for development of its inhibitors as anti-
cancer therapeutics. The manuscript has also focused on
the diversified role of Src kinase inhibitors in the devel-
opment of therapeutics other than anticancer.

Classification of kinase enzymes

Depending on the type of substrate target, the kinase en-
zymes can be classified into protein kinase, lipid kinase,
and carbohydrate kinase. Among all other kinase types,
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protein kinase is of utmost importance as the human
genome can code over 500 of these kinases, and the
phosphorylation of proteins by kinase enzymes regulates
many cellular functions of the body. The genes that
catalyze the phosphorylation of proteins are collectively
termed as “kinome” [13]. Researchers have observed that
among the reported 518 kinase genes of the human
genome, 244 map cancers [14]. Among the 52 US FDA-
approved drugs in the period 2015-2019, only 11 could
inhibit protein-serine/threonine protein kinases; two are
directed against MEK1/2, 11 block non-receptor
protein-tyrosine kinases, and 28 target receptor protein-
tyrosine kinases [12].

Classification of protein kinase as per the KinBase
resource divides the kinases into two major groups that
are conventional eukaryotic protein kinases (ePKs) and
atypical protein kinases (aPKs) (Fig. 1) [15]. The aPKs
have a dissimilar sequence from ePKs, but experimen-
tally, they show protein kinase activities [16].

According to amino acid residues of proteins that are
phosphorylated, the protein kinases are classified into
the following families [17]:

1. Serine/threonine protein kinases: cyclin-dependent
kinase, mitogen-activated protein kinase (MAPK),
protein kinase D, nattokinase, DNA-dependent
protein kinase, Aurora protein kinases, pancreatic
kininogenase

2. Tyrosine-specific protein kinases: non-receptor
tyrosine protein kinases (NRTKs), receptor tyrosine
kinases (RTKs), nuclear tyrosine protein kinase

3. Histidine-specific protein kinases: branch chain a-
ketoacid dehydrogenase kinase (BCKDHK),
pyruvate dehydrogenase kinase (PDHK)

4. Tryptophan kinase

5. Aspartyl/glutamyl protein kinase

Types of tyrosine protein kinase

Out of the 518 kinase genes in human, 90 have been
identified as protein tyrosine kinases among which 58
are of receptor tyrosine kinase type, and 32 are of non-
receptor tyrosine kinase type [18]. Tyrosine protein
kinase is further divided into subcategories as receptor
tyrosine kinases (RTKs), non-receptor tyrosine kinases
(NRTKs), and nuclear protein tyrosine kinase which are
detailed in the coming sections.

RTKs

RTKs have a large extracellular ligand-binding domain,
some part in the trans membrane region, and an intra-
cellular catalytic domain that selectively binds to and
phosphorylates the substrate proteins after dimerization
of receptors. The transmission of signals is through
PIBK/AKT/mTOR, RAS/RAF/MEK/ERK, PLCy/PKC, and
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Fig. 1 Classification of protein kinases

other signaling pathways. RTKs include epidermal growth
factor receptor (EGFR), insulin receptor (IR), fibroblast
growth factor receptor (FGFR), vascular endothelial
growth factor receptor (VEGFR), nerve growth factor
(NGF), platelet-derived growth factor receptors (PDGFR),
and many more. EGFR helps to regulate cell growth and
differentiation. EGFR overexpression is reported in various
epithelial tumor cells. Insulin receptor (IR) enhances the
proliferation and inhibits apoptosis in breast cancer,
cervical cancer, colon cancer, and lung cancer. FGER is
involved in the development of new blood vessels, and
VEGER plays a crucial role in the proliferation, migration,
and vascularization of endothelial cells. PDGFR regulates
cell growth and development and is mainly present in
fibroblasts and smooth muscle cells, but it also affects the
kidney, testis, and brain [18].

Non-receptor tyrosine protein kinases (NRTKs)
NRTKs is a group of nine kinase enzymes namely, ABL,
ACK, CSK, FAK, FES, JAK, SRC, SYK, and TEC. Unlike
RTKs, they do not have any intrinsic catalytic domain;
instead, the agonist-induced dimerization will change
the conformation of the intracellular domain in a way
that its affinity for cytosolic protein kinase increases.
The signals are transduced via free-moving proteins that
can bind and are phosphorylated by the protein kinase.
The ubiquitously expressed Abelson (ABL) kinase
family includes ABL1 and ABL2 proteins. The transloca-
tion of the breakpoint cluster region (BCR) sequences
with the c-ABL tyrosine kinase to produce the BCR-ABL

chimeric gene which has an enhanced tyrosine kinase
activity. Activated Cdc42 kinases (ACKs) have subtypes
ACK1/TNK2, ACK2, DACK, TNK1, ARK1, DPR2, and
KOS1. Feline sarcoma (FES) kinase family inhibitors
show relief in human lymphoid malignancies, colorectal
cancer, and small-cell lung cancer. JAK family comprises
four members namely, JAK1, JAK2, JAK3, and TYK2.
Spleen tyrosine kinase (SYK) is one of the important
classes of soluble cytosolic NRPKs [19].

Nuclear tyrosine protein kinase

The anticancer mechanism of nuclear tyrosine protein
kinase is not well known. It is proposed that after ligand
binding, the activated RTKs get internalized and then
translocated to the endosomal compartments. It may
bind to specific DNA sequences and produce proteins
required for regulating activities of the target cells.
Nuclear signaling is observed in the holoreceptor tyro-
sine kinase [20]. Some of the approved drugs acting on
respective targets are mentioned in Table 1 [6, 20].

Structure of Src family kinases

General structure of Src family kinase

Src family kinases (SFKs) are a family of cytoplasmic tyro-
sine kinases. SFKs have a unique structure as shown in
Fig. 2 that includes an N-terminal region with a 14-carbon
myristoyl group, two Src homology domains (SH2 and
SH3), a catalytic tyrosine-protein kinase domain (SH1),
and a short C-terminal tail [21]. The SH1 domain has
catalytic function, while the SH2 and SH3 domains have
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Target

US FDA approved kinase inhibitors

Disease targeted

Bcr-Abl Tyrosine kinase inhibitors

Epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitors

Vascular endothelial growth factor
receptor (VEGFR) tyrosine kinase
inhibitors

Platelet-derived growth factor receptors
(PDGFR) tyrosine kinase inhibitors

Imatinib, Nilotinib, Dasatinib, Bosutinib, Ponatinib

Gefitinib, Erlotinib, Afatinib, Osimertinib, Lapatinib,
Neratinib

Sorafenib, Sunitinib, Pazopanib, Axitinib,
Cabozantinib, Lenvatinib, Vandetanib, Regorafenib

Regorafenib, Cabozantinib, Lenvatinib, Pazopanib,
Sunitinib, Sorafenib, Imatinib, Nilotinib, Dasatinib

Acute myeloid leukemia (AML), chronic myeloid
leukemia (CML), acute lymphoblastic leukemia (ALL)

Lung cancer, breast cancer

Angiogenesis inhibitors, renal carcinoma,
glioblastoma

Pulmonary tumor thrombotic microangiopathy, soft
tissue sarcoma

Fibroblast growth factor receptors
(FGFR) tyrosine kinase inhibitors

BRAF kinase inhibitors
MEK inhibitors

Regorafenib, Lenvatinib

Trametinib, Cobimetinib

Anaplastic lymphoma kinase (ALK) TKIs
Lorlatinib

Bruton tyrosine kinase inhibitors (BTK) Ibrutinib, Acalibrutinib

FMS-like tyrosine kinase 3 (FLT3) Midostaurin
inhibitors
JAK2 kinase inhibitors Ruxolitinib

Phosphoinositide 3-kinase (PI3K)
inhibitors

Cyclin-dependent kinase (CDK) 4/6
inhibitors

Idelalisib, Copanlisib

Vemurafenib, Dabrafenib, Regorafenib, Sorafenib

Crizotinib, Ceritinib, Alectinib, Brigatinib,

Palbociclib, Ribociclib, Abemaciclib

Bladder, lung, and gastric cancers

Advanced melanoma
Advanced melanoma

Non-small-cell lung carcinoma

Relapsed and refractory (Mantle cell lymphoma,
Waldenstrom macroglobulinemia)

In combination with chemotherapy for acute
myeloid leukemia

Mycosis fungoides

Relapsed (of chronic lymphocytic leukemia, non-
Hodgkin lymphoma, follicular lymphoma)

Metastatic breast cancer of Postmenopausal women

non-catalytic regulatory property, but all three domains
are important for signal transduction [22, 23].

Active sites of enzyme

The c-Src kinase catalytic domain has a peptide-binding
lobe and an ATP-binding lobe. The substrate-docking
site is constituted of180 residues and a peptide-binding
lobe, but all of them are not involved in docking. Among
them, six residues (Ser-273, Arg-279, Ser-280, Arg-281,
Arg-283, and Phe-382) are significant determinants of

the substrate-docking site as per the Ala scanning tests.
Lee et al. verified the importance of these six residues
using two mutants, one containing double mutations
(DM) of Arg281Ala and Arg283Ala, and the other con-
taining quadruple mutations (QM) of Ser280Ala,
Arg281Ala, Arg283Ala, and Phe382Ala [24]. Cellular
protein (c-Src) is different from the viral Src (v-Src), and
the region containing Tyr527 is absent in the latter.
Tyr527 phosphorylation is inhibitory to kinase activity,
so the enzyme is constitutively active without it.

SH3

* [—
Myristoyl
Group

Fig. 2 Organization of human Src kinase

sz | }
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Biological activity of Src tyrosine kinase enzyme

Src tyrosine kinase enzymes are involved in the signaling
pathways that control a diverse spectrum of biological
activities that include gene transcription, immune re-
sponse, cell adhesion, cell cycle progression, cell differenti-
ation, apoptosis, movement, transformation, proliferation,
and other essential cellular functions [25].

Activation of enzyme

Mechanism

As shown in Fig. 3, the activation segment present on
the Src tyrosine kinase enzyme is Y419 that is Tyr419,
which promotes kinase activity [21]. SFKs are activated
by a series of steps, and the relative molecular mechan-
ism varies upon cell types and extracellular cues. The
process of activation starts from the activation of recep-
tors, adaptors, or effectors and their interaction with the
SH2/3 domains of inactive SFKs to open the closed
conformation. The activated SFKs relocate to appropri-
ate intracellular locations and the exposed pTyr-527 de-
phosphorylates to stabilize the active conformation [26].
Intermolecular autophosphorylation of the Src protein
occurs at the activation loop Tyr419 [21]. Reorientation
of the helix C is necessary to alleviate constraints and to
establish a functional kinase [27].

Enzyme activators

On activation, Src tyrosine kinase enzymes can phosphoryl-
ate various proteins like mitogen-activated protein kinase
(MAPK), p38, and extracellular signal-regulated kinase
(ERK). MAPKSs regulate inflammation, cell development, cell
differentiation, and cell senescence. While p38 is associated
with permeability, survival, and migration of endothelial
cells, ERK is involved in the proliferation and inflammation
of endothelial cells. 4-Hydroxynonenal (4-HNE) is a major
end product of lipid peroxidation. The HNE-enhanced
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activation of MAPKs/AP-1 signaling pathway and increased
COX-2 expression is modulated by Src [28].

Role of Src kinases in cancer

Overall effects observed through clinical trials

Studies have proved that Src is not directly involved in
tumor formation and is present in various pathways that
promote cell division and growth. So, anti-Src mono-
therapy will not be an efficacious anticancer agent. But
Src kinase inhibition may play an important auxiliary
role in various cancer treatments due to its involvement
in primary cell functions [21].

Mechanism of therapeutic activity

Phosphorylation at a specific tyrosine by CSK inactivates
c-Src kinase, whereas autophosphorylation is essential
for its activation process. Src kinase is one of the targets
for anticancer drugs because it is involved in the signal-
ing pathways [29]. The migration and proliferation of
many normal cells are inhibited by contact inhibition,
but cancer cells are insensitive to contact inhibition of
growth [30].

Metastasis

Metastasis is the spread of cancer cells from the primary
site to new areas of the body via the lymph system or
circulatory system. The cancer cells can penetrate in
new capillaries, and thus cancer cells can enter the
circulatory system and begin the metastatic process [30].
Inhibition of c-Src kinase in Ewing’s sarcoma cells de-
creases migration and metastasis [31].

Invasion

The property of cancer cells to migrate into different
tissue compartments from the primary site of growth,
survive, and proliferate under these conditions is known

N

Fig. 3 Crystal structure of human tyrosine protein kinase Src
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as invasive growth [30]. By invasion, cells can reach the
neighboring tissues via direct penetrations, and circula-
tion is not involved in this type of tumor cell movement.

Angiogenesis

Angiogenesis supports tumor growth as new cells
require new blood vessels for the supply of oxygen and
nutrients to the proliferating tumor cells. Angiogenesis
occurs in response to growth factors that stimulate
endothelial cells of blood vessels [30].

Apoptosis

Apoptosis is a programmed cell death pathway of multi-
cellular organisms in which the cells die by activation of
enzymes capable of degrading the cell’s genetic material
and proteins. Many cancer cells fail to undergo apop-
tosis, and these cells contribute substantially towards
tumor development [30]. Overexpression of Src kinase
reduces apoptosis as observed in U20S, MG63 osteosar-
coma cells, and Ewing’s sarcoma cells [31].

Src kinase inhibitors in clinical trials [32]

Various drugs from the category of kinase inhibitors
have entered different phases of clinical trials. Among
them, some are novel drugs, while most of the drugs are
repurposed and are approved for some or the other type
of cancer. Inhibition of Src kinase may also block im-
mune responses that make the body prone to infections
[33]. Dasatinib targets p-Src (Y527) in triple negative

Table 2 Src kinase inhibitors in clinical trial phases
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breast neoplasms and Tyr 419 phosphorylation of Src in
mesenchymal stromal cell [34, 35]. Tyrosine kinase
inhibitors for the MET gene are classified as type I (type
Ia and type Ib), type II, and type III. Type I MET inhibi-
tors bind to the active form of MET’s ATP-pocket. If we
consider Crisotinib, it interacts with the Y1230 residue,
the hinge field, and the G1163 solvent front. Capmatinib,
Tepotinib, and Savolitinib have a strong connection with
the Y1230 residue and the hinge, but no interaction with
G1163. Bozitinib and TPX-022, the two new type I in-
hibitors are currently in clinical trials. Type II inhibitors,
such as Cabozantinib, Merestinib, and Glesatinib, extend
to a hydrophobic back pocket to bind the ATP-pocket in
the inactive state. Both type I and type II inhibitors are
ATP-competitive. Tivantinib is a type III inhibitor that
binds to allosteric sites and is non-ATP-competitive
[36]. TPX-0046 is RET/SRC inhibitor that has shown
activity towards different RET-mutations including the
G8I10R solvent front mutation [37]. In Table 2, the Src
kinase inhibitors present in the clinical trial phases are
included.

Src kinase inhibitors

In the development of kinase inhibitory therapeutics,
generating highly selective probes to interrogate protein
kinase function is a challenge. To overcome the limita-
tions, many strategies have been effectively proposed
which includes extension of the traditional inhibitor
design by appending functionality proposed to interact

Drug Conditions Phase of trial Estimated study
completion date
Dasatinib Triple negative breast neoplasms Phase 2 May 2021
JAB-3312 Non-small-cell lung cancer| colorectal cancer| pancreatic Phase 1 Aug 2021
ductal carcinoma| esophageal squamous cell carcinomal
head and neck squamous cell carcinoma| breast cancer|
other solid tumors
Dasatinib| Ganitumab Rhabdomyosarcoma| Rhabdomyosarcoma- alveolar| Phase 1|Phase 2 31 Oct 2021
Rhabdomyosarcoma-embryonal
Dasatinib Bevacizumab Paclitaxel Advanced cancer Phase 1 Nov 2021
Dasatinib Osimertinib EGFR gene mutation| non-small-cell lung cancer Phase 1|Phase 2 Nov 2021
SC-43 Oral Solution Refractory solid tumor Phase 1 Nov 2021
Ruxolitinib Head and neck squamous cell carcinoma Phase 2 30 Jun 2022
Degarelix| Enzalutamide| Trametinib| Dasatinib Prostate cancer Phase 2 30 Sep 2022
Dasatinib Leukemia Phase 1 4 Oct 2022
Apatinib Mesylate Tablets Bevacizumab Injection  Gastrointestinal neoplasms Phase 2 31 Dec 2022
Ponatinib and Cytarabine Acute myeloid leukemia Phase 1|Phase 2 Nov 2023
TPX-0022 Advanced solid tumor| metastatic solid tumors| MET gene  Phasel Nov 2023
alterations
TPX-0046 Non-small cell lung cancer| medullary thyroid cancer| RET ~ Phase 1|Phase 2 Mar 2025

gene mutation| metastatic solid tumor| advanced solid
tumor
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with the specific loop of Src kinase, combinatorial
chemistry, and high-throughput screening. Many of the
developed inhibitors are small molecules and these are
detailed here.

Classification

Kinase inhibitors are classified into three classes based
on their capacity to catalyze the phosphorylation of sub-
strates that usually contain serine, threonine, or tyrosine
residue. Type I kinase inhibitors are ATP competitors
that mimic the purine ring of the adenine moiety of
ATP. They bind to active sites and cause conformational
changes on ATP-binding sites. They do not offer a high
degree of selectivity to kinase target and hence may
show cardiotoxic effects. Type II kinase inhibitors target
the inactive conformation of kinases by interacting with
their catalytic site and are more selective as compared
with Type 1 kinase inhibitors. The allosteric kinase
inhibitors bind on the allosteric binding site of the sub-
strate other than the ATP binding site. Type III kinase
inhibitors are highly selective. The substrate-directed
kinase inhibitors show a reversible interaction outside
the ATP binding region that is present in the kinase
substrate-binding site. The Type IV kinase inhibitors are
the ATP noncompetitive inhibitors that offer a higher
degree of selectivity against targeted kinases. The
covalent kinase inhibitors bind to the kinase active site
covalently in irreversible manner. Type V kinase inhibi-
tors target a catalytic nucleophile cysteine. The exposed
cysteine side chain in the ATP site is the approachable
target in developing a drug candidate [38]. The approved
drugs of each class of kinase inhibitors are mentioned in
Table 3.

QSAR modification

Quantitative structure—activity relationship (QSAR)
models include the study of molecular descriptors. As a
result of QSAR modifications, novel drug structures are
derived that have better properties. QSAR modeling
utilizes the information about the chemical structure
and their chemical activity to select lead compounds on
which further studies are done for drug discovery. Using
this technique, numerous Src kinase inhibitors are
discovered that are enlisted in Table 4 and Fig. 4.

Table 3 Kinase inhibitor classifications
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Various studies have been reported for use of QSAR
for virtual screening and design of novel kinase inhibi-
tors [42—44]. The mechanism of tyrosine kinase receptor
(EGFR, FGFRy, PDGFRA, and VEGFR;) inhibition by
pyrazolopyrimidine derivatives has been derived using
BP-ANN, multi-QSAR and molecular docking approach.
It led to investigation of eight bioactive compounds, and
only one of them could bind to all the four receptors
when compared with the known drugs, gefitinib and re-
gorafenib [45]. In a recent study, Ancuceanu et al. [46]
report development of over 350 QSAR classification
models using a ChEMBL dataset of 1038 compounds.
The prediction results were confirmed using online
version of PASS and are found to be better than that ex-
pected from the high-throughput screening experiments.

Multi-target anti cancerous drugs
For optimizing cancer therapeutics, the new approach to
anticancer drug discovery includes design and develop-
ment of multi-target agents by performing multiple dock-
ing, use of common pharmacophores, and fragment-based
design. Recent advancement in the multi-target anticancer
agents lead to use of target combinations as a potential
approach for the development of rational drugs for
improved efficacy.

The possible target combination could be the
following [39]:

1. Multi-targeted agents targeting tyrosine kinase and
inducing DNA damage

2. Multi-targeted agents targeting EGFR and Src
kinase

3. Multi-targeted agents targeting thymidylate
synthase (TS) and dihydrofolate reductase (DHFR)

4. Multi-targeted agents targeting aromatase and
steroid sulfatase

5. Multi-targeted agents targeting kinesin spindle
protein (KSP) and aurora-A kinase

6. Multi-targeted agents targeting tyrosine kinase and
microtubule

7. Multi-targeted agents targeting estrogen receptor a
(ERa) and vascular endothelial growth factor
receptor-2 (VEGFR-2)

Type of kinase inhibitor Approved drugs

Target site

Type | kinase inhibitors

Bosutinib, Crizotinib, Dasatinib, Erlotinib, Gefitinib, Lapatinib,

Active ATP binding sites

Pazopanib, Ruxolitinib, Sunitinib, Vandetanib, and Vemurafenib

Imatinib, Ponatinib
RO0281675
ON012380

Type Il kinase inhibitors
Type Il or allosteric inhibitors
Type IV or substrate-directed inhibitors

Type V or covalent inhibitors

Ibrutinib, Afatinib, and Neratinib

Inactive conformation of Substrate
Allosteric sites
ATP noncompetitive inhibitors

Cysteine side chains of kinases
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Table 4 Src kinase inhibitor developed by QSAR modification

Template Example of inhibitor Ref
Azaacridine N-(4-((5,10-dihydropyrimido([4,5-b]quinolin-4-yl)amino)phenyl)-3-fluorobenza-mide [29]
Benzamide SB163 [39]
Indolinone SU-6656 [22]
Nicotinate AL622 [40]
Purine AP23464, AP23848, AP23846, AP23994, AP23451, AP23588 [22]
Pyrazolopyrimidine PP1 and PP2 [22]
Pyridopyrimidinone PD180970, PD173955, PD166326 [22]
Pyrimidinylaminothiazole BMS-354825 (Dasatinib) [22]
Pyrrolo[2,3-d]pyrimidine N-Benzyl-7-(4-fluorobenzyl)-2-(methylthio)-7H-pyrrolo[2,3-d]pyrimidin-4-amine [41]
Pyrrolopyrimidine CGP76030 and CGP-76775 [21]
Quinazoline AZM475271 (M475271) and AZD0530 [21]
Quinoline SKI-606 (Bosutinib) [21]

8. Multi-targeted agents targeting histone deacetylase
(HDAC) and other targets

Role of Src kinases in other diseases

The activity of Src is supervised by tyrosine phosphoryl-
ation at two sites (Tyr527 and Tyr418) with unlike
effects. The phosphorylation of Tyr527 at the COOH-
terminal regulatory region results in the inactivation of
Src, while phosphorylation of Tyr418 at the catalytic
region results in the activation of Src [47]. Src are the
overall key regulators of biological activities required for
life. Src kinase controls a wide range of cellular events
such as cell growth, division, differentiation, survival,
and programmed cell death. The Src-associated focused
roles include immune responses, cell adhesion, migra-
tion, and endocytosis. Hyperactivation of Src kinase has
been concerned in the etiology of human diseases in-
cluding cancer [48, 49]. Src kinase inhibitors have been
implicated and have demonstrated therapeutic potential
for diseases other than cancer. Some of them are elabo-
rated in this section.

Inflammation

Inflammation pathway encompasses chemical mediators
that include nitric oxide, reactive oxygen species, prosta-
glandin E2 (PGE2), histamine, cytokines like TNF-a, and
several interleukins [50]. Research has revealed the vital role
of Src in macrophage-mediated inflammatory responses. A
range of inflammatory diseases are closely associated with
macrophage activation. In response to the stimulation by
LPS and other pathogens, cells can produce multiple cyto-
kines and chemokines, such as TNF-q, IL-1, and IL-6 [51].
HCK, FGR, and LYN are the major Src kinase in these cells.
It revealed that LPS stimulation improved Hck gene expres-
sion in human peripheral blood monocyte-derived macro-
phages [52]. Additionally, a collaboration of LPS and IFN
brought an expression of Hck and Lyn in murine bone

marrow-derived macrophages [53]. Some research indicate
that inflammatory stimuli in monocytes and macrophages
could cause the emergence of Src kinase. Some studies
prove that Src PTK activities are regulated during inflam-
matory responses where epithelial cells, smooth muscle
cells, and fibroblasts play an important role. The reported
evidence shows that lung epithelial cells may contribute ef-
fectively to inflammatory responses [54, 55]. These cells
can produce inflammatory mediators such as monocyte
chemoattractant protein IL-1, IL-6, and IL-8 [56]. More-
over, recent studies have shown that human lung epithelial
cells formed long pentraxin PTX3, a novel exposed medi-
ator of innate immunity and inflammatory responses, in re-
sponse to TNF-a and IL-1b [57]. Some anthraquinones,
such as anthraquinone-2-carboxylic acid, flavonoids like
Scutellarein, show anti-inflammatory activity by suppress-
ing the inflammatory nuclear factor NF-«B in the signaling
pathway by blocking Src kinase [58, 59]. Olea europaea
methanol extract and Celtis choseniana methanol extract
show the anti-inflammatory effects primarily by targeting
Src in the NF-«B signaling pathway [60, 61]. The catalytic
activity of SFKs suppresses LPS-induced inflammatory re-
sponses [62]. Recently, several research labs have explored
the opportunities to use Src inhibitors against inflammatory
diseases (Table 5).

Hypertension

Hypertension is known to be a major risk factor for con-
gestive heart failure (CHF), coronary artery disease, stroke,
renal disease, and peripheral vascular disease. Currently
available treatment for primary hypertension emphasizes
on inhibition of vascular resistance by annoying peptide
hormones responsible for vasoconstriction and includes
Angiotensin-II (Ang II), catecholamines and calcium
channels [69]. Ang II is a bioactive peptide and plays a
crucial role in cardiovascular homeostasis and pathogen-
esis [70]. Earlier research studies revealed that Ang II
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Fig. 4 Src-kinase inhibitors developed from QSAR modification
Table 5 Src kinase inhibitors in response to acute inflammation
Injury Animal Src kinase inhibitors Key findings Ref
ALl Rat PP2 (0.2 mg/kg iv) Reduced alveolar macrophage priming and ALl [63]
ALl Mouse  PP2 (1 mg/kg, ip), SU-6656 (8 mg/kg, ip) Reduced LPS- induced ALl and lethal-dose LPS-induces mortality  [64]
Brain injury Rat PP1 (2 mg/kg, ip) Reduced brain edema and mortality [65, 66]
Ischemic brain injury Rat PP2 (1.5 mg/kg, iv) Reduced brain infarct size [65, 66]
M Rat PP1 (5 mg/kg, ip) Reduced edema and tissue injury [67]
Mouse  PP1 (1.5 mg/kg, ip)
Stroke Mouse  PP1 (1.5 mg/kg, ip) Suppressed vascular permeability [68]

ALl acute lung injury, PP 4-amino-5-(4-methylphenyl)-7-(t-butyl) pyrazolo[3,4-d]-pyrimidine
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encourages vasoconstriction via multiple cellular signaling
pathways. It is responsible for activation of AT1 receptor
to bind Gq/11 and Gi/o proteins. This leads to activation
of phospholipase C (PLC) and thus increases the concen-
trations of Ca”* in the cytosol. It leads to activation of
Ca**/calmodulin-dependent MLC kinase, MAPKs (ERK1/
2, JNK, and p38 kinase), protein kinase C, and tyrosine
kinases including SFK [71-75]. Several documents
exposed that SKF activation is the initial event in Ang II-
induced signal transduction, and SKF plays a vital role in
Ang II-induced vascular responses like ERK1/2 activation
via proliferation, contraction, and cell migration [76-78].
However, the role of SFK for arterial contractions and its
contribution to Ang II-induced hypertension is currently
unknown. Bo Qin et al. found that SKF inhibitors SU6656
notably lowered the level of systemic blood pressure in
Ang Il-treated mice, which is related to phosphorylation
of the smooth muscle myosin light chain (MLC) in the
mesenteric-resistant blood vessels [79]. Gp130 is a poten-
tial therapeutic target to improve heart regeneration after
cardiac injury by activating Yap via Src kinase [80].

Skin aging

Sulfuretin suppresses UV-induced MMP-1 expression by
occupying ATP binding sites and thus suppresses SFKs.
Upregulation of MMP-1 is responsible for accelerated
skin aging [81]. UVB and a-MSH stimulates melanogen-
esis which causes inhibited Src phosphorylation in G361
cells. This indicates that c-Src inhibition can regulate
UV- and a-MSH-induced pigmentation. In G361 cells,
Src inhibition-induced melanogenesis through the p38
MAPK and PKA signaling pathways is reported. Also, c-
Src activity inhibitors stimulate muscle differentiation
through p38 MAPK activation. While there is little to no
evidence that Src inhibitors affect CREB phosphoryl-
ation, it is logical to believe that p38 activation will trig-
ger it. CREB phosphorylation is known as a downstream
signal of p38 during UV-induced melanogenesis. In me-
lanocytes, the MCIR and c-Kit signaling pathways may
be linked to c-Src signaling. In melanocytes, inhibition
of Src kinase may increase melanogenesis through p38
and CREB signaling pathways [82].

Chronic kidney disease (CKD)

CKD is an emerging worldwide public health issue [83].
Existing therapeutics for the management of CKD are
ineffective. Thus, recognizing and validating novel
therapeutic targets is supreme to investigate potent and
safe options. In the past decades, intensive studies for
the characterization of diverse key signal pathways and
mediators in the pathogenesis of CKD have been
reported [84, 85]. So far, many factors were identified
including transforming growth factor-bl (TGF-bl), and
Ang II as impressive fibrogenic mediators. However, the
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pharmacological constraint of these factors shows inad-
equate therapeutic effectiveness. Yan et al. [86] has
established and revealed that Src kinase is activated in
kidney fibroblasts in response to TGF-bl or serum and
the fibrotic kidney after unilateral ureteral obstructions.
Blockade of Src with PP1 or quieting it by small interfer-
ing RNA (siRNA) blocks myofibroblastic activation of
fibroblast (in vitro) and ameliorates renal fibrosis
(in vivo) after unilateral ureteral obstructions. Inhibition
of Src by PP1 seems to interrupt TGFb1/Smad3 and epi-
dermal growth factor receptor (EGFR) signaling (Fig. 5).
This study shows that Src kinase acts as an integrator of
multiple fibrogenic signals triggered by the activation of
numerous membrane receptors. Chen et al. [87] also
defined activation of Ang II receptor can stimulate Src
activation. It mediates continuous phosphorylation and
TGEF expression of EGFR. Thus, Src may be a novel
target for therapeutic intervention in fibrotic CKD. In
Table 6, we outline the role of Src kinase inhibitors in
chronic renal diseases with their respective mechanism.

Diabetes

Defects in insulin secretion and action lead to diabetes
mellitus, and it is characterized by hyperglycemia. Type
1 diabetes mellitus (T1DM) is caused by autoimmune
destruction of pancreatic B cells. T cell infiltration
escorted due to cytokine and reactive oxygen species
production, ultimately leads to B cell dysfunction and
apoptosis [94, 95]. Type 2 diabetes mellitus (T2DM) in-
volves development of resistance by the target tissues to
metabolic actions of insulin and dysfunction of pancre-
atic P cells [96]. In case of high glucose-induced diabetic
complications, the role of Src kinase is not reported.
Insulin receptor is an RTK, and some studies have
evidenced its role in diabetes [97]. Adult mouse islets
are known to express KIT in P cells [98]. The c-Kit re-
ceptor appears to play a regulatory role in glucose me-
tabolism. In a mouse model, ¢-Kit point mutation causes
alteration of ATP-binding domain of the c¢-Kit receptor
tyrosine kinase, impaired fasting glucose, and impaired
glucose tolerance [99]. These mice also had a 50% re-
duction in B cell mass when compared with control
mice. Additionally, inhibition of Src family tyrosine
kinase results in improved calcium-induced insulin
secretion equally in rat pancreatic islets and INS-2 cells
suggesting that Src kinases may have an inhibitory role
in calcium-dependent insulin secretions [100]. Several
clinical cases of TIDM and T2DM reversal during TKI
management have been stated. In vivo and in vitro ex-
perimental studies have tried to establish the mechanism
behind this effect. Inhibition of Abelson tyrosine kinase
(c-Abl) results in [ cell survival and improved insulin se-
cretion. Although, platelet-derived growth factor recep-
tor (PDGFR) and EGFR hindrance lead to enhanced
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Fig. 5 Outline of Src family kinase in renal disease. Damage in the kidney induced Src kinase activation that causes transactivation of EGFR.
Transactivated EGFR stimulates the overproduction of TGF-1 and similarly Smad3 signaling, a pathway for activation of renal fibroblasts and
accumulation in extracellular matrix proteins. Smad3 also plays a role in mediating Hck-induced renal fibrosis and STAT3 required for Src- and

insulin sensitivity. Moreover, inhibition of vascular endo-
thelial growth factor receptor 2 (VEGFR2) diminishes
the degree inflammation in islet cell (insulitis). Thus,
targeting several PTKs may provide a novel approach for
correcting the pathophysiological disturbances associ-
ated with diabetes.

Evaluation of Src inhibitors by in vivo experiments in
diabetic models indicate presence of high glucose-Src-
tumor necrosis factor-a-converting enzyme (TACE),
heparin-binding epidermal growth factor receptor (EGFR),
and other signaling pathways. It concentrates on the use
of Src as a novel therapeutic target for diabetic neur-
opathy. In STZ-diabetic mice, PP2 can inhibit albuminuria
and increase Src pTyr-416, as well as cause TACE activa-
tion, ERK and EGFR phosphorylation, glomerular collagen
accumulation, and podocyte loss [90].

Table 6 Effects of Src kinase inhibitors in chronic kidney disease

Epilepsy

Epilepsy is a central nervous system (neurological) chronic
disorder in which brain activity becomes abnormal, causing
recurrent seizures, unusual behavior and sensations, and
sometimes loss of consciousness [101]. An epileptic brain
can be characterized with axon and dendritic growth devel-
opment, deviations in receptor compositions, synaptic de-
velopment, and preservations. The inflammatory processes
are controlled by cell signaling pathways [102—106]. Inhib-
ition of these pathways have potential to prevent formation
of epileptic circuitry and/or prevent the development of
epilepsy after brain injury.

In chronic epilepsy, kinase signaling comprising of ac-
tivated JAK-STAT, BDNF-TrkB, and PI3K-Akt-mTOR
pathways have been demonstrated in animal and in vitro
models [107-114]. Till date, a small percentage of

Src inhibitor Effects of Src inhibitor Ref
PP2 Ameliorate glomerulosclerosis [88]
PP2 Block Col4 expression [89]
PP2 SU-6656 Hinder the activation of TACE, EGFR, MAPK, and collagen IV accumulation [90]
PP2 Prevent albuminuria, glomerular matrix protein accumulation, GBM thickening, and podocyte depletion [90]
PP2 Decrease levels of blood urea nitrogen and serum creatinine, triglyceride, and urine albumin [91]
SKI-606 Reduce renal epithelial cell matrix adhesion, proliferation, and cyst formation [92]
SKI-606 Ameliorate renal cyst formation and biliary ductal abnormalities [93]

Col4, collagen 4; TACE, tumor necrosis factor-converting enzyme; EGFR, epidermal growth factor receptor; MAPK, mitogen-activated protein kinase; GBM,

glomerular base membrane
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kinases have been found to play a major role in epilepsy
[115]. Several kinases play role in glia, neurons, and
microglia [116], and there is a possibility that they may
play a vital role in epileptogenesis and/or the develop-
ment of epilepsy. Some kinase inhibitors are not always
specific inhibitors and need to be experimentally deter-
mined [117-119]. Due to the availability of inhibitors,
only a few kinases have been studied for preventing or
altering epilepsy including FGFRs, VEGFRs, Flt, EGFR,
Erbb receptors, IGF-1R, c-Met, cFMS, GM-CSER, and
PDGEFRs as well as some neurotrophin receptors. All the
receptor tyrosine kinase listed above and the phosphor-
ylation changes have been discussed in the epileptic
brain in the literature [120-123]. Total Src protein
expression increases in symptomatic epileptic tissues
when compared with the control group, but the expres-
sion of Src-pY416 in human symptomatic epileptic
tissues was significantly decreased. Results of the study
suggested that the decreased GluN2B phosphorylation in
human symptomatic epileptic tissues may be regulated
by the NRG1-ErbB4-Src signaling pathway [124].

Tuberculosis

Tuberculosis (TB) is an airborne infection that most often
affects lungs and may spread to other body parts. TB is
caused by Mycobacterium tuberculosis and is contagious. It
has escorted to mankind throughout the history and never
stopped to affect them. TB is still among the top 10 causes
of death pandemic around the globe. Globally, a projected
1.7 billion (23%) of the world’s population is infected with
Mycobacterium tuberculosis leading to more than 10 mil-
lion cases with TB every year. According to the report of
the WHO, around 1.5 million people died from TB. Yet,
the wide duration of therapy and the emergence of
multidrug-resistant tuberculosis (MDR-TB) have created a
supreme need to discover more selective new anti-TB drugs
for effective treatment. Chandra et al. reported that Src
plays the central character in defining cellular responses
simultaneous to infection with Mycobacterium tuberculosis.
In response, they conclude signaling events upstream from
transcriptional regulation of Src and downstream from
activated Src (pY416) would hold the key to establish the
mechanistic ability of the entire process [125]. Moreover,
studies on Src inhibition have shown a significant effect on
survival of H37Rv, MDR, and extremely drug-resistant
(XDR) strains of Mycobacterium tuberculosis. In THP-1
macrophages, Src inhibition also plays a crucial role in re-
ducing survival and can regulate TB infection in guinea pigs
[126]. Thus, Src kinase inhibitors could be established into
the host-directed anti-TB drugs.

Conclusions
Over the past few decades, role of Src kinases in
biological system has been well elucidated. Like other
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members of the kinase family, Src kinases play an im-
portant role in cancer cell proliferation, angiogenesis,
and chemoresistance. Thus, Src kinase inhibitors are
focused as therapeutic agents for the treatment of meta-
static disease. Preclinical and clinical data supports the
potential utility of Src kinase inhibitors by designing
anticancer therapeutics. Recent studies are going on to
investigate their benefit as combination regimen. In
addition, hyperactivation of Src has been evaluated as
possible target for CKD, inflammation, diabetes, epi-
lepsy, hypertension, and TB. Studies conclude signaling
events arising from the transcriptional regulation of Src
and downstream from activated Src would be the key
towards establishment of Src kinase inhibitors as diversi-
fied therapeutics.

Future studies focusing on the diversified role of Src
as potential therapeutical target for the development of
medicinally active agents might produce significant
advances in the management of not only various types
of cancer but also other diseases which are in demand
for potent and safe therapeutics.
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