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Abstract

Receptor Tyrosine Kinases (RTKs) are a high-affinity cell membrane receptors for growth factors, cytokines, and hormones. Since the
discovery of the first receptor tyrosine kinase (RTK) many members of this family of cell membrane receptors have emerged as key
regulators of very important cellular active biological processes, such as cellular proliferation and differentiation. In many human
cancers, gene amplification and/or overexpression of RTKs occur, which might increase the response of cancer cells to normal growth
factor levels. Additionally, overexpression of a specific RTKs such as type III RTK on the cell surface increases the incidence of recep-
tor dimerization. In many cases this results in constitutive activation of the type III RTK leading to aberrant and uncontrolled cell
proliferation and tumor formation. This review may provide a good information and high lights the role of RTK in human neoplasms

and other diseases for researchers who work in this aspect.
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Introduction

Receptor Tyrosine Kinases (RTKs) are a high-affinity cell membrane receptors for growth factors, cytokines, and hormones including
insulin, growth factors such as epidermal growth factor (EGF) and fibroblast growth factor (FGF), and protein molecules that regulate
critical cellular processes, such as cellular proliferation, cellular differentiation, cell survival, metabolism, cellular migration and cell cycle
control. These different biological processes occurred by which called ligand binding. Ligand binding stimulates the tyrosine kinase activ-
ity of the receptors, leading to recruitment of enzymes and adapter proteins that activate intracellular signaling pathways which control

different normal cellular biological process [1,2].

Moreover. RTK have been shown not only to be key regulators of normal cellular processes but also to have a critical role in the devel-
opment and progression of numerous diseases that result from genetic changes or abnormalities which alter the activity, abundance, cel-

lular distribution, or regulation of RTKs [3]. Protein tyrosine kinases are enzymes that catalyze phosphoryl transfer to tyrosine residues
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in protein substrates, using adenosine triphosphate (ATP) as a phosphate donor. It is estimated that there are 58 receptor types RTKs

and 32 non-receptor types in the human genome [4].

The most known RTKSs classes or subfamilies including class I epidermal growth factor receptor family (EGFR) or (ErbB) family, class
II insulin receptor family (IR), class III platelet derived growth factor (PDGFR) which include C-kit, C-FMS. C-kit is a type of receptor
tyrosine kinase and a type of tumor marker, also called CD117 and stem cell factor receptor, as well as FLT3 which is a protein coding
gene manifested in some malignant tumors as squamous cell carcinoma, class IV fibroblast growth factor receptor (FGFR) and class VI

hepatocyte growth factor receptor (HGFR) [5].

All RTKs have a similar molecular structure, with a ligand-binding region in the extracellular domain, a single trans-membrane helix,
and a cytoplasmic region that contains the protein tyrosine kinase (TK) domain plus additional carboxy (C-) terminal and juxtamem-
brane regulatory regions [1]. However, recently RTK have become an important target for pharmaceutical purposes such as drug therapy
of malignant tumours, degenerative diseases and cardiovascular diseases. The United States Food and Drug Administration (FDA) has
approved several anti-cancer drugs caused by activated RTKs which inhibit ligand binding, receptor oligomerization and help to inacti-

vate malignant cells [3].

Advances in understanding the precise activity and structural mechanism with recent functional studies of RTK using proteomics
techniques and live-cell imaging have promoted us to review and discuss the biological aspects of RTK to provide information that may

be needed from literature.

Kinase activity

In biochemistry, a kinase is an enzyme that plays a key regulatory role in nearly every aspect of cell biology, it modifies other protein
by chemically adding phosphate groups to them (phosphorylation) by transfer phosphate group from high-energy molecules, such as ad-
enosine triphosphate (ATP) to specific target molecules mainly hydroxyl group of amino acids. On the contrary, an enzyme that removes
phosphate groups from targets is known as a phosphatase. The phosphorylation of a target protein in most cases results in a modifica-
tion that changes the enzyme activity or facilitates physical interaction with other molecules. Phosphorylation of proteins is a reversible

mechanism enabling proteins to switch from an inactive state to an active state [6-8].

Structure of receptor tyrosine kinase

Most RTKs are monomers, but some exist as multimeric complexes. Each monomer has an extracellular N-terminal region, which
contains primarily a ligand-binding site. A single hydrophobic transmembrane spanning domain composed of 25-38 amino acids exists
between extracellular and intracellular domains. The intracellular C-terminal region comprises catalytic domains responsible for the

kinase activity of these receptors, which catalyses receptor autophosphorylation and tyrosine phosphorylation of RTK sstrates [9,10].

Mechanisms of Receptor Activation

Ligand binding to RTKs induces two reactions: the first one is dimerization of two monomeric receptor kinases or stabilization of a
loose dimer. Secondly, trans-autophosphorylation of their cytoplasmic domains results in opening the intrinsic kinase domain for ATP
binding. This in turn causes additional protein-protein interaction to occur, in addition to modulation of the activity and location of a
variety of intracellular signaling molecule cascades. Thereby determining the appropriate physiological response among the final tar-
gets of these cascades in the nucleus [11-13]. Recent structural and functional studies have discussed the mechanism of RTK regulation
and the concepts that underlie the activation of intracellular signaling pathways following growth factor binding to RTKs. Also, recent
biological approaches were used to understand the complicated circuits and networks that result from the interplay among the multiple

signaling pathways activated by RTKs [13]
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Regulation of RTK activity

Bennasroune,, et al. [14] pointed out that the catalytic activity of RTKs has to be normally under tight control, this is achieved by a

variety of means.

1. Ligand sequestration and binding inhibition: In this case, the inhibition involves a physical interaction between both the extra-
cellular and transmembrane domains, which leads to changes in configuration of receptor. Thus, inhibits ligand binding and auto-
phosphorylation [15].

2. Inhibition of RTK autophosphorylation: Protein tyrosine phosphatases are used to inhibit RTKs autophosphorylation. It specifi-
cally dephosphorylate certain subsets of phosphorylated tyrosines on RTKs, subsequently blocking downstream signaling [16,17].

3. Inhibitory Proteins that Counteract Downstream Signaling: During the last years, several negative regulators or physiological
inhibitors of RTK downstream signaling pathways have been described as Erk/MAP kinase and PI3Kinase [15].

4. Receptor Down-regulation: Down-regulation of RTKs is an irreversible mechanism of inhibition that regulates the extent of the
signal by removing activated receptors from the plasma membrane. Once activated, RTKs are internalized and targeted for degrada-

tion by lysosomes or locally destroyed in proteasomes [18].

Role of RTKs in human cancer and other disease

In normal cells, the activity of RTKs and their mediated cellular signaling is precisely co-ordinated and tightly controlled. Deregula-
tion and mutations of RTK signaling system are closely linked to cancers, diabetes, inflammation, severe bone disorders, arteriosclerosis,
angiogenesis and other proliferative disease as psoriasis. Moreover, certain genetic alterations are associated with distinct inherited hu-
man developmental syndromes such as dwarfism. RTKs may become potent oncogenes with transforming potential via various mecha-
nisms: gene amplification, over expression, gene mutation and autocrine-paracrine stimulation. Moreover, they can be used as attractive

targets of cancer therapy [15,19,20].

C - Kit

C-kit was soon defined as type 111 RTKs after its discovery in 1986 by Besmer,, et al. This subfamily also includes the PDGFR, colony
stimulating factor -1 (CSF-1) and fms-like tyrosine kinase (FLT.3) [21]. It was originally identified as a viral oncogene (v-kit) responsible
for the transforming of the hardy-Zuckerman IV feline sarcoma virus. The c-kit receptor is 145-160 kDa cell membrane protein that is

also called kit, CD117, or mast/stem cell growth factor receptor (SCFR). In human, kit gene is mapped to chromosome 4q12 [22,23].

Structure of C-Kkit

C-kit like all members of subclass III has two intracellular tyrosine kinase domains divided by a kinase insert domain and a c-
terminal domain. A single transmembrane domain is believed to have a helical confirmation, and a ligand-binding extracellular domain
composed of five immunoglobulin-like domains share in the structure of c-kit. The first three immunoglobulin like domains in the ex-
tracellular portion form a binding site for its ligand, the fourth one is involved in c-kit dimerization and the function of the fifth is, as yet
unknown [5,24].

In addition to the above described transmembrane form of c-Kit there is a soluble truncated form that is expressed in male germ
cells. Since this isoform is severely truncated it lacks functional kinase activity, but still it showed great importance for spermatogenesis.
Different c-Kit isoforms were described in recent studies. Although there was a debate whether these isoforms impact on signalling
or not, some studies suggested that downstream signaling, independent growth and tumorigenecity depended on the c-kit isoform
[8,24,25].

Stem cell factor
Stem cell factor (SCF), also known as kit ligand (kit-L), steel factor, or mast cell growth factor, is a cytokine that binds to the c-kit

receptor. It is mostly produced by fibroblasts, epithelial and endothelial cells. SCF is a glycoprotein that exists normally in two forms, a
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transmembrane form displayed by marrow stromal cells and in a soluble form in the serum. Both forms trigger their biological activities
by binding to c-kit [26].

The essential role of both SCF and c-kit was demonstrated by the previous studies on experimental animals by [25], they showed
that mice lacking either SCF or cell surface c-kit were non-viable and died. Furthermore, mutations that altered the production of SCF
or diminished the tyrosine activity of c-kit were associated with a variety of phenotypic abnormalities including macrocytic anemia,
sterility, lack of pigmentation and mast cell deficiency. SCF is widely expressed during embryogenesis and can be detected in brain,
endothelium, gametes, heart, kidney and lung. SCF also expressed in melanocytes, skin, stromal cells of bone marrow, liver and thymus,

and plays an important role in hematopoiesis, localization and survival of melanocytes [7,26].

Activation of C-Kkit

SCF forms a non-covalent dimer that binds to two c-kit monomers and promotes c-kit dimer formation. The activated receptor be-
comes autophosphorylated on a number of tyrosine residues, mainly located outside the kianse domain, which serves as docking sites
for signal transduction molecule such as phosphotyrosine binding (PTB) [7,21,27].

Signal transduction

Stimulation of c-kit activates a wide array of signaling pathways which explains the diverse functions of c-kit in different tissues.
Moreover, c-kit often functions in co-operation with other growth factors and cytokines which further complicate the signaling net-
works. These events reach the transcription factors which are the final targets of kinase cascade in the nucleus. Finally, transcription
factors can activate or inhibit the transcription of various genes involved in the control of cell differentiation, survival and proliferation
[7,24].

Regulation of C-kit

The c-kit itself is regulated via several different pathways. Following activation of the c-kit, it is degraded via E3 ubiquitin-protein
ligase Cb1 adapter protein which promotes degradation via the proteasome or the lysosome. In addition, c-kit kinase activity is down
regulated via the cytosolic phosphatyrosyl/phosphatase shp1 (SH2 domain-containing phosphatase 1). Recent data suggests that c-kit
activity is also down regulated via protein kinase ¢ (PKC) activation where a negative feedback loop is proposed, means that c-kit acti-

vates PKC and subsequently phosphorylates c-kit on specific residues leading to negative regulation of c-kit activation [8].

Function of C-kit
As together with SCF, c-kit is a key controlling receptor for a number of cell types. It is required for normal hematopoiesis, gameto-

genes and melanogensis [28]

Role of c-kit in hematopoiesis: C-kit and its ligand play an important role in the hematopoiesis during embryonic development. It is
expressed in subsets of hematopoietic stem cells such as erythropoiesis and lymphopoiesis of T and B cell differentiation [22], example
for that is the mast cells which arise from hematopoietic progenitors in the bone marrow, but maturation and differentiation occur
mainly in the tissue where they reside. This biological activity of mast cells depend on c-kit and its ligand for their cellular prolifera-
tion, differentiation, resistance to apoptosis, mobility and chemo taxis. In addition c-kit and its ligand help adhesion to fibronectin and

enhancement of serotonin and histamine release [8,29].

Role of c-kit in gametogenesis: In gametogenesis, c-kit and SCF control events in primordial germ cell proliferation, survival and
migration. Postnatally, c-kit is important for the proliferation and survival of spermatogonia in testis and follicle development in the

ovary [29].
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Role of c-kit in melanogensis: In melanogensis, c-kit and its ligand play a crucial role in the development and maintenance of the
melanocyte lineage in adult skin, they exert permanent survival, proliferation and migration functions in melanocytes. In human, loss
of function or mutation of c-kit or its ligand leads to an autosomal dominant hereditary condition called piebaldism, this syndrome is

characterized by abnormal pigmentation of hair and skin, deafness, and mega colon [26].

Role of C-kit in Cancer: C-kit is a driving oncogene in most human tumors while over activation of downstream signaling pathways is

a consequence of unregulated c-kit, resulting in dysregulation of cell growth and cancer formation [8].

In many human cancers, gene amplification and/or overexpression of c-kit occur, which might increase the response of cancer cells
to normal growth factor levels, while overexpression of a specific c-kit on the cell surface increases the incidence of receptor dimeriza-
tion even in the absence of an activating ligand. In many cases this results in constitutive activation of the c-kit leading to aberrant and

uncontrolled cell proliferation and tumor formation [19].

Genetic alterations in c-kit protein including deletion, point mutations, tandem duplication or combination within the juxtamem-
brane region and alterations of the kinase domain especially of the ATP binding motif is a widely occurring event in the progress to-
wards cancer [7,14]. Autocrine Loop of c-Kit and SCF is an important mechanism of constitutive c-kit signaling which occurs due to the
concomitant overexpression of both c-kit and its ligand that may support cancer development and progression by promoting prolifera-
tion and/or by protecting the tumor cell from death [10,27].

The possible roles of RTKs in cancer have driven the development of a new generation of drugs that block or attenuate RTK activity
which represent a promising area for the development of target-selective anticancer drugs. These therapeutic strategies use selective
components such as monoclonal antibodies, antibody conjugates, antisense oligonucleotides and small chemical compounds where

they target either extracellular ligand binding domain, intracellular tyrosine kinase or substrate binding region [10,19,30].

Inhibitors of oncogenes are proteins expected to show anti-tumor effect, possibly with fewer side effects than those associated with
conventional anticancer chemotherapy, for example Imatinib mesylate is a low molecular weight inhibitor of the c-kit kinase activity
which inhibits its signaling capability. This drug is already in clinical use for treatment of some cases of adenocystic carcinoma (ACC),

where dramatic reduction was observed in tumor size [31,34].

Immunohistochemical Expression of C-kit

C-kit is expressed in a variety of normal and neoplastic tissues [35,36]. Many normal cell types are immunohistochemically positive
for c-kit which includes mast cells, certain hematopoietic stem cells, germ cells, melanocytes, gastrointestinal cajal cells and subsets of
neurons especially in cerebellum, also many epithelial cells express c-kit such as ductal cells of breast, sweat glands and some basal cells
of skin, in contrast many studies concluded that a weak c-kit protein immunostining was detected in ductal cells of the intercalated and
striated ducts of normal salivary glandular tissue, while no immunoreactivity was noted in peripheral myoepithelial cells of intercalated
ducts [32,33, 36-38].

In neoplasms, strong cytoplasmic c-kit positivity was observed in different neoplastic tissues such as sarcomatoid renal cell car-
cinoma, seminoma, prostate cancer and hepatocellular carcinoma, oral squamous cell carcinoma, small cell lung cancer, adenocystic

carcinoma and malignant melanoma [39-44].

In salivary gland neoplasms (SGNs), c-kit was widely investigated particularly in adenocystic carcinoma(ACC) with its different
histological patterns and concluded that immunehistochemical analysis of c-kit was mainly expressed in three types of tumors includ-
ing ACC and its sub variants (cribriform, tubular and solid variant), Lymphoepithelioma-like carcinoma and my epithelial carcinoma
[38,39, 45-47].
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Furthermore, Andreadis., et al. [32] demonstrated a positive c-kit immune expression in ACC, acinic cell carcinoma, polymorph low
grade adenocarcinoma (PLGA), epithelial-myoepithelial carcinoma, basal cell carcinoma, and pleomorphic adenoma, while Warthin’s

tumor showed strong positivity in tall columnar cell layer and in some cases focal strong staining of peripheral cells was observed.

Negri,, et al. [33] examined c-kit expression in the normal salivary glands, ACC and salivary duct carcinoma (SDC). They reported it's
over expression in both neoplasms more than the normal salivary tissue. C-kit over expression in SDC was consistent with the previous

results of Sato., et al. [49] who reported intense c-kit immunoneactivity in the intraductal than in the invasive component.

Ahmed & Abohager [38] detected the pattern of c-kit expression in different ACC subtypes. Tubular and cribriform variants primarily
showed c-kit expression in the luminal cell layer. This suggested that the myoepitheial cells did not express c-kit whereas solid variants
showed expression in all cells. Bell,, et al. [39] addressed the differential cellular localization of c-kit in ACC. They found that its expres-
sion was limited only to inner epithelial cells and not expressed in myoepithelial cells. They concluded that their finding underscored the

importance of cellular localization of biomarkers in prognosis and therapy.

David,, et al. [48] studied the difference in expression of c-kit in ACC and PLGA. The study discovered a weaker immune reactivity in
PLGA compared to ACC which concluded that c-kit could be used as a tool to differentiate between ACC and PLGA.

Epivatianos., et al. [37] found that cytoplasmic and membranous c-kit expression in ACC was restricted to luminal cells of tubular
structures, cells lining the pseudo cysts, and luminal cells of small ducts in cribriform structures. In the solid pattern, all cell types
expressed c-kit, and the staining intensity was moderate to strong. On the contrary, c-kit expression was observed in luminal and non-
luminal PLGA variants. They concluded that c-kit may offer an adjunctive aid in the differential diagnosis of ACC from PLGA.

The pattern of expression in ACC differed with the histological subtypes, as tubular and cribriform variants primarily showed c-kit
expression in the luminal cell layer, on the other hand, solid variants showed expression in all cells and correlated with the worse clinical

course of this variant [36].

The distinct pattern of immunohistochemical staining was noted among the tubular, cribriform, and mixed subtypes of ACC cases,
particularly in the inner epithelial cells, but not in the outer myoepithelial cells. This pattern of expression was pronounced in the tubu-
lar subtype while the solid subtype of ACC exhibited diffuse immunohistochemical pattern. Studies also demonstrated that a significant
differences were seen in c-kit expression for ACC versus pleomorphic adenoma (PA), basal cell adenoma, polymorph low grade adeno-
carcinoma (PLGA), basal cell carcinoma, Mucoepidermoid carcinoma (MEC), salivary duct carcinoma, acinic cell carcinoma, oncocytoma,

Warthin’s tumor and sebaceous carcinoma [48,49]

Aslan,, et al. [47] reported overexpression of c-kit in ACC in local and distant recurrence of these tumors. Moreovre,. it is also ob-
served that the prevalence of positive c-kit immunostaining was strong only in cribriform and tubular compared to solid subtype which
was weak or moderate, therefore, he concluded that c-kit immunostaining is more frequently found in well differentiated tumors and

might get lost during dedifferentiation of ACC.

Tang,, et al. [50] demonstrated that the overexpression of c-kit in ACC was significantly associated with tumor site, TNM stage, his-
tological pattern, perinueral invasion, local regional recurrence and distant metastasis. They concluded that the overexpression of c-kit

can enhance invasion and metastasis of ACC.

Conclusion
In this Review, we discuss and high lights the activity, signal transduction, mechanism of RTK regulation and its role in human cancer

and other diseases that have been scientifically confirmed from recent structural and functional studies. Moreover, it can be concluded
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that expression of c-kit in majority of adenocystic carcinoma of salivary glands cases and few cases in other tumors suggested that c-kit

might be useful for diagnoses, differentiation, evaluation of local recurrence and distant metastasis of adenocystic carcinoma
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