
BBA - Reviews on Cancer 1876 (2021) 188631

Available online 1 October 2021
0304-419X/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Review 

A holistic view on c-Kit in cancer: Structure, signaling, pathophysiology and 
its inhibitors 

Shelly Pathania a, Olli T. Pentikäinen b, Pankaj Kumar Singh b,* 
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A B S T R A C T   

Receptor tyrosine kinases play an important role in many cellular processes, and their dysregulation leads to 
diseases, most importantly cancer. One such receptor tyrosine kinase is c-Kit, a type-III receptor tyrosine kinase, 
which is involved in various intracellular signaling pathways. The role of different mutant isoforms of c-Kit has 
been established in several types of cancers. Accordingly, promising c-Kit inhibition results have been reported 
for the treatment of different cancers (e.g., gastrointestinal stromal tumors, melanoma, acute myeloid leukemia, 
and other tumors). Therefore, lots of effort has been put to target c-Kit for the treatment of cancer. Here, we 
provide a comprehensive compilation to provide an insight into c-Kit inhibitor discovery. This compilation 
provides key information regarding the structure, signaling pathways related to c-Kit, and, more importantly, 
pharmacophores, binding modes, and SAR analysis for almost all small-molecule heterocycles reported for their 
c-Kit inhibitory activity. This work could be used as a guide in understanding the basic requirements for targeting 
c-Kit, and how the selectivity and efficacy of the molecules have been achieved till today.   

1. Introduction 

The role of receptor tyrosine kinases in normal cellular function is 
essential, but also their dysfunction is known to play an essential role in 
cancer. Accordingly, much work has been conducted on these kinases. 
Optimistically, the efforts have resulted in several FDA-approved drugs 
against different members of this family [1–7]. Humans have 58 known 
receptor tyrosine kinases, categorized into 20 subfamilies. One of the 
prominent member of this family is c-Kit, also known as stem cell growth 
factor receptor [8]. It is one of the type III receptor tyrosine kinases and 
is known to play a critical role in the occurrence and proliferation of 
cancer [9]. It is a well-known cell surface receptor that binds to its 
physiological ligand, stem cell factor (SCF), also known as c-Kit ligand, 
leading to several physiological functions, such as homeostasis and 
melanogenesis [10]. Several studies have established that pigmentation 
disorders occur in the case of functional c-Kit aberration in both humans 
and mice. Additionally, inactivating heterozygous mutations in the Kit 
gene are attributed to piebaldism, a rare autosomal disorder charac
terized by congenital patchy depigmentation of the skin. Physiologi
cally, the activation of c-Kit occurs via binding of SCF, leading to the 
homodimerization of the receptor, which results in a series of events 

involving transphosphorylation, auto-inhibitory interactions, and acti
vation of multiple downstream effectors [11]. Although the overall 
outcome of c-Kit activation depends on the nature of the involved cell, 
several effector biomolecules have been reported to be activated, such as 
MAP kinases, Src family kinases, p85 subunit of PI3K, and phospholipase 
C-gamma [12]. 

Although c-Kit is a critical mitogen for melanocytes, in melanoma, it 
has been reported to be lost during disease progression [13,14]. Some 
other studies have also proposed insignificant levels of c-Kit in most 
melanoma cell lines. In contrast, in-vitro studies suggested that c-Kit may 
have a tumor-suppressing role, at least in melanoma [15]. Supporting 
this hypothesis, melanoma xenografts having lower levels of c-Kit 
expression have displayed higher metastatic potential, whereas 
abnormal levels of c-Kit expression in KIT-deficient lines were found to 
inhibit proliferation in these cells in vivo [16]. Conversely, dysregulation 
of c-Kit, including overexpression and gain of function mutations, have 
been reported in different types of cancer, such as gastrointestinal 
stromal tumors (GISTs; in 70–80% of the cases), small-cell lung carci
nomas, and acute myeloid leukemia, exemplifying its clear oncogenic 
role [17,18]. Leukemia is one of the earliest cancers established to be 
correlated with c-Kit activating mutation [19,20]. In addition, c-Kit 
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mutations have been detected in unilateral ovarian dysgerminoma 
[21,22], melanoma [13,23], and others. Subsequent studies have dis
closed that in a majority of the cases of systemic mastocytosis and other 
hematopoietic cancers, activating mutation in c-Kit is observed [24]. 

Expectedly the use of c-Kit inhibitors has provided novel insights for 
cancer treatment [25]. It has been reported that inhibiting c-Kit via ki
nase inhibitors, such as imatinib and related analogs, is a promising 
cancer-targeting approach [26]. However, several issues have also been 
identified concerning this strategy. First and foremost, imatinib resis
tance has been observed in many instances that treatment with imatinib 
results in c-Kit mutations leading to resistance [27]. Additionally, c-Kit 
is thoroughly expressed in normal tissues of the body, such as breast 
epithelial, vascular endothelial, sweat glands, and retinal astrocytes 
[28]; thus, every c-Kit mutation cannot be contemplated as a risk factor 
for the occurrence of cancer [29]. Therefore, targeting c-Kit, when it is 
the “driver” of the tumor, seems the best feasible option for cancer 
treatment. Lots of effort has been put into the development of targeted 
small molecule heterocycles against c-Kit, highlighting the need for a 
report on the work’s current status in this direction. Appropriately, this 
work is a compilation of information about the structural attributes of 
this kinase target, its place in various signaling pathways, and various 
small molecule inhibitors developed to target c-Kit in cancer, which 
could be utilized to shape the directions of future research efforts. 

2. Structure of c-Kit 

The c-Kit receptor is encoded by a proto-oncogene present in the 
long-arm region of chromosome 4 (4q11–4q13) [30], spanning more 
than 34 kb of DNA. It maps to chromosome 12 in humans and chro
mosome 10 in the mouse and is encoded by nine exons in both humans 
and mice. The extracellular part of c-Kit is encoded by exons 2–9, while 
the transmembrane region is encoded by exon 10; the remaining exons 
encode the intracellular part of the receptor [11]. Similar to other 
members of class III of the RTK family, structurally, c-Kit consists of 
three domains: a hydrophobic transmembrane, an extracellular ligand- 
binding domain, and a cytoplasmic domain with tyrosine kinase activ
ity [31]. c-Kit presents a canonical structure with two lobes and an 
active site in their interface [32]. It consists of 976 amino acids, having a 
core protein size of around 110 kDa. The extracellular domain contains 
519 amino acid residues; the transmembrane domain consists of 23 
amino acid residues; the intracellular 433 amino acid tail contains jux
tamembrane and a tyrosine kinase domains connected by roughly 80 
amino acid residues. Four c-Kit isoforms have been reported in humans; 

two isoforms have been reported in mice due to alternative mRNA 
splicing that encodes c-Kit. In both humans and mice, two of these iso
forms differ from each other by the presence or absence of a tetra- 
peptide sequence (GNNK) in the extracellular juxtamembrane region 
of the encoded protein. An additional splice variant that differs by the 
presence or absence of a single serine residue in the kinase insert region 
of c-Kit also exists [11,33]. 

As the small molecule inhibitors are designed by focusing on the 
kinase domain, we will highlight its key structural attributes. The active 
site in c-Kit centers around the bound Mg2+ ion and ADP, which lies in 
the cleft between the N- and C-lobes. The bound conformation of ADP 
evidences that the adenine core resides in the hydrophobic pocket, 
forming H-bonds with Cys673 and Glu671 (Fig. 1). Additionally, the 
ribose sugar interacts with Asp677 and Arg796. Similar to the generally 
observed kinase fold, the kinase domain of c-Kit also folds with a COOH- 
terminal and NH2-terminal lobe having the active site in the interface 
[34]. Further, a juxtamembrane domain is situated between COOH- and 
NH2 -terminal lobes of the kinase domain. In the inactive state, the 
juxtamembrane region forms a hairpin loop that inserts into the active 
site and disrupts the regulatory process, suppressing its kinase activity 
and thereby acting as an autoinhibitory regulatory domain [35]. 
Moreover, in the inactive conformation, the Tyr823 present in the 
activation loop interacts with Asp792 in the active site, indicating a 
pseudo-substrate function. Upon binding of the physiological ligand 
(SCF), dimerization occurs, which leads to transphosphorylation. 
Tyr568 and Tyr570 of this juxtamembrane domain are phosphorylated, 
which in turn reorient the juxtamembrane domain, relieving it of its 
autoinhibitory conformation, which it acquires in an inactive state 
facilitating its catalytic function [36,37]. All these structural features 
establish the juxtamembrane domain as a critical regulatory feature. 
Another key observation is that in the active conformation of kinase 
structure, the Tyr823 of the activation loop is not phosphorylated, which 
agrees with another work disclosing that Y823F mutation does not 
impact kinase activity in c-Kit [38]. In the activation process of c-Kit, as 
studied by DiNitto et al., Tyr568 and Tyr570 in the juxtamembrane 
region are the first ones to be phosphorylated, followed by kinase insert; 
in contrast, the activation loop is phosphorylated near the end of the 
process [39]. Some of these phosphorylation sites in the juxtamembrane 
region of c-Kit, including Tyr547, Tyr553, Tyr568, Tyr570, Tyr703, 
Tyr721, Tyr730, Tyr823, Tyr900, and Tyr936, with SH2 (Src homology 
2) domains, form docking sites for signaling molecules initiating 
signaling pathways. There are three distinct binding sites reported in 
binding pockets of c-Kit. There is one present in the first 

Fig. 1. 3-D structure of c-Kit along with the interaction diagram of ADP within the ATP-pocket.  
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immunoglobulin-like (Ig-like) domain, which consists of Asp72, Glu73, 
and Thr74, which interacts with the growth factor. Another is present in 
the second Ig-like domain that extends onto the linker region, which 
consists of Arg122, Ser123, Tyr125, Arg181, Ile201, Lys203, Arg205, 
and Glu198. The last is in the third Ig-like domain, consisting of Ser240, 
Ser241, Val242, Ser244, Tyr259, Asp260, Ser261, Trp262, His263, and 
Thr269 [40]. 

3. Physiological functions of c-Kit 

c-Kit is a prominent component of cellular signaling in stem cells, 
where physiologically, it is involved in the crucial functions of cell 
maintenance and differentiation [41]. Prominent expression of c-Kit has 
been observed in stem cells, progenitor cells, and other cells with self- 
renewal potency [8]. It has been shown that c-Kit is present in he
matopoietic cells, a stem cell type that divides asymmetrically and dif
ferentiates into various kinds of hematopoietic cell lineages (e.g., 
macrophages, neutrophils, basophils, eosinophils, erythrocytes, T-cells, 
and B-cells) [42]. The levels of c-Kit expression are significant in the 
original hematopoietic cells; it diminishes after the differentiation step. 
Accordingly, although blood cells maintain proliferation upon differ
entiation, they lose the stemness and self-renewal ability [43]. Studies 
report that <1% of peripheral blood cells show expression of c-Kit, 
indicating its minimal role in differentiated blood cells. Another type of 
cell showing high expression of c-Kit includes mast cells. Upon complete 
differentiation, these cells rely on c-Kit-dependent signaling for survival, 
function, and growth [44]. Similarly, c-Kit is also involved in main
taining the immune system in adult animals. Germ cells, a type of pro
genitor cell, are also affected by c-Kit expression. Reports have disclosed 
the protective action of c-Kit mutations, via PI3K (phosphatidylinositide- 
3′-kinase)/AKT (Protein kinase B) pathway, on the germ cells towards 
apoptosis, followed by initiation of migration and proliferation [45]. 
Both over and underexpression of c-Kit have been reported problematic 
in mice, with overexpression leading to inactivation of PI3K, resulting in 
infertility [46] and underexpression leading to migration of melanocytes 
to the dermis causing pigmentation [47]. Furthermore, c-Kit is also 
involved in the normal functioning of cellular systems in the digestive 
and nervous systems. Studies have established the role of c-Kit in the 
development and function of interstitial cells of Cajal (ICC). With loss-of- 
function mutations in mice causing depletion of ICC, resulting in dis
eases such as slow transit constipation [48]. The expression of c-Kit in 
neuro-proliferative cells and its role in their development and function 
has also been reported. Especially in cases of injuries to the brain, c-Kit 
signaling plays a vital role in the migration of neural stem cells [49]. The 
role of c-Kit is also established in the functioning of cardiac stem cells 
(CSC). Several studies have reported that c-Kit+ CSC cells, bona fide stem 
cells, improve the cardiac function and attenuate adverse left ventricular 
(LV) remodeling in both ischemic and non-ischemic cardiomyopathy 
[50]. c-Kit+ CSC cells are also involved in several cardiovascular dis
eases, including acute myocardial infarction (AMI), ischemia/reperfu
sion (I/R) injury, chronic heart failure (CH), diabetic cardiomyopathy, 
aging myopathy, congenital heart disease (CHD), and anthracycline- 
induced cardiomyopathy [51,52]. Importantly, it has been suggested 
that imatinib, a well-known c-Kit inhibitor, is cardiotoxic and can lead to 
severe left ventricular dysfunction and heart failure, indicating car
diotoxicity risk with other c-Kit inhibitors as well [53]. Accordingly, a 
wide range of physiological functions dependent on the expression and 
proper functioning of c-Kit and loss of which can lead to several defects 
have been established [11]. 

4. c-Kit as a member of different signaling pathways 

c-Kit participates in the signal transduction through different intra
cellular pathways (Table 1): 

4.1. PI3K pathway 

c-Kit, upon binding of SCF, is involved in the activation of the PI3K 
pathway, which involves phosphorylation of inositol core of the lipids in 
the cell membrane via PI3K [54]. PI3K activation occurs directly by 
binding to Tyr721 in c-Kit and indirectly by binding to GAB2, a tyrosine- 
phosphorylated adaptor protein phosphorylated through Grb2- 
dependent recruitment to the receptor followed by Src-mediated phos
phorylation. As GAB2 expression differs between cell types, and it in
teracts differently with different isoforms of c-Kit, indirect activation 
allows for increased complexity. This phosphorylation leads to an in
crease in negative electric potential across the lipid, resulting in an 
interaction between PIP3 and pleckstrin homology (PH) domain- 
containing proteins. Consequently, the PH domain protein activates 
AKT, which is crucial for the apoptosis ability of SCF [55]. Activated Akt 
promotes cell survival in different ways, including phosphorylation of 
Bad and Foxo and the activation of nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-ĸB). Bad, a protein involved in the 
control of cytochrome c release from the mitochondria, heterodimerizes, 
thereby neutralizing the anti-apoptotic proteins Bcl-XL or Bcl-2 in the 
absence of survival signals. Bcl-XL antagonizes the pro-apoptotic Bax 
protein-blocking cytochrome c release and consequently apoptosis. In 
addition, PI3K also plays an essential function in SCF-induced prolifer
ation, regulation of the actin cytoskeleton, cell growth, and tumorige
nicity (Fig. 2) [56]. 

4.2. MAPK pathway 

The other signaling pathway stimulated by c-Kit is the mitogen- 
activated protein kinase (MAPK) pathway [57]. c-Kit in this signaling 
pathway recruits Sos (guanine exchange factor) to the small Ras GTPase 
(a GTP to GDP converter), which binds to Ras, the first member of the 
MAPK signaling pathway, resulting in a conformational change in RAS 
that allows it to interact with its downstream effectors [58]. Interest
ingly in c-Kit, Tyr703 and Tyr936 are primarily responsible for the direct 
interaction with the stable complex of Sos [59]. Sos exists in a complex 
with Grb2, which, in turn, associates via its SH2 domain with protein 
tyrosine phosphatase SHP-2, a downstream signal transduction mole
cule. Upon activation of Ras, the downstream effector Raf, a serine/ 
threonine kinase, is translocated to the plasma membrane, where it 
activates via phosphorylation and de-phosphorylation. The next member 
of the pathway, MEK, is phosphorylated and activated via Raf, followed 
by activation of ERK, resulting in altered gene expression and protein 
activity (Fig. 2) [60,61]. Activated ERKs dimerize and translocate to the 
nucleus; downstream ERK1/2 proteins include transcription factors, 
such as c-Fos and Elk-1, while cytoplasmic substrates include Rsk. 
Interestingly some studies have disclosed a critical role of SFKs in ERK1/ 
2 activation, revealing a cross-talk mechanism between the different 
downstream signaling pathways of c-Kit. 

4.3. Src family kinase 

Another signaling pathway that c-Kit executes its physiological 

Table 1 
List of details regarding c-Kit downstream signaling pathways.  

S. 
No. 

Signaling 
pathway 

Location Functional outcome 

1. PI3K pathway Fibroblast cells and 
hematopoietic cells 

Cellular survival and 
proliferation 

2. JAK/STAT 
pathway 

Hematopoietic cells Activate transcription of a 
variety of genes 

3. Src family kinase 
pathway 

Hematopoietic 
progenitor cells 

Chemotaxis and 
proliferation 

4. MAPK pathway Hematopoietic cells Gene transcription, cell 
differentiation  
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action is the Src family kinases (SFKs) [58]. These are cytoplasmic 
tyrosine kinases and are involved in various vital cellular functions. One 
study involving phenotypic analysis on mutant c-Kit mice revealed that 
SFKs are prominently involved in c-Kit signaling in the lymphocytes 
[62]. Upon phosphorylation, Tyr568 and Tyr-570 of c-Kit interact with 
the SH2 domain in SFK, resulting in the opening of the structure and 
increased catalytic activity. It is considered that phosphatase SHP2 also 
plays an important role in this pathway by de-phosphorylating PAG (a 
transmembrane protein) and blocking Csk (a negative SFK regulator) 
recruitment. Upon activation, SFK has been reported to be involved in 
several signaling pathways. SFK signaling has been implicated in pro
moting cell migration via phosphorylation of FAK, which regulates focal 
adhesions. It has also been suggested that activation of SFK is involved in 
p38 MAPK activation and Ca2+ influx, which promote ERK1/2 activa
tion and cell migration. Although the role of SFKs in c-Kit internalization 
and their activation via c-Kit has been established, the exact function of 
this activation in the pathway is not known [63]. SFKs play a vital role in 

SCF-induced chemotaxis and proliferation in primary hematopoietic 
progenitor cells. Furthermore, it has been demonstrated that SFKs affect 
the downstream pathways of c-Kit; any failure in the SFK signaling 
pathway results in severe complications, such as pigmentation, spleno
megaly, and improper mast cell development (Fig. 2) [64]. 

4.4. JAK/STAT pathway 

Another signaling pathway involving activation via c-Kit is the JAK/ 
STAT pathway. Downstream of JAKs are the signal transducers and 
activators of transcription (STATs). c-Kit results in the permanent 
phosphorylation of all three, STAT1, STAT3, and STAT5, proteins with 
transcriptional activity [65]. The phosphorylation could be either 
intrinsic or by the receptor-associated JAK tyrosine kinase. STATs, a 
class of transcription factors, possess DNA-binding domains, an SH2 
domain, and a trans-activating domain. Upon phosphorylation, STATs 
dimerize through phospho-tyrosine interaction within their SH2 
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Fig. 2. The layout of different signaling pathways involving c-Kit (MAPK, JAK/STAT, PI3K, and Src kinase pathways).  
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domains and then translocate to the nucleus, where they regulate gene 
expression. It has been suggested that JAK2 is activated downstream of 
c-Kit and not JAK3. It has also been reported that JAK2 is also required 
to differentiate c-Kit+ progenitor cells into mast cells. Overall, the in
fluence of c-Kit on the activation and molecular functions of the above- 
mentioned signaling pathways and cellular proteins varies considerably 
depending on the nature of the involved cells. More often than not, c-Kit 
functions in close coordination with other growth factors and cytokines 
(Fig. 2) [66]. 

5. Pathophysiological role: c-Kit and cancers 

As discussed above, c-Kit is involved in several cellular functions, 
such as proliferation; expectedly, several studies have correlated dys
regulation in c-Kit functions with different types of cancer [67]. Such 
dysregulations may occur for multiple reasons, including gain-of- 
function or loss-of-function mutations, other point mutations, etc. One 
of the initial studies disclosing the role of c-Kit in cancer identified it as a 
retroviral oncogene. To date, the role of c-Kit based on overexpression or 
mutations has been established in several cancers, including melanoma, 
thyroid carcinoma, and breast cancer [68,69]. More specifically, an 
activating mutation L576P in c-Kit is reported to be responsible for a 
small subset of metastatic melanoma cases [70]. In some GIST cases, 
other activating mutations such as D816V and V560G are considered the 
cause of tumorigenesis, and expectedly c-Kit inhibition by imatinib has 
been found to increase patient survival by 70%–80% after two years 
[71]. As in GIST, similar activating mutations, including V560G in the 
juxtamembrane region and D816V in the tyrosine kinase domain, are 
also detected and held responsible in mast cell leukemia (Table 2) 
[72,73]. 

Furthermore, mutations in c-Kit are also observed in the proliferating 
cases of systemic mastocytosis. Essentially, such mutations lead to 
induced c-Kit dimerization and eventually result in the activation of 
kinase domains. While the mutations on the kinase domain include the 
replacement of aspartic acid residues with asparagine, tyrosine, or his
tidine residues, resulting in ligand-independent activation [74]. The 
outcome of these mutations depends on the signaling pathway activated 
by the c-Kit—however, other types of cancer are caused by over
expression of c-Kit and its physiological ligand [11]. The most common 
ones involving overexpression of c-Kit include colorectal carcinoma, 
small-cell lung carcinoma, neuroblastoma, and malignant mesothelioma 

[74]. Expectedly several molecules have been designed to target c-Kit, 
but most of them are multi-targeting inhibitors. Almost all the FDA- 
approved drugs targeting c-Kit are also multi-targeting kinase in
hibitors. Although selective inhibition of c-Kit is extremely challenging, 
it offers improved efficacy in the cancer cases with c-Kit mutations as the 
“driver” (e.g., GISTs). Alternatively, multi-target c-Kit inhibitors are 
helpful in cases of uncontrolled proliferation, having other kinases, such 
as AML, at play [75]. Therefore, the impact of selective inhibition of c- 
Kit greatly depends on the complex pathophysiology and nature of the 
tumors. 

6. Inhibitors of c-Kit as anti-cancer agents (Table 3) 

In 2011, Patel et al. reported design, synthesis, and evaluation of 
pyridyl and phenyl analogs of OSI-930, a reported dual inhibitor of c-Kit 
and KDR (kinase insert domain receptor) [76], to better understand the 
binding site characteristics. The study revealed that compound 1, an 
aminopyridyl derivative, showed 91% inhibition of c-Kit at 10 μM with 
weak inhibition of other kinases (Fig. 3). The inhibitory data of the 
compounds highlighted the importance of the H-bond acceptor in the 
core of OSI-930 [76]. Compounds with similar structural features as OSI- 
930, except for the pyridyl nitrogen atom, showed weaker inhibition of 
c-Kit. While p-hydroxy derivative, which could mimic the H-bond 
acceptor of OSI-930, showed improved activity compared to derivatives 
without the H-bond acceptor feature, it is still a weaker inhibitor than 
OSI-930 [77]. 

In 2011, Davies et al. explored the diaminotriazole scaffold for the 
development of potent and selective dual inhibitors of FLT3/c-Kit for the 
management of AML (Acute Myeloid Leukemia). Out of all, compound 2 
showed potent and selective enzymatic and cell-based inhibitory po
tential against both c-Kit and FLT3. The design of these compounds was 
based on mimicking the flat, hydrophobic nature of the adenine pocket 
(Fig. 4). The selectivity of designed compounds was attributed to their 
steric interaction with Cys695, which is present in both FLT3 and c-Kit, 
while other kinases have proline in the structurally equivalent position. 
Compound 2 was also found to be cytotoxic against cancer cell lines such 
as MV-411, having the expression of c-Kit and FLT3, with IC50 between 1 
and 5 nM. The most potent compound also showed strong efficacy 
against the Ba/F3-FLT3-ITD leukemia mouse model with a good phar
macokinetic profile [78]. In the same year, Heidary et al. reported the 
>100-fold selectivity of 2 (VX-322), a low nanomolar inhibitor of FLT3 
and c-Kit, against the other kinases such as PDGFR-β and FMS. More 
importantly, 2 also showed an improved pharmacokinetic profile over 
other compounds of the pool with only a 5-fold shift in potency in the 
presence of 20% human serum. The study also indicated that compounds 
with dual inhibitory potency fared better against primary AML patient 
blast cells than single kinase inhibitors. Overall, 2 provided an improved 
pharmacological and selectivity profile for the treatment of AML [79]. 

In 2012, Almerico et al. attempted to establish the correlation be
tween structural features and inhibitory activity for c-kit inhibitors 
employing 3D-QSAR pharmacophore modeling. In the study, a phar
macophore model containing one H-bond donor feature with four aro
matic features was generated and validated. The volume occlusion maps 
indicated that inhibitory potential is correlated with the donor atoms in 
the aromatic rings of the core, which form the H-bond interaction within 
the catalytic domain. Test set prediction and the screening of active 
inhibitors from a known database were performed to validate the ob
tained model. Overall, the generated model might be utilized to screen 
more potent c-Kit inhibitors from query databases [80]. 

In 2013, Duveau et al. synthesized analogs of nilotinib to investigate 
the effects of trifluoromethyl substituent on its pharmacological profile. 
They substituted trifluoromethyl position with fluorine substituent, 
methyl substituent, and kept unsubstituted. Binding pocket analysis 
disclosed that in the case of trifluoromethyl (nilotinib) and methyl (3), 
the compounds fit tightly in the pocket of Abl. While in the case of c-Kit, 
due to the presence of a larger hydrophobic pocket, all mentioned 

Table 2 
List of c-Kit mutations reported for their role in different types of cancer.  

S. 
No. 

c-Kit 
mutation 

Impact Protein 
effect 

Related cancer 

1. E490K Missense Unknown Thymic Carcinoma 
2. W557R Missense Unknown Thymic Carcinoma, Melanoma 
3. V559A Missense Gain of 

function 
Thymic Carcinoma, 
Gastrointestinal stromal tumor, 
Melanoma 

4. V560del Deletion Gain of 
function 

Thymic Carcinoma, Melanoma, 
Gastrointestinal stromal tumor 

5. V560G Missense Gain of 
function 

Gastrointestinal stromal tumor, 
Mastocytosis 

6. L576P Missense Gain of 
function 

Thymic Carcinoma, Melanoma 

7. K642E Missense Gain of 
function 

Melanoma, Gastrointestinal 
stromal tumor, acute 
lymphoblastic leukemia 

8. V654A Missense Unknown Melanoma 
9. D816H Missense Gain of 

function 
Melanoma, Acute Myelogenous 
Leukemia 

10 D816V Missense Gain of 
function 

Melanoma, Gastrointestinal 
stromal tumor, Mastocytosis, 
Acute Myelogenous Leukemia 

11. D820E Missense Unknown Thymic Carcinoma, 
12. A829P Missense Gain of 

function 
Melanoma, Gastrointestinal 
stromal tumor  
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Table 3 
List of c-Kit inhibitors currently developed along with the type of cancer cell line or animal models of cancer employed.  

S. 
No. 

Compound 
IDa 

2D structure Cell line/animal model used IC50 against c-Kit 

1. 1 b 
91% inhibition at 
10 μM 

2. 2 MV-411 cell line, 
Ba/F3-FLT3-ITD leukemia mouse model 

1 nM 

3. 3 b 
54.94 nM 

4. 4 b 
9.96 nM 

5. 5 BXPC-3, T24, BGC, HEPG2, and HT29 cell lines 2.4 nM 

6. 6 b 
40 nM 

7. 7 b 
71 nM 

8. 8 PC3, HT29, and MCF7 cell lines 9 nM 

9. 9 b 
1 nM 

10. 10 MCL cell line 138 nM 

(continued on next page) 
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Table 3 (continued ) 

S. 
No. 

Compound 
IDa 

2D structure Cell line/animal model used IC50 against c-Kit 

11. 11 HMC-1.2 cell lines (V560G, D816V), 346 nM 

12. 12 HMC-1.2 cell lines (V560G, D816V), 2.1 nM 

13. 13 b 
1.6 nM 

14. 14 GIST-882, GIST-48B, K562, KU812, MEG-01, MV4-11 and HL-60 cell 
lines 

99 nM 

15. 15 GIST-882, GIST-48B, K562, KU812, MEG-01, MV4-11 and HL-60 cell 
lines 

33 nM 

16. 16 K562 and GIST-T1 cell lines 75 nM 

17. 17 Bleomycin (BLM)-induced mouse pulmonary fibrosis model 10 nM 

18. 18 GIST-T1, GIST-882 cell lines and BaF3-TEL-cKIT-T670I isogenic cell 
inoculated xenograft mouse model 

35 nM 

(continued on next page) 
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Table 3 (continued ) 

S. 
No. 

Compound 
IDa 

2D structure Cell line/animal model used IC50 against c-Kit 

19. 19 GIST-T1, GIST-882 cell lines and BaF3-TEL-cKIT-T670I isogenic cell 
inoculated xenograft mouse model 

2.4 nM 

20. 21 A panel of Ba/F3 cell lines and mouse allograft tumor models using Ba/ 
F3 lines 

16 nM 

21. 22 fibroblast-like synoviocytes and mouse bone marrow-derived mast cells 18.6 μM 

22. 23 GIST882, GIST430, GIST48 cell lines and GIST430 xenograft mouse 
models 

82 nM 

23. 26 GIST-T1, GIST-882 and GIST-T1-T670I cell lines 108 nM 

24. 27 GIST-T1, GIST-882 and GIST-T1-T670I cell lines 44 nM 

25. 28 b 
8.5 nM 

26. 29 BaF3- tel-c-Kit, BaF3-tel-c-Kit-T670I, GIST-T1, GIST-882, GIST-T1- 
T670I, GIST-5R and GIST-48B cell lines 

4 nM 

(continued on next page) 
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derivatives fit well in the catalytic domain. However, due to the in
teractions with the juxtamembrane domain, compound 4 with fluorine 
showed a high binding affinity towards c-Kit (Fig. 5). This particular 
observation highlighted the possibility of optimizing the selectivity of 
the compounds towards specific members of a highly related class of 
kinases. In this case, a small substitution from methyl to fluorine in
creases affinity for the compound towards c-Kit allowed fine-tuning of 
the activity profile of the kinase inhibitors [81]. 

In 2013, Ding et al. designed and synthesized 3-pyrrolo[b]cyclo
hexylene-2-dihydroindolinone derivatives. Expectedly, the compounds 
were found to possess significant inhibitory activity against multiple 
kinases, including VEGFR-2, PDGFR-ß, and c-Kit. The SAR analysis 
highlighted that the structural modifications on the phenyl ring of 

indolin-2-ones altered the potency of the compounds significantly 
(Fig. 6). Out of all, compound 5 exhibited significant inhibitory potential 
against all target kinases. Molecular modeling analysis of the most 
potent compound revealed the significance of indolin-2-one core in 
maintaining H-bonds interactions in the ATP binding site. The designed 
compounds also possessed good anti-proliferative potential against 
several cancer cell lines such as BGC, HEPG2, and HT29 [82]. 

In 2014, Qi et al. designed and synthesized analogs of pazopanib by 
substituting terminal benzene and indazole rings of pazopanib as multi- 
targeting kinase (VEGFR-2, PDGFR-α and c-Kit) inhibitors. SAR analysis 
indicated a correlation between the kinase inhibitory potential of the 
compounds and electronic and steric effects of the substituents in the 
analogs. Out of all, in comparison to pazopanib, compound 6 exhibited 

Table 3 (continued ) 

S. 
No. 

Compound 
IDa 

2D structure Cell line/animal model used IC50 against c-Kit 

27. 30 GIST-T1, MOLM-13, GIST882, GIST48, GIST430 cell lines and GIST430 
xenograft mice models 

56 nM 

28. 37 A375, SK-Mel-28, A431 and UWBCC1 cell lines 90 nM  

a Compound ID as per discussion in this paper. 
b Only in-vitro enzymatic data against c-Kit was available for these molecules. 

Fig. 3. The pharmacophoric description along with SAR analysis of compound 1 for c-Kit inhibitory activity.  

Fig. 4. The pharmacophoric description along with SAR analysis of compound 
2 for c-Kit inhibitory activity. 

Fig. 5. The pharmacophoric description along with SAR analysis of compounds 
3 and 4 for c-Kit inhibitory activity. 
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superior inhibitory potential against all target kinases (Fig. 7). Addi
tionally, compound 7 also showed sub-nanomolar range inhibitory po
tential against c-kit kinase, highlighting that the core of pazopanib with 
substituents of altered electronic potential impacts their binding affinity 
for c-Kit [83]. 

In 2014, Ravez et al. evaluated the multi-kinase inhibitory potential 
of 7-aminoalkoxy-4-aryloxy-quinazoline urea derivatives against 
VEGFR, PDGFR-β, and c-Kit. SAR analysis indicated that inserting a 
basic side chain in the methoxy group (diethylaminoalkoxy, piper
idinoalkoxy, or pyrrolidinoalkoxy) at the 7th position of the quinazoline 
nucleus improves the kinase inhibitory potential of the synthesized 
compounds (Fig. 8). A significant improvement in the anti-proliferative 
potential was observed with selectivity towards cancer cell lines (PC3, 
HT29, and MCF7) over normal cells. Out of all, compound 8 showed 
potent anti-proliferative potential and better inhibition of endothelial 
cell invasion in comparison to the reference [84]. Next year, in 2015, the 
same group reported the discovery of selective and potent c-Kit in
hibitors with preliminary biological evaluation. They developed a li
brary of thieno and tetrahydrobenzothieno-pyrimidines and evaluated 
their multi-kinase inhibitory potential. Interestingly, it was observed 
that the 4-aryloxy derivatives have multi-kinase (VEGFR, PDGFR-β, and 
c-Kit) inhibitory potential while aniline analogs were found to be highly 
selective and potent inhibitors of c-Kit with nanomolar range IC50 values 
(Fig. 8). Out of all, the most potent compound, 9, was found to possess 
selective c-Kit inhibitory potential with c-Kit IC50 = 1 nM. This lead 
molecule provided a novel architecture for the development of c-Kit 
inhibitors; however, initial results on cancer cell lines showed low in
hibitions, highlighting the need to optimize the pharmacokinetic profile 
of the lead molecule [85]. 

In 2014, Jin et al. disclosed the identification of a kinase inhibitor, 
126,332 (10), with the potential to inhibit cell proliferation in cells with 
imatinib-resistant KIT mutation (Fig. 9). It is claimed to act via blockade 
of KIT phosphorylation and its downstream signaling. 126,332 was also 
found to inhibit proliferation in cells with c-Kit having D816V mutation. 

Interestingly, 126,332 showed equal levels of apoptosis in both 
imatinib-resistant and -sensitive cells. It also induced apoptosis in MCL 
cells, whereby decreased levels of apoptosis-related proteins regulated 
by transcriptional factor Stat3 and Stat5, were observed [29]. Along 
with inhibition of c-Kit activity, they also reported decreased levels of 
both nuclear and cytosolic β-catenin, which are known to be down
regulated upon silencing KIT [86]. 

In the same year, Lee et al. worked on tailoring a 7-azaindole-based 
hit (11) by following a structure-based de novo designing approach to 
target D816V mutant c-Kit. SAR analysis of the tailored compounds 
revealed that 7-azaindole derivatives having a 3,4-dimethoxybenzene 
ring at 3rd position with a polar aromatic ring at 5th position results 
in potent and selective c-Kit inhibitors with D816V mutation, with some 
even being in the nanomolar range (Fig. 10). The compounds were also 
found to possess 100-fold higher potency against mutant in comparison 
to wild-type c-Kit. Further, in-silico-assisted decomposition analysis 
revealed that decreasing the desolvation cost involved in the complex
ation of these molecules within the catalytic domain of c-Kit may 
improve their binding affinity and, in turn, improve their potency. Upon 
further experimental validation, out of all, four compounds were found 
to inhibit cell proliferation in imatinib-resistant cells in sub-micromolar 
concentrations. Out of all, compound 12 was also found to possess the 
most potent anti-cancer activity in imatinib-resistant cells [87]. 
Continuing their work, the same group in the same year studied the 
inhibitory activity and high selectivity of 7-azaindole-based molecules 
against D816V mutant c-Kit. Building on the previous work, they 
modified the scoring function taking into account the effects of ligand 
solvation on protein-ligand association and selected the hits with good 
binding affinity scores. The designed 7-azaindoles were synthesized and 
subjected to biological evaluation, which other than reiterating the 
previously known fact that 7-azaindole derivatives with a 3,4-dimethox
ybenzene ring at 3rd position and a polar aromatic ring at 5th position 
are potent D816V mutant c-Kit inhibitors, also disclosed the critical role 
of the bidentate H-bond between the 7-azaindole moiety and Cys673 of 
the catalytic domain of c-Kit. Dynamic stability of this interaction was 
found to be directly correlated with the binding affinity of the designed 
molecules (Fig. 10). Out of all, compound 13 was most potent and can be 
considered a lead structure, specifically to inhibit the D816V mutant c- 
Kit [88]. 

In 2015, Chaudhari and Bari developed a pharmacophore and 3D 
QSAR model for c-Kit inhibitory activity via a series of indolin-2-one 
derivatives with well-defined c-Kit inhibitory activity. The generated 
pharmacophore model consisted of five features, including two aromatic 
ring features, one hydrophobic feature, one H-bond acceptor feature, 
and one H-bond donor feature. The statistical validation of the model 
indicated it to be robust and significant with R2 = 0.9378 and Q2 =

0.7832. External validation (Y-randomization and ‘goodness-of-hits’ 
approach) further improved the confidence in the predictive power of 
the model. Pharmacophore model validation was followed by molecular 
docking experiments, which indicated a significant correlation between 
the results of molecular docking and the developed model. It also 
highlighted the significance of H-bond interactions with Cys673 and 
Glu671 for the binding affinity in the catalytic domain of c-Kit. Finally, 
virtual screening of the ZINC database was performed utilizing the 
generated pharmacophore model and molecular docking experiments, 
which led to the selection of five hits with putative c-Kit inhibitory ac
tivity. The predicted ADME profile of the hits was also in the acceptable 
range [89]. 

In 2016, Wang et al. explored imatinib’s core to design hybrid type II 
inhibitors, consequently leading to the discovery of selective c-Kit in
hibitor, 14. Imatinib is known to have activity against ABL kinase; 
however, 14 did not show any ABL kinase inhibitory activity. SAR 
analysis indicated that terminal pyridine was responsible for selectively 
retaining c-Kit activity over ABL. Also, incorporation of methyl sub
stituent at the 4th position of the benzene enhanced 6-fold c-Kit activity 
(Fig. 11). Additionally, 14 was devoid of any FLT3 kinase inhibitory 

Fig. 6. The pharmacophoric description along with SAR analysis of compound 
5 for c-Kit inhibitory activity. 

Fig. 7. The pharmacophoric description along with SAR analysis of compounds 
6 and 7 for c-Kit inhibitory activity. 
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activity; however, detailed screening showed its inhibitory potential 
against DDR1, PDGFRβ, and CSF1-R kinase. Molecular docking analysis 
of 14 in the catalytic domain of c-Kit showed a typical type II binding 
mode (DFG motif out). Differently from imatinib, 14 showed H-bond 
between terminal pyridine and piperidine with Cys673 in the hinge 
binding area. Further, the cell proliferation assays indicated that 14 
showed potent inhibition of cell proliferation in c-Kit-dependent GISTs 
cancer cells. It is also worth mentioning that in the rat models, 14 
showed an acceptable pharmacokinetic profile [90]. 

Similarly, in 2016, Li et al. attempted to discover quinoline-based 
type II inhibitors of c-Kit to manage c-Kit-expressed GIST. The study 
identified compound 15, which showed potent inhibitory potential in 
both wild-type c-Kit and T670I-mutant c-Kit expressing GIST cancer 
cells. SAR analysis disclosed that increasing the substituent size coupled 
to urea moiety by using N-(piperidin-4-ylmethyl)propionamide leads to 
improved activity against wild type c-Kit while retaining activity against 
T670I mutant c-Kit (Fig. 12). Further, molecular modeling analysis 
revealed that 15 formed required interactions in the catalytic domain of 
c-Kit, including H-bond with Cys673, Glu640, and Asp810. More 
importantly, in the case of T670I mutant c-Kit, the O-bridged phenyl 
ring of 15 orients in such a manner that it provides enough room for the 
bulky isoleucine, expectedly resulting in its potency against T670I 
mutant [91,92]. 

In 2016, Wang et al. attempted to design type II c-Kit inhibitors via a 
hybrid structure-based drug design approach. The study led to the 
identification of compound 16 having credible potency against BCR-ABL 
and c-Kit. SAR analysis revealed that the 4-methylnicotinoyl group im
parts both selectivity window and improved potency to 16 (Fig. 13). 
Molecular modeling analysis revealed that 16 orients distinctly in the 
hinge region with amide oxygen serving as the H-bond donor. Detailed 
biological experiments suggested that 16 also inhibits other kinases in 
the pool, including VEGFR, PDGFRα/β, and CSF1-R kinases. More 

Fig. 8. The pharmacophoric description along with SAR analysis of compounds 8 and 9 for c-Kit inhibitory activity.  

Fig. 9. Pharmacophoric description of compound 10 for c-Kit inhibi
tory activity. 

Fig. 10. The pharmacophoric description along with SAR analysis of compounds 11, 12, and 13 for c-Kit inhibitory activity.  
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importantly, 16 did not show any significant activity against different 
mutants (V654A, D816V) of c- KIT mutants [91]. 

In 2016, Park et al. virtually screened 40,000 natural product mol
ecules against wild type and D816V mutant c-Kit using molecular 
docking analysis. Following the screening protocol, they collected the 
top 100 hits separately for both the targets and found that 37 molecules 
were common in both sets. Further, the common 37 molecules were 
subjected to experimental validation for their inhibitory potential 
against both wild-type and D816V mutant c-Kit. This protocol led to the 
identification of four natural product-based molecules as dual inhibitors 
of both wild type and D816V mutant of c-Kit (Fig. 14). Molecular 
docking analysis revealed that the top compounds orient themselves 
similarly in the ATP-binding pocket of both targets. Expectedly polar 
moieties on the fused aromatic ring systems form the essential H-bonds 
with Cys673 [93]. 

In 2017, Huang et al. reported the development of indolinone-based 
multi-kinase inhibitors for the management of idiopathic pulmonary 
fibrosis (IPF). In the study, a shape-based scaffold hopping approach was 
followed whereby they converted the amino aryl ring of nintedanib to 
dihydroindole nucleus, eventually resulting in compound 17, the most 
potent member of the series. SAR studies suggested that the terminal 
morpholine ring as amine tail improved the potency (Fig. 15). In addi
tion to c-Kit, compound 17 was also found to inhibit PDGFR and RET 
kinase. Further, the pharmacokinetic profile of 17 was found to be 

favorable for further development [94]. 
In 2017, Lu et al. reported lead optimization of a multi-kinase in

hibitor, 18 (Linifanib), leading to the design and synthesis of 3- 
substituted-pyrazolo[3,4-b]pyridine based c-Kit/PDGFRα inhibitor, 

Fig. 11. The pharmacophoric description along with SAR analysis of com
pound 14 for c-Kit inhibitory activity. 

Fig. 12. The pharmacophoric description along with SAR analysis of compound 15 for c-Kit inhibitory activity.  

Fig. 13. The pharmacophoric description along with SAR analysis of com
pound 16 for c-Kit inhibitory activity. 

Fig. 14. 2-D structures of natural product compounds reported possessing c-Kit 
inhibitory activity. 
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shifting activity spectrum from VEGFR/PDGFR. SAR analysis revealed 
that the 3-methyl-pyrazolo[3,4-b] pyridine core is important for the c- 
Kit/ PDGFRα dual inhibitory activity. Additionally, the terminal amines 
were also found to be well correlated with the activity. Out of all, the 
most potent compound, 19 showed nanomolar range activity against c- 
Kit with an IC50 value of 2.4 nM (Fig. 16). Further in-vitro evaluation 
disclosed that 19 showed potency against various cancer cell lines, 
including GIST-882 cells, while it showed no activity against BCR-ABL 
driven CML cell lines. Moreover, 19 showed no toxicity against 
normal cell lines with almost no hERG inhibitory activity, suggesting it 
possesses a good safety profile [95]. 

In 2018, Kettle et al. reported the identification of quinazoline-based 
type II mutant c-Kit inhibitors. In the current work, Kettle et al. utilized 
the lead molecule AZD2932 (20), which they identified in their previous 
work as VEGFR-2 and PDGFR inhibitor and explored the possibility of 
designing a c-Kit inhibitor using its core. Incorporating different sub
stituents led to the identification of some potent inhibitors of c-Kit. SAR 
analysis revealed that the presence of the fluoro group at C-5 of the core 
improved potency. Similarly, the presence of the methoxyethoxy group 
at C-7 resulted in the optimization of potency against mutant c-Kit 
(Fig. 17). The interaction diagram of the top compound 21 in the cat
alytic domain of c-Kit revealed that triazole ring occupies the DFG 
pocket, while the methoxyethoxy tail protrudes out of the pocket in the 
solvent accessible region. Upon biological evaluation, 21 showed a 
potent inhibitory profile with nanomolar range IC50 values. More 
importantly, in mouse allograft tumor models using these Ba/F3 lines, 
21 showed potency at a dose of 20 mg/kg [96]. 

In 2018 Lin et al. designed and synthesized dihydrofuropyrimidine- 
based multi-kinase inhibitors targeting Syk, PDGFR-α, and c-Kit. SAR 
analysis of the synthesized compounds revealed that the presence of 
methoxy groups on the aryl ring coupled to amino pyrimidine core is 
important for the activity. Interestingly upon fusing the 3,4-methoxy 
group into 1,4-dioxane, the compound retained Syk and c-Kit dual 
inhibitory potential while lacking PDGFR-α inhibitory activity (Fig. 18). 
Out of all, compound 22 showed optimal inhibitory potential against all 
three kinases. Detailed molecular modeling studies disclosed that the 
carbamoylnicotinic acid group forms two H-bond interactions with 
Glu640 and Thr670 in the catalytic domain of c-Kit. While a critical 
interaction between the methoxy group on the aryl ring and Ile571 was 
also observed, justifying the potential of the compounds against c-Kit. In 
biological evaluation, compound 22 showed potent anti-proliferative 
potential against FLSs and mBMMCs with sub-micromolar IC50 values 
and a significant decrease in the levels of inflammatory cytokines [97]. 

In 2019, Wu et al. reported a series of urea-substituted thiazol-2- 
ylamine pyrimidine derivatives as inhibitors of c-Kit and other clinically 
relevant mutants of c-Kit. SAR analysis suggested that phenyl- 
substituted urea was a critical structural feature for c-Kit inhibitory 
potential. Also, it was observed that the replacement of the 5-ethylisox
azole or urea group did not alter the activity of the compounds (Fig. 19). 
Of all the derivatives, compound 23 exhibited high potency against c-Kit 
in both enzymatic assay, IC50 of 82 nM, and cellular assay, GI50 = 2.2 
nM, which was also significantly better than sunitinib. Upon detailed in- 
vivo evaluation, compound 23 also induced tumor regression in the 
xenograft mouse model. Further co-crystallized structure of compound 
23 in the catalytic domain of c-Kit revealed that it binds as a type II 
inhibitor. More importantly, it was also observed 23 could also switch 
the active conformation of c-Kit to inactive conformation. The interac
tion diagram of 23 indicates that the thiazolylamine core forms two H- 
bonds with Cys673, while the tail group forms three H-bonds with 
Glu640 and Asp810, occupying the back pocket of the ATP binding site 
[98]. 

In 2019, Quattrini et al. reported the design, synthesis, and evalua
tion of 1,2,4-triazole derivatives as c-Kit/AurB dual kinase inhibitors. 
The designing of these molecules included structural modifications in a 
previously reported hit, 24, followed by molecular docking analysis. 
Docking revealed that the triazole core forms H-bond with Cys673 and 
5-phenyl group makes additional hydrophobic interactions with Val603, 
Ala621, Lys623, Tyr672, Tyr675, Met757, and Cys809. 

Out of all, compound 25 was found to possess potent anti- 
proliferative potential against A2058 and WM266-4 melanoma cell 
lines. SAR analysis revealed that the chloro group on the 5-phenyl ring 

Fig. 15. The pharmacophoric description along with SAR analysis of com
pound 17 for c-Kit inhibitory activity. 

Fig. 16. The pharmacophoric description along with SAR analysis of compound 19 for c-Kit inhibitory activity.  
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and a 2,5-dimethoxy group on the distal phenyl ring improves the c-Kit 
inhibitory potential (Fig. 20) [99]. 

In 2019 Liu et al. optimized an already known multi-kinase inhibitor 
26 with moderate inhibitory potential against wild type and mutant 
variants of c-Kit. They followed a hybrid fragment-based drug design 
approach and identified indazole-based inhibitors of c-Kit, with selec
tivity against T670I mutant. Interestingly, the most potent compound 27 
showed a Type-II binding mode while the lead molecule, 26, can bind 
both as Type-I and II inhibitors. SAR analysis revealed that using 
malonamide moiety as a linker improved the potency while substituting 
meta-halogen-substituted phenyl rings as a tail group resulted in the 
most potent compound (Fig. 21). Importantly using bulky hydrophobic 
groups instead of halogens reduced the activity. Binding mode analysis 
of the top compound, 27, showed that the indazol core forms two H- 
bond interactions with Cys673 and Glu671. More importantly, in the 

binding site of T670I mutant c-Kit, the malonamide linker provides 
enough room to accommodate Ile670, imparting the selectivity. Further 
biochemical assay results indicated that compound 27 showed 10 − 30- 
fold selectivity for T670I mutant c-Kit over wild type c-Kit. Additionally, 
it also exhibited a significant anti-proliferative effect against both 
imatinib-sensitive and imatinib-resistant cell lines [100]. 

In 2019, Sun et al. reported the utilization of 2,7-naphthyridone 
scaffold for the design and synthesis of 8-amino-substituted 2-phenyl- 
2,7- naphthyridin-1(2H)-one derivatives as dual inhibitors of c-Kit and 
VEGFR2. A small library of derivatives was synthesized and evaluated 
for their kinase inhibitory potential, revealing that few compounds 
showed potent c-Kit and VEGFR-2 kinase inhibitory activity. Out of all, 
compound 28 showed a nanomolar range inhibitory effect against c-Kit 
(Fig. 22). Further, molecular docking analysis revealed that 28 forms H- 
bond interactions with Asp810 and Cys673, along with ion–π interaction 
with Lys623 [101]. 

In 2019 Wu et al. continued their previous efforts, utilized a hybrid 
design approach to further optimize 15, and reported the identification 
of more potent c-Kit inhibitor 29. They primarily focused on modifying 
the linker and tail region of 15 to improve potency and pharmacokinetic 
profile, which led to the synthesis of a library of compounds. SAR 
analysis revealed that changing urea to acetamide as a linker and 
substituting the tail phenyl ring with methoxy and chloro group 
dramatically improved the potency and selectivity (Fig. 12). Out of all, 
compound 29 was found to possess the most significant potency against 
both wild-type c-Kit (GI50 = 0.001 μM) and T670I mutant c-Kit (GI50 =

0.004 μM). Binding mode analysis of 29 disclosed that it retained a type- 
II binding mode with an H-bond interaction with Cys673. Also the amide 
linker formed two H-bond interactions with Asp810 and Glu640, with 
the “tail” ring occupying a hydrophobic pocket. Furthermore, the 
KINOMEscan results and other biological experiments indicated a good 
selectivity profile and inhibitory activity only against type III kinases 
such as CSF1R and PDGFRα/β kinases [102]. 

In 2019 Lin et al. employed structure-based drug designing on 5-phe
nylthiazol-2-ylamine as a versatile template for developing multi-kinase 
inhibitors, resulting in the discovery of compound 30 having potent 
inhibitory potential against mutant c-Kits. In this work, they synthesized 
a library of 5-aromatic substituted thiazol- 2-ylamine pyrimidine de
rivatives with modifications in the linker and tail region. Out of all, 30 
possessed the most potent inhibitory profile with nanomolar range ac
tivity against GIST-T1 (GI50 = 7.1 nM). SAR analysis revealed that 
substituting pyridine with its fourth position to thiazole resulted in the 
most potent compound (Fig. 23). Co-crystallized structure of 30 with c- 
Kit disclosed that thiazol-2-ylamine core forms two H-bond interactions 
with Cys673, along with the hydrophobic interactions with Leu595, 
Tyr672, Cys673, and Leu799. Also, the pyridine ring forms an H-bond 
with Lys623, occupying the back pocket of the ATP-binding site. 
Detailed biological validation suggested that 30 possess superior effi
cacy and tolerability in GIST and AML tumor xenograft models [103]. 

Fig. 17. The pharmacophoric description along with SAR analysis of compound 21 for c-Kit inhibitory activity.  

Fig. 18. The pharmacophoric description along with SAR analysis of com
pound 22 for c-Kit inhibitory activity. 

Fig. 19. The pharmacophoric description along with SAR analysis of com
pound 23 for c-Kit inhibitory activity. 
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In 2020, Martorana and Lauria performed an in-silico study following 
mixed ligand- and structure-based drug designing approaches to screen 
putative inhibitors of mutant c-Kit, which can overcome acquired 
resistance in the clinical treatment of cancer. In the study, they analyzed 
the binding affinity of various kinases inhibitors in the different mutants 
(T670I and V654A) of c-Kit. Results showed that sunitinib also exhibits 
good binding affinity for mutant variants of c-Kit. Further, they followed 
a virtual screening protocol to screen compounds against mutant vari
ants of c-Kit. For the ligand-based drug designing approach, they 
employed web-server DRUDIT, which employs a comparison of molec
ular descriptors of molecules with the template of the receptor—fol
lowed by molecular docking analysis as a tool of structure-based drug 
design, which led to the identification of structures with a significant 

binding affinity comparable to standard inhibitors. Overall, this 
screening protocol yielded compounds 31, 32, 33, and 34 having sig
nificant binding affinity for T670I mutant c-Kit and compounds 35 and 
36 with significant binding affinity for V654A mutant c-Kit (Fig. 24) 
[104]. 

In 2021, Roy et al. synthesized and evaluated fisetin analogs as anti- 
proliferative agents for the management of melanoma. Preliminary 
screening via MTT assay identified eleven molecules to possess better 
potency than fisetin. In the next step, they employed an inverse docking 
protocol to identify the putative molecular targets for these anti- 
proliferative agents, which led to the selection of c-Kit, CDK2, and 
mTOR as probable targets. Expectedly, most of the compounds were 

Fig. 20. The pharmacophoric description along with SAR analysis of compound 25 for c-Kit inhibitory activity.  

Fig. 21. The pharmacophoric description along with SAR analysis of compound 27 for c-Kit inhibitory activity.  

Fig. 22. Pharmacophoric description of compound 28 for c-Kit inhibi
tory activity. Fig. 23. The pharmacophoric description along with SAR analysis of com

pound 30 for c-Kit inhibitory activity. 
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reported to form H-bond interactions with Cys673 in the catalytic 
domain of c-Kit. Further, the compounds were evaluated for their 
inhibitory potential against the selected kinases. Interestingly, almost all 
the eleven compounds were found to be the potent inhibitors of c-Kit 
with sub-micromolar range IC50, in comparison to CDK2 and mTOR. Out 
of all, compound 37 was found to possess better potency against c-Kit, 
with a better anti-proliferative profile in wound healing and other bio
logical experiments. Limited SAR suggested that the presence of 
electron-withdrawing groups improved the activity against c-Kit 
(Fig. 25). The obtained data indicated that the synthesized analogs, 
lacking the 7-hydroxy group on ring A, were having improved anti- 
proliferative/ cytotoxic properties [105,106]. 

7. FDA-approved drugs targeting c-Kit 

There are a few small-molecule heterocycles approved by the FDA as 
c-Kit inhibitors for the management of different types of cancer 
(Table 4). Expectedly, FDA-approved molecules also highlight similar 
structural features like most preclinical candidates, fulfilling the phar
macophoric requirements for c-Kit inhibition. 

8. How to design c-Kit inhibitors: crucial structural features 
needed for inhibition 

By carefully investigating all the small molecule heterocycles re
ported as c-Kit inhibitors, some generalizations can be made. As pointed 
above, it can be seen that most of the c-Kit inhibitors are multi-targeting, 
and although there are some advantages of multi-target kinases in
hibitors in certain types of cancer, few researchers have attempted, or 
succeeded, to develop selective c-Kit for cancer subtypes, which are 
highly dependent on activating mutations in c-Kit. Here, we will discuss 
the basics of chemical modifications and structural features needed to 
design potent and selective c-Kit inhibitors. One of the most important 

requirements for c-Kit inhibition is that the heterocycle core, which 
occupies the hinge binding domain, should maintain a bidentate H- 
bonding interaction with Cys673. The strength and stability of this 
bidentate interaction with Cys673 serves as a critical factor for the po
tency and selectivity of the c-Kit inhibitor. Therefore, it can be observed 
that almost all the selective c-Kit inhibitors use a bicyclic nitrogen-based 
heterocycle as the core for the hinge binding domain. The second set of 
crucial interactions includes two typical H-bond interactions formed 
between the linker, usually an amide moiety, and Glu640 in the c-helix 
and Asp810 of the DFG motif. This interaction also strengthens the H- 
bond with Cys673. Finally, the DFG out conformation generates a hy
drophobic pocket occupied by the tail of the molecules. As evident from 
the discussion in section 6, molecules with tri-methoxy substituted aryl 
ring or halogen-substituted aryl rings as tail have higher affinity against 
c-Kit. Analysis of four c-Kit inhibitors (9, 21, 22, and 29) also validated 
the same. Compounds 9 and 29 maintained all the three crucial in
teractions (H-bond of the heterocyclic core with Cys673, H-bond be
tween linker and Asp810, and lastly tail occupying the hydrophobic 
pocket), leading to selective and potent c-Kit inhibition. In contrast, on 
the other hand, compounds 21 and 22 do not fulfill all the required 
conditions and are not so selective c-Kit inhibitors (Fig. 26). Therefore, 
molecules with structural features to maintain the aforementioned in
teractions have been reported to show selective and potent c-Kit 
inhibition. 

9. Conclusion 

c-Kit and its physiological functions were first elucidated roughly 
two decades ago. Since then, there have been significant advances in the 
knowledge concerning its implications in both normal and disease-state 
cellular functions. As a type-III receptor tyrosine kinase, it is involved in 
several signaling pathways, including the PI3K pathway, MAPK 
pathway, etc., responsible for cellular growth and proliferation. In me
dicinal chemistry and drug discovery, c-Kit is considered one of the key 
targets for the management of various types of cancer, including mela
noma and GISTs. Structurally, it contains three domains: (a) a hydro
phobic transmembrane, (b) an extracellular ligand-binding domain, and 
(c) a tyrosine kinase activity domain in the cytoplasm. Similarly to other 
tyrosine kinases, c-Kit, and its ATP-binding pocket have been exten
sively explored as a possible target for anti-cancer drugs. Almost all the 
medicinal chemistry groups working on c-Kit have been designing ATP- 
competitive inhibitors. A general conclusion could be made that almost 
all the c-Kit inhibitors possess four sub-structural/pharmacophoric fea
tures: (1) a nitrogen heterocycle as head, (2) hinge binding feature, (3) a 

Fig. 24. 2-D structures of screened hits reported with c-Kit inhibitory activity.  

Fig. 25. The pharmacophoric description along with SAR analysis of com
pound 37 for c-Kit inhibitory activity. 
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Table 4 
List of FDA-approved inhibitors along with the pharmacophoric features. 

Compound Structure Head Hinge binding Linker Tail

Sorafenib

Imatinib

Dasatinib

Sunitinib

Nilotinib

Amuvatinib

Regorafenib

Avapritinib

Ripretinib

Tivozanib
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Fig. 26. Comparative analysis of different selective and non-selective c-Kit inhibitors.  
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linker, and (4) a tail ring. These four features have been widely explored 
by using slightly modified substituents to understand and manipulate 
the selectivity and potency of the inhibitors. Also, the modifications of 
linker-region to alter the flexibility of the compounds have been noticed 
to affect the selectivity amongst different mutant isoforms of c-Kit. 
However, there are no compilations providing reflections on the design, 
SAR, and inhibition of c-Kit. As such, the observations and findings 
provided in this compilation provide much-needed information about 
the structure, signaling, and inhibitors of c-Kit. In the future, these data 
could be utilized in c-Kit-targeted anti-cancer drug discovery. 
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