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Abstract 

One of the theories of carcinogenesis is the theory of oncogenes. Oncogene is a gene responsible for the formation 

of growth factors. It is active during cell division. Its constant activity leads to the transformation of cell division 

into a malignant cell oncogene. In the absence of such transformation, oncogenes are in an inactive pro-oncogene 

state. Almost all the mentioned mechanisms of proto-oncogene activation have been described for human tumors, 

and, at different stages of cell transformation, expression of different oncogenes can be observed. At the same time, 

cellular oncogenes are characterized by tissue specificity - unequal sensitivity of cells of different tissues to 

transforming influence. One and the same oncogene can have different effects on cells of different origin, which 

indicates different molecular mechanisms of development of tumors of the same localization but different 

histogenesis. Proto-oncogenes are under the tight control of suppressor genes, or anti-oncogenes. Mutations of proto-

oncogenes, which remove them from the influence of suppressor genes, contribute to the autonomy of their 

functioning and cause constant, "on-off" activity and the cell loses the ability to exit the mitotic cycle. 
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Summery 

One of the theories of carcinogenesis is the theory of oncogenes. Oncogene 

is a gene responsible for the formation of growth factors. It is active during 

cell division. Its constant activity leads to the transformation of cell division 

into a malignant cell oncogene. In the absence of such transformation, 

oncogenes are in an inactive pro-oncogene state. 

Proto-oncogenes are normal genes always present in any cell. The position, 

localization, function and chemical structure of most proto-oncogenes in 

human chromosomes have been determined; a significant proportion of them 

are located near chromosome breakpoints. Specific proteins - products of 

these genes involved in the realization of mitogenic signals have also been 

identified. [1] The functions performed by proto-oncogenes are very diverse. 

They completely determine the dynamics of development and existence of 

individuals throughout life. In norm, their activation is observed during 

reparative and proliferative processes, as well as during embryonic 

development. Proto-oncogenes play a key role in the formation of the cell 

response to cytokines and contribute to their production. They also control 

cell proliferation, mainly during the transition from one phase of the cell 

cycle to another. The key factor in the chain of signal transduction to 

proliferation within the cell are protein products of proto-oncogenes - proto-

oncoproteins. [2] In a simplified form, the mechanism of signal transduction 

and control in the cell is a direct interaction of specific proto-oncoproteins in 

a strictly defined sequence. Thus, proto-oncogenes ensure the normal 

functioning of the signal transduction system in the cell, which creates 

conditions for its full existence in the environment and interaction with other 

cells. [3] 

In normal cells, proto-oncogenes are inactive. In case of their structural 

changes (mutations), the level of their functional activity increases 

significantly. Such activated proto-oncogenes are called oncogenes 

producing corresponding oncoproteins. The latter are similar to normal 

proteins of proto-oncogenes, but with the difference that their production is 

independent of natural regulators. [4] The functions of oncoproteins are that 

they all, at various stages, disrupt the functional systems of normal cell 

growth and reproduction. Oncoproteins, in particular, activate cell 

proliferation, leading to the transformation of the cell into a malignant cell. 

These altered proteins belong to different signaling chains and are located at 

different steps of signal transduction in the cell. [5] Thus, most of the known 

oncogenes belong to key proteins of cellular signaling systems - growth 

factors, membrane and nuclear receptors, cytokines, etc. Some of these 

proteins have already been studied. The involvement of oncogenes in tumor 

genesis can be direct, when the protein produced by them participates in one 

or another stage of malignization, or indirect, when the protein has an 

activating or inhibitory effect on other genes. [6] 

The names of oncogenes form abbreviations from the initial letters of the 

Latin names of the corresponding viruses from which they were originally 

isolated. There is currently no scientific classification of oncogenes. They 

are distributed according to the protein molecules produced by them, 

encoded by their cellular homologs - proto-oncogenes. [7] According to their 

similarity to the links of signals that stimulate mitotic activity, all proto-

oncoproteins (or oncoproteins) are divided into homologs of growth factors 

and their receptors; transmitters of growth signals from receptors on DNA; 
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analogs of G-proteins (protein kinases) involved in the regulation of cell 

division, and others. 

The study of transforming animal retroviruses led to the formation of the 

doctrine of oncogenes, but did not allow to explain the origin of human 

tumors, which are not caused by retroviruses. A natural question arose as to 

whether tumors of a non-viral nature contain oncogenes. It is now believed 

that proto-oncogenes can become oncogenes either when introduced into the 

cell by a virus or by carcinogenic influences that transform proto-oncogenes 

in situ into cellular oncogenes. [8] It has also been shown that any single 

oncogene is not capable of completely transforming a cell, but by acting 

cooperatively they can do so. Such cooperation is necessary because the 

functions of each oncogene are specialized; they form only some part of the 

new genotype and phenotype necessary for complete transformation. [9] 

Currently, just over 100 different proto-oncogenes are known and are found 

on virtually all human chromosomes. It is estimated that there are about 20 

potential oncogenes in each somatic cell. Since almost all known oncogenes 

encode proteins involved in essential cellular processes, it is believed that 

the number of identified oncogenes is approaching a natural limit limited by 

key mechanisms of known biochemical processes in cells.[10] 

Proto-oncogenes are categorized into several groups: 

 1. growth factor receptors: HER-1 antibody, HER-2, HER-3,  

 2. responsible for intracellular transmission of growth signal: RET, K-RAS, 

N-RAS 

 3. transcription activation factors: C-MYC, C-MYC 

 4. apoptosis blockers: BCL-2, MDM2 

 5. growth factor: PDGF (Platelet-derived growth factor) 

 Growth factor receptors: 

HER-1 antibody (human epidermal growth factor receptor 1, type 1): 

The main function is as a receptor tyrosine kinase that binds EGF family 

ligands and activates several signaling cascades to convert extracellular 

signals into appropriate cellular responses. [11] Known ligands include EGF 

(Epidermal Growth Factor, epidermal growth factor receptor), TGFΑ/TGF-

alpha (Transforming growth factor-alpha, transforming growth factor-

alpha), AREG (amphiregulin), EPGN (epigen), BTC (Betacellulin), EREG 

(epiregulin) and HBEGF (heparin-binding growth factor). Ligand binding 

triggers homo- and/or heterodimerization of the receptor and 

autophosphorylation of key cytoplasmic residues. The phosphorylated 

receptor recruit’s adaptor proteins such as GRB2 (The growth factor 

receptor-bound protein-2), which in turn activate complex downstream 

signaling cascades. Activates at least 4 major downstream signaling cascades 

including RAS-RAF-MEK-ERK modules (The Ras-RAF/Mitogen-activated 

protein kinase/ERK kinase (MEK)/extracellular-signal-regulated kinase 

(ERK)), PI3 kinase-AKT (phosphatidylinositol 3-kinase (PI3K)/protein 

kinase B (AKT), phosphatidylinositol 3-kinase/protein kinase B), 

PLCgamma-PKC (phospholipase Cgamma (PLCgamma) and protein kinase 

C (PKC)) and STATs (Signal transducers and activators of transcription). 

[12] Can also activate the NF-kappa-B (nuclear factor kappa-light-chain-

enhancer of activated B cells) signaling cascade. Also directly 

phosphorylates other proteins such as RGS16 (Regulator of G Protein 

Signaling 16), activating its GTPase activity and likely linking EGF receptor 

signaling to G-protein coupled receptor signaling. It also phosphorylates 

MUC1 and enhances its interaction with SRC (Proto-oncogene tyrosine-

protein kinase) and CTNNB1/beta-catenin. 

Isoform 2 may act as an antagonist of EGF action. [13] 

Tissue specificity is ubiquitously expressed. Isoform 2 is also expressed in 

ovarian cancer. 

Involved in diseases such as: lung cancer, inflammatory skin and intestinal 

diseases in neonates. 

Belongs to the superfamily of protein kinases. Tyr family of protein kinases. 

EGF receptor subfamily. Contains 1 protein kinase domain. [14] 

Phosphorylation by Ser-695 is partial and only occurs if Thr-693 is 

phosphorylated. Phosphorylation at Thr-678 and Thr-693 by PRKD1 inhibits 

EGF-induced activation of MAPK8/JNK1 (Mitogen-Activated Protein 

Kinase 8. Dephosphorylation by PTPRJ (Receptor-type tyrosine-protein 

phosphatase) prevents endocytosis and stabilizes the receptor at the plasma 

membrane. Autophosphorylation at Tyr-1197 is stimulated by methylation 

at Arg-1199 and enhances interaction with c. [15] Autophosphorylation at 

Tyr-1092 and/or Tyr-1110 recruits STAT3. It is dephosphorylated by PTPN1 

and PTPN2 (Tyrosine-protein phosphatase non-receptor type 1 /2, Tyrosine-

protein phosphatase non-receptor type 1 and 2). 

Monoubiquitinated and polyubiquitinated upon stimulation with EGF, which 

does not affect tyrosine kinase activity or signaling capacity but may play a 

role in targeting to lysosomes. Polyubiquitin binding occurs primarily 

through Lys-63, but binding through Lys-48, Lys-11, and Lys-29 also 

occurs. Deubiquitination of OTUD7B prevents degradation. RNF115 and 

RNF126 are ubiquitinated. [16] 

Methylation at Arg-1199 by PRMT5 stimulates phosphorylation at Tyr-

1197. 

It is secreted by cell membrane, endoplasmic reticulum membrane, Golgi 

apparatus membrane, nucleus membrane, endosome, endosome membrane 

and nucleus. In response to EGF, translocates from the cell membrane to the 

nucleus via the Golgi and ER (endoplasmic reticulum). Endocytosed upon 

ligand activation. It is localized together with GPER1 in the nucleus of 

estrogen agonist-induced cancer associated fibroblasts (CAFs). [17] 

HER-2 (human epidermal growth factor receptor 2, type 2): 

Primary function is performed by a proteintyrosine kinase that is part of 

several cell surface receptor complexes, but appears to require a coreceptor 

for ligand binding. An important component of the neuregulin-receptor 

complex, although neuregulins do not interact exclusively with it. [18] GP30 

is a potential ligand for this receptor. It regulates the growth and stabilization 

of peripheral microtubules (MTS). Upon activation of ERBB2, the MEMO1-

RHOA-DIAPH1 signaling pathway causes phosphorylation and thus 

inhibition of GSK3B (Glycogen synthase kinase-3Glycogen synthase 

kinase-3) at the cell membrane. This prevents phosphorylation of APC 

(Antigen presenting cells) and CLASP2 (Cytoplasmic Linker Associated 

Protein 2), allowing it to bind to the cell membrane. [19] In turn, membrane-

bound APC allows MACF1 (Microtubule Actin Crosslinking Factor 1) to 

localize to the cell membrane, which is required for microtubule capture and 

stabilization. 

In the nucleus is involved in the regulation of transcription. Binds to the 5'-

TCAAATTC-3' sequence in the PTGS2/COX-2 (Prostaglandin-

Endoperoxide Synthase 2) promoter and activates its transcription. [20] 

Involved in the activation of CDKN1A (cyclin-dependent kinase inhibitor 

1A) transcription; STAT3 and SRC are involved in this function. Participates 

in rRNA gene transcription by RNA Pol I and enhances protein synthesis 

and cell growth. [21] 

Does not have tissue specificity as it is expressed in a variety of tumor 

tissues, including primary breast tumors and tumors of the small intestine, 

esophagus, kidney, and oral cavity. 

Involved in diseases such as: hereditary diffuse gastric cancer, glioma, 

ovarian cancer, lung cancer, and gastric cancer. [22] 

Chromosomal aberrations involving ERBB2 (erythroblastic leukemia viral 

oncogene homolog 2) may be a cause of gastric cancer. Deletions in the 

17q12 region cause transcripts to fuse with CDK12 (Cyclin-dependent 
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kinase 12), resulting in a CDK12-ERBB2 fusion leading to a truncated 

CDK12 protein that is not part of the ERBB2 structure. 

Belongs to the protein kinase superfamily. [23] Tyr protein kinase family. 

EGF receptor subfamily. Contains 1 protein kinase domain. 

Autophosphorylated. Autophosphorylation is trans-, i.e., one subunit of the 

dimeric receptor phosphorylates tyrosine residues on the other subunit. 

Binding to the ligand increases the phosphorylation of tyrosine residues. 

Signaling through SEMA4C promotes phosphorylation by Tyr-1248. It is 

dephosphorylated by PTPN12 (Protein Tyrosine Phosphatase Non-Receptor 

Type 12, Protein Tyrosine Phosphatase Receptor Type 12). [24] 

It is localized in the cytoplasm, nucleus, and cell membrane.  

HER-3: 

Main function is binding and activation by neuregulins and NTAK.It is found 

in epithelial tissue and the brain. [25] 

Defects in ERBB3 are the cause of fatal congenital contracture syndrome 

type 2, also called Israeli Bedouin multiple contracture syndrome type A. 

LCCS2 is an autosomal recessive neurogenic form of lethal neonatal 

arthrogryposis that is associated with atrophy of the anterior horn of the 

spinal cord. LCCS2 syndrome is characterized by multiple joint contractures, 

atrophy of the anterior horns of the spinal cord, and a unique feature of a 

markedly enlarged bladder. The phenotype suggests a neuropathic spinal 

cord etiology. [26] Belongs to the protein kinase superfamily. Tyr family of 

protein kinases. EGF receptor subfamily. Contains 1 protein kinase domain. 

Overexpressed in a subset of human breast tumors. 

The cytoplasmic portion of the receptor can interact with the SH2 or SH3 

domains of many signal transduction proteins. [27] 

Binding to the ligand enhances phosphorylation of tyrosine residues and 

promotes its association with the p85 subunit of phosphatidylinositol-3-

kinase. 

It is secreted by the cell membrane. [28] 

 Proto-oncogenes are responsible for intracellular growth signaling: 

RET (Proto-oncogene tyrosine-protein kinase receptor): 

Performs receptor function with tyrosine-protein kinase activity. 

Defects in RET may be a cause of colorectal cancer. [29] 

Defects in RET are the cause of Hirschsprung's disease-it is a genetic 

disorder of neural crest development characterized by the absence of 

intramural ganglion cells in the hindgut, often leading to intestinal 

obstruction. 

RET defects are the cause of medullary thyroid carcinoma (MTC), a rare 

tumor originating from the C cells of the thyroid gland. There are three 

known hereditary forms, which are transmitted in an autosomal dominant 

manner: (a) multiple neoplasia type 2A, (b) multiple neoplasia type IIB, and 

(c) familial RET, which occurs in 25-30% of RET cases and where RET is 

the only clinical manifestation. [30] 

RET defects are the cause of multiple neoplasia type 2B, an uncommon 

inherited cancer syndrome characterized by a predisposition to CSF and 

pheochromocytoma, which is associated with a marfanoid habitus, mucosal 

neuromas, skeletal and optic nerve anomalies, and intestinal 

ganglioneuromas. The disease then progresses rapidly with the development 

of metastatic RET and pheochromocytoma in 50% of cases. 

Defects in RET are a cause of predisposition to pheochromocytoma. A 

catecholamine-producing tumor of the chromaffin tissue of the adrenal 

medulla or sympathetic paraganglia. The main symptom reflecting increased 

secretion of adrenaline and noradrenaline is hypertension, which may be 

constant or periodic. [31]  

RET defects are the cause of multiple neoplasia type 2A, also known as 

multiple neoplasia type 2, which is the most frequent form of medullary 

thyroid cancer (MTC). It is an inherited cancer syndrome characterized by 

MTC, pheochromocytoma and/or hyperparathyroidism. 

RET defects are a cause of papillary thyroid carcinoma. PTC is a common 

thyroid tumor that usually arises as an irregularly shaped, solid or cystic mass 

from otherwise normal thyroid tissue. Papillary carcinomas are malignant 

neoplasms characterized by the formation of numerous, irregularly shaped, 

finger-like protrusions of fibrous stroma that is covered by a superficial layer 

of neoplastic epithelial cells. Note=Chromosomal aberrations involving RET 

are found in papillary thyroid carcinomas. [32] Inversion inv (10) (q11.2; 

q21) generates the oncogene RET/CCDC6(Coiled-coil domain-containing 

protein 6, coiled-coil domain-containing protein 6) (PTC1) (type Two C 

phosphatase); inversion inv (10) (q11. 2; q11.2) generates the oncogene 

RET/NCOA4 (Nuclear receptor coactivator 4) (PTC3); translocation t 

(10;14) (q11; q32) with GOLGA5(Golgin subfamily A member 5) generates 

the oncogene RET/GOLGA5 (PTC5); translocation t (8;10) (p21.3; q11. 2) 

with PCM1(Pericentriolar material 1) generates PCM1/RET fusion; 

translocation t (6;10) (p21.3; q11. 2) with RFP (Red fluorescent protein, red 

fluorescent) generates Delta RFP/RET oncogene; translocation t (1;10) (p13; 

q11) with TRIM33(E3 ubiquitin-protein ligase, E3 ubiquitin-protein ligase) 

generates TRIM33/RET (PTC7) oncogene; translocation of t (7;10) (q32; 

q11) with TRIM24/TIF1(Triple-stranded motif-containing 24, Triple-

stranded motif-containing 24) generates TRIM24/RET (PTC6) oncogene. 

[33] The PTC5 oncogene was detected in 2 cases of PACT in children 

exposed to radioactive fallout after Chernobyl. A chromosomal aberration 

involving TRIM27/RFP is found in papillary thyroid carcinomas. 

Translocation t (6;10) (p21.3; q11.2) with RET. The translocation generates 

the TRIM27/RET and delta-TRIM27/RET oncogenes. [34] 

Defects in RET are the cause of renal adysplasia, also known as renal 

agenesia or renal aplasia. Renal agenesia refers to the absence of one 

(unilateral) or both (bilateral) kidneys at birth. Bilateral renal agenesia refers 

to a group of perinatally fatal kidney diseases including severe bilateral renal 

dysplasia, unilateral renal agenesia with contralateral dysplasia, and severe 

obstructive uropathy."[35] 

RET defects are the cause of congenital central hypoventilation syndrome, 

also known as congenital failure of autonomic control or Undine's curse. 

CCH is a rare disorder characterized by impaired respiratory control in the 

absence of neuromuscular or pulmonary disease and an identifiable 

brainstem lesion. The deficit in autonomic respiratory control results in 

inadequate or negligible ventilatory responses and arousal responses to 

hypercapnia and hypoxemia. [36] 

Belongs to the superfamily of protein kinases. Tyr family of protein kinases. 

Contains 1 cadherin domain. Contains 1 protein kinase domain. 

Autophosphorylated on C-terminal tyrosine residues upon ligand 

stimulation. Dephosphorylated by PTPRJ (Receptor-type tyrosine-protein 

phosphatase, Receptor-type tyrosine-protein phosphatase) on Tyr-905, Tyr-

1015 and Tyr-1062.[37] 

It localizes in the membrane. 

K-RAS (Kirsten RAt Sarcoma (Kirsten Rat Sarcoma): 

The function of Ras proteins is to bind GDP/GTP and have intrinsic GTPase 

activity. 

Defects in K-RAS are the cause of acute myeloleukemia, a malignant disease 

in which the precursors of hematopoiesis are arrested early in development. 

[38] 

Defects in K-RAS are the cause of juvenile myelomonocytic leukemia, 

which is a pediatric myelodysplastic syndrome that accounts for 

approximately 30% of pediatric myelodysplastic syndrome cases and 2% of 

leukemia cases. It is characterized by leukocytosis with tissue infiltration and 

in vitro hypersensitivity of myeloid precursors to granulocyte-macrophage 

colony-stimulating factor." [39] 

Defects in K-RAS are a cause of Noonan syndrome type 3 (NS3). Noonan 

syndrome (NS) is a disorder characterized by dysmorphic facial features, 

short stature, hypertelorism, cardiac abnormalities, deafness, motor 

retardation, and bleeding diathesis. It is a genetically heterogeneous and 

relatively common syndrome, with an estimated incidence of 1 in 1000-2500 

live births. Rarely, NS is associated with juvenile myelomonocytic leukemia. 

The inheritance of NS3 is autosomal dominant. 

Defects in K-RAS are the cause of stomach cancer, also called gastric 

intestinal cancer or gastrointestinal cancer. Gastric cancer is a malignant 

disease that starts in the stomach, can spread to the esophagus or small 
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intestine, and can spread through the stomach wall to nearby lymph nodes 

and organs. It can also metastasize to other parts of the body. The term gastric 

cancer or gastric carcinoma refers to gastric adenocarcinoma, which 

accounts for the majority of all gastric malignancies. Two main histologic 

types of carcinomas are distinguished: diffuse type and intestinal type 

carcinomas. Diffuse tumors are poorly differentiated infiltrating lesions that 

result in gastric thickening. In contrast, intestinal tumors are usually 

exophytic, often ulcerated, and associated with intestinal metaplasia of the 

stomach, most often seen in sporadic disease.[40] 

Defects in K-RAS are a cause of pilocytic astrocytoma (PA). Pilocytic 

astrocytomas are neoplasms of the brain and spinal cord originating from 

glial cells that range from histologically benign forms to highly anaplastic 

and malignant tumors. 

Defects in K-RAS are the cause of CFC syndrome, also known as 

cardiofacial cutaneous syndrome. CFC syndrome is characterized by a 

distinctive facial appearance, heart defects, and mental retardation. Cardiac 

malformations include pulmonary artery stenosis, atrial septal defects, and 

hypertrophic cardiomyopathy. Some affected individuals have ectodermal 

abnormalities such as sparse, loose hair, hyperkeratotic skin lesions, and a 

generalized condition similar to ichthyosis. Typical facial features are similar 

to Noonan syndrome. They include a high forehead with supraorbital arches, 

hypoplastic supraorbital protrusions, slanted eye slits, depressed bridge of 

the nose, and ears with protruding spiracles angled posteriorly. The 

inheritance of CFC syndrome is autosomal dominant.[41] 

Belongs to the small superfamily of the GTPase. Ras family. 

Localizes in the cell membrane. 

N-RAS: 

The function of Ras proteins is to bind GDP/GTP and have intrinsic GTPase 

activity. 

Defects in NRAS are the cause of juvenile myelomonocytic leukemia, which 

is a pediatric myelodysplastic syndrome that accounts for approximately 

30% of pediatric myelodysplastic syndrome cases and 2% of leukemia cases. 

[42] 

Defects in NRAS are the cause of Noonan syndrome type 6. Syndrome, 

characterized by dysmorphic facial features such as hypertelorism, downcast 

gaze, and low-set ears turned backwards. Other features may include short 

stature, short neck with webbing or excessive skin, cardiac abnormalities, 

deafness, motor retardation, and various intellectual disabilities. 

It belongs to the small superfamily GTPase. Ras family. [43] 

Palmitoylated by the ZDHHC9-GOLGA7(zinc finger DHHC-type 

palmitoyltransferase 9, Zinc finger DHHC-type palmitoyltransferase 9) 

complex. A continuous cycle of de- and re-palmitoylation regulates the rapid 

exchange between the plasma membrane and Golgi cells. 

Localizes in the cell membrane, the membrane of the Golgi apparatus. Moves 

between the plasma membrane and the Golgi apparatus. 

Transcription activation factors: 

C-MYC: 

Function is to participate in the regulation of gene transcription, binding 

DNA in a non-specific manner, but also specifically recognizes the 5'-

CAC[GA]TG-3' basic sequence. 

MYC overexpression has been implicated in the etiology of various 

hematopoietic tumors. [44] 

A chromosomal aberration involving MYC may be responsible for a form of 

B-cell chronic lympholeukemia. BTG1-mediated translocation t (8;12) (q24; 

q22). 

Defects in MYC are the cause of Burkitt's lymphoma (BL). A form of 

undifferentiated malignant lymphoma, usually manifested as an extensive 

osteolytic lesion of the jaw or as a mass in the abdomen. Chromosomal 

aberrations involving MYC are commonly found in Burkitt's lymphoma. 

Translocations t (8;14), t (8;22), or t (2;8) that map MYC to one of the 

immunoglobulins heavy or light chain gene loci. 

Contains 1 basic helix-loop-helix-helix (bHLH) domain. 

Phosphorylated by PRKDC (DNA-dependent protein kinase, catalytic 

subunit). Phosphorylation by Thr-58 and Ser-62 via GSK3(Glycogen 

synthase kinase 3, Glycogen synthase kinase 3) is required for ubiquitination 

and degradation by the proteasome. [45] 

Ubiquitinated by the SCF(FBXW7) complex (F-box/WD repeat-containing 

protein 7, F-box/Company WD repeat-containing protein 7) upon 

phosphorylation by Thr-58 and Ser-62, leading to its degradation by the 

proteasome. In the nucleoplasm, ubiquitination is counteracted by 

USP28(ubiquitin specific peptidase 28, ubiquitin-specific peptidase 28) 

which interacts with FBXW7 isoform 1 (FBW7alpha), leading to its 

deubiquitination and preventing its degradation. In the nucleus, however, 

ubiquitination is not counteracted by USP28 due to the lack of interaction 

between FBXW7 isoform 4 (FBW7gamma) and USP28, which explains the 

selective degradation of MYC in the nucleus. Also polyubiquitinated by the 

DCX (Doublecortin, doublecortin) complex (TRUSS). 

It is localized in the nucleus, its nucleoplasm, and the nucleolus. [46] 

N-MYC (N-myc proto-oncogene protein): 

Acts as a transcription factor. 

Amplification of the N-MYC gene is associated with a variety of human 

tumors, most commonly neuroblastoma, where the level of amplification 

appears to increase as the tumor progresses. 

Defects in MYCN are a cause of microcephaly- oculodigito-esophageal-

duodenal syndrome, also known as oculodigito-esophagoduodenal 

syndrome. Microcephaly-oculodigestive-esophageal-duodenal syndrome is 

characterized by various combinations of esophageal and duodenal atresia, 

microcephaly, learning disability, and limb malformations. Heart and kidney 

malformations, spinal anomalies, and deafness have also been described.[47] 

Defects in MYCN are a cause of microcephaly and digital anomalies with 

normal intelligence. 

Contains 1 basic helix-loop-helix-helix (bHLH) domain. 

Expressed during intrauterine development. 

Localizes in the nucleus. 

Blocker of apoptosis: 

BCL-2(B-cell lymphoma 2, Bcl-2(B-cell lymphoma 2) protein)): 

Main function is to suppress apoptosis in various cell systems including 

factor-dependent lymphohematopoietic and nerve cells, regulation of cell 

death by controlling mitochondrial membrane permeability, inhibition of 

caspase activity either by preventing the release of cytochrome c from 

mitochondria and/or by binding to factor, APAF-1( Apoptotic protease 

activating factor 1)(Apoptotic protease activating factor 1) attenuation of 

inflammation by disrupting NLRP1-inflammasome activation, hence 

CASP1 activation and IL1B(Interleukin-1 beta) release. 

It has no tissue specificity as it is expressed in various tissues. [48] 

A chromosomal aberration involving BCL2 has been found in chronic 

lympholeukemia. Translocation t(14;18) (q32;q21) with immunoglobulin 

gene regions. BCL2 mutations found in non-Hodgkin's lymphomas carrying 

the chromosomal translocation can be attributed to a mechanism of somatic 

Ig hypermutation resulting in nucleotide transitions. 

It belongs to the Bcl-2 family. 

The BH1 and BH2 domains are required for interaction with BAX and for 

anti-apoptotic activity. 

The BH4 motif is required for antiapoptotic activity and for interaction with 

RAF1 and EGLN3. 

The loop between the BH4 and BH3 motifs is required for interaction with 

NLRP1.[49] 
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Phosphorylation/dephosphorylation on Ser-70 regulates anti-apoptotic 

activity. Growth factor-stimulated phosphorylation of Ser-70 by PKC is 

required for anti-apoptotic activity and occurs during the G2/M phase of the 

cell cycle. In the absence of growth factors, BCL2 appears to be 

phosphorylated by other protein kinases such as ERKs and stress-activated 

kinases. MAPK8/JNK1(Mitogen-activated protein kinase 8, Mitogen-

activated protein kinase 8) is phosphorylated at Thr-69, Ser-70 and Ser-87, 

which stimulates starvation-induced autophagy. Dephosphorylated by 

protein phosphatase 2A (PP2A) (Protein phosphatase 2). 

Proteolytically cleaved by caspases during apoptosis. The cleaved protein, 

lacking the BH4 motif, has pro-apoptotic activity and causes the release of 

cytochrome c into the cytosol, promoting further caspase activity. [50] 

PARK2 is monoubiquitinated, leading to an increase in its stability. 

SCF(FBXO10) is ubiquitinated by SCF, leading to its degradation by the 

proteasome. 

Localizes on the mitochondrial outer membrane, nucleus membrane and 

endoplasmic reticulum membrane. 

MDM2(Mouse double minute 2 homolog): 

Ubiquitin E3 is a protein ligase that mediates ubiquitination of p53/TP53 

leading to its degradation by the proteasome. Inhibits p53/TP53- and 

p73/TP73-mediated cell cycle arrest and apoptosis by binding its 

transcription activation domain. Also acts as an E3 ubiquitinligase relative 

to itself and ARRB1.[51] Permits nuclear export of p53/TP53. Promotes 

proteasome-dependent ubiquitin-independent degradation of retinoblastoma 

RB1 protein. Inhibits DAXX-mediated apoptosis (death domain associated 

protein) by inducing its ubiquitination and degradation. A component of the 

TRIM28/KAP1-MDM2-p53/TP53 complex involved in p53/TP53 

stabilization. Also, a component of the TRIM28/KAP1-ERBB4-MDM2 

complex, which links growth factor and DNA damage response pathways. 

Does not have tissue specificity as it is expressed in a variety of tumor 

tissues. The Mdm2-A isoform, Mdm2-B isoform, Mdm2-C isoform, Mdm2-

D isoform, Mdm2-E isoform, Mdm2-F isoform, and Mdm2-G isoform are 

observed in a number of cancers, but are absent in normal tissues. [52] 

It appears to be amplified in some tumors (including soft tissue sarcomas, 

osteosarcomas, and gliomas). A higher frequency of splicing variants lacking 

p53 binding domain sequences has been found in advanced stage and high 

malignancy ovarian and bladder carcinomas. Four splice variants 

demonstrate loss of binding to p53.[53] 

Belongs to the MDM2/MDM4 family. Contains 1 zinc finger of the RanBP2 

type. Contains 1 RanBP2-type zinc finger. Contains 1 SWIB domain. 

Region I is sufficient to bind p53 and inhibit its G1 arrest and apoptosis 

functions. It also binds p73 and E2F1. Region II contains most of the central 

acidic region required for interaction with ribosomal protein L5 and a 

putative C4-type zinc finger. The zinc finger domain, which coordinates two 

zinc molecules, specifically interacts with RNA whether zinc is present or 

not and mediates MDM4-mediated hetero-oligomerization. It is also 

required for its E3 ubiquitin-ligase activity toward p53 and itself. 

Phosphorylated in response to ionizing radiation in an ATM-dependent 

manner. 

Autoubiquitinated, leading to proteasomal degradation. Deubiquitinated 

USP2(Ubiquitin carboxyl-terminal hydrolase 2, Ubiquitin carboxyl-terminal 

hydrolase 2), leads to its accumulation and enhances deubiquitinylation and 

degradation of p53/TP53. Deubiquitinylated by USP7; leading to its 

stabilization. 

Localizes in the nucleoplasm and nucleolus of the nucleus accumbens, 

cytoplasm.  Expressed predominantly in the nucleoplasm. Interaction with 

ARF(P14) leads to localization of both proteins in the nucleus. Nucleus 

localization signals in both ARF(P14) and MDM2 may be required for 

efficient nucleus localization of both proteins. It colocalizes with the A 

isoform of RASSF1(Ras association domain-containing protein 1, Ras 

association domain-containing protein 1) in the nucleus.[54] 

Growth factors: 

PDGF (Platelet-derived growth factor): 

A potent mitogen for cells of mesenchymal origin. Binding of this growth 

factor to its affinity receptor induces a variety of cellular responses. It is 

released by platelets upon wounding and plays an important role in 

stimulating the growth of neighboring cells and thus healing the wound. It is 

activated by proteolytic cleavage and this active form acts as a specific ligand 

for the beta platelet-derived growth factor receptor. Induces macrophage 

recruitment, increased interstitial pressure, and blood vessel maturation 

during angiogenesis. 

Expressed at high levels in the heart, pancreas, adrenal gland, and ovaries 

and at low levels in the placenta, liver, kidney, prostate, testes, small 

intestine, spleen, and colon. In the kidney, it is expressed by visceral 

epithelial cells of the tubules. Widespread expression is also seen in medial 

smooth muscle cells of arteries and arterioles and in smooth muscle cells of 

straight vessels in the medulla. It is expressed in the adventitial connective 

tissue surrounding the adrenal artery. In chronic obstructive nephropathy, 

there is persistent expression in tubular visceral epithelial cells and vascular 

smooth muscle cells, as well as de novo expression by periglomerular 

interstitial cells and some neointimal cells of arteriosclerotic vessels. 

Expression in the normal prostate is seen predominantly in the glandular 

mesenchyme, whereas expression is elevated and more abundant in prostate 

carcinoma. Expressed in many cell lines derived from ovarian, lung, kidney 

and brain cancers. 

Belongs to the PDGF/VEGF (Vascular endothelial growth factor) family of 

growth factors. Contains 1 CUB domain. 

It is undetectable in the earliest stages of glomerulogenesis and is not found 

in metanephric blastema or surrounding cortical interstitial cells. In later 

stages of glomerulogenesis, it is localized in epithelial cells transitioning 

from early developing comma and S-stage nephrons to visceral epithelial 

cells of differentiated tubules. In the developing pelvis, it is expressed on the 

basal membrane of immature collecting ducts and by putative fibroblastic 

cells in the interstitium. 

Proteolytic deletion of the N-terminal domain of CUB releasing the core 

domain is required to unmask the receptor-binding epitopes of the core 

domain. Cleavage after Arg-247 or Arg-249 by plasminogen activator 

urokinase results in the active form. 

Does not have a specific cellular localization. 

It should be noted that chromosome rearrangements that cause tumor 

development do not necessarily affect only proto-oncogenes. Other genes 

encoding target proteins of oncogene products may also undergo changes. A 

number of oncogenes are activated through qualitative changes, where a 

change in the amino acid sequence of an oncoprotein is accompanied by an 

increase in its enzymatic activity (e.g., mutations in RAS family oncogenes). 

Activation of oncogenes can be caused by agents that do not directly damage 

DNA but trigger a chain of reactions leading to mediated activation of proto-

oncogenes. These carcinogens have been termed epigenetic carcinogens.[55] 

Almost all the mentioned mechanisms of proto-oncogene activation have 

been described for human tumors, and, at different stages of cell 

transformation, expression of different oncogenes can be observed. At the 

same time, cellular oncogenes are characterized by tissue specificity - 

unequal sensitivity of cells of different tissues to transforming influence. One 

and the same oncogene can have different effects on cells of different origin, 
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which indicates different molecular mechanisms of development of tumors 

of the same localization but different histogenesis. 

Proto-oncogenes are under the tight control of suppressor genes, or anti-

oncogenes. Mutations of proto-oncogenes, which remove them from the 

influence of suppressor genes, contribute to the autonomy of their 

functioning and cause constant, "on-off" activity and the cell loses the ability 

to exit the mitotic cycle. 

References: 

1. Li L   et al. (2022). Neuregulin-1 promotes the proliferation, 

migration, and angiogenesis of human periodontal ligament stem 

cells in vitro. Cell Biol Int 46:792-805. 

2. Li M   et al. (2022).  IPO7 promotes pancreatic cancer progression 

via regulating ERBB pathway. Clinics (Sao Paulo) 77:100044. 

3. Cheng X   et al. (2022).  Construction and Verification of 

Immunohistochemistry Parameters-Based Classifier to Predict 

Local-Recurrence of Upper Tract Urothelial Carcinoma After 

Kidney-Sparing Surgery. Front Oncol 12:872432. 

4. Lu Z   et al. (2022). Dissecting the genetic and 

microenvironmental factors of gastric tumorigenesis in mice. Cell 

Rep 41:111482.  

5. Sun C   et al. (2021). Comparison between core needle biopsy 

and excisional biopsy for breast neoplasm. Medicine (Baltimore) 

100: e26970  

6. Liu Z   et al. (2021). Melatonin potentiates the cytotoxic effect of 

Neratinib in HER2+ breast cancer through promoting 

endocytosis and lysosomal degradation of HER2. Oncogene 

40:6273-6283  

7. Rogic A   et al. (2021). High endogenous CCL2 expression 

promotes the aggressive phenotype of human inflammatory 

breast cancer. Nat Commun 12:6889  

8. Hao G   et al. (2021).  Copper-67 radioimmunotheranostics for 

simultaneous immunotherapy and immuno-SPECT. Sci Rep 

11:3622. 

9. Pan B   et al. (2020). Establishment and characterization of breast 

cancer organoids from a patient with mammary Paget's disease. 

Cancer Cell Int 20:365  

10. Gadaleta E   et al. (2020). Characterization of four subtypes in 

morphologically normal tissue excised proximal and distal to 

breast cancer. NPJ Breast Cancer 6:38  

11. Feng J   et al. (2022). Clinicopathologic characteristics and 

diagnostic methods of RET rearrangement in Chinese non-small 

cell lung cancer patients. Transl Lung Cancer Res 11:617-631  

12. Estrada-Zuniga CM   et al. (2022).  A RET: GRB2 fusion in 

pheochromocytoma defies the classic paradigm of RET 

oncogenic fusions. Cell Rep Med 3:100686  

13. Labrecque MP   et al. (2021). Cabozantinib can block growth of 

neuroendocrine prostate cancer patient-derived xenografts by 

disrupting tumor vasculature. PLoS One 16: e0245602  

14. Yang SR   et al. (2021). A Performance Comparison of 

Commonly Used Assays to Detect RET Fusions. Clin Cancer Res 

27:1316-1328  

15. Ashkboos M   et al. (2021). RET Protein Expression in Colorectal 

Cancer; An Immunohistochemical Assessment. Asian Pac J 

Cancer Prev 22:1019-1023  

16. Cai W   et al. (2021). Inhibition of cotranslational translocation 

by apratoxin S4: Effects on oncogenic receptor tyrosine kinases 

and the fate of transmembrane proteins produced in the 

cytoplasm. Curr Res Pharmacol Drug Discov 2:100053  

17. Osta BE & Ramalingam SS RET Fusion: (2020). Joining the 

Ranks of Targetable Molecular Drivers in NSCLC. JTO Clin Res 

Rep 1:100050  

18. Wang H   et al. (2020). YAP confers resistance to vandetanib in 

medullary thyroid cancer. Biochem Cell Biol 98:443-448  

19. Chen W   et al. (2020).  Hsa-miR-1908-3p Mediates the Self-

Renewal and Apoptosis of Human Spermatogonial Stem Cells 

via Targeting KLF2. Mol Ther Nucleic Acids 20:788-800  

20. Chan AW   et al. (2020). Receptor tyrosine kinase fusions act as 

a significant alternative driver of the serrated pathway in 

colorectal cancer development. J Pathol 251:74-86  

21. Le Roux Ö et al. (2022). Genetically manipulating endogenous 

Kras levels and oncogenic mutations in vivo influences tissue 

patterning of murine tumorigenesis. Elife 11: N/A  

22. Fan D et al. (2021).  Low Expression of Rasal2 Promotes Non-

Small Cell Lung Cancer Metastasis through Ras/ERK Pathway. 

Biol Pharm Bull 44:992-998  

23. Zhou Y et al. (2020). Puerarin improves graft bone defect through 

microRNA-155-3p-mediated p53/TNF-a/STAT1 signaling 

pathway. Int J Mol Med 46:239-251  

24. Xie H   et al. (2022). Exosome-transmitted circVMP1 facilitates 

the progression and cisplatin resistance of non-small cell lung 

cancer by targeting miR-524-5p-METTL3/SOX2 axis. Drug 

Deliv 29:1257-1271  

25. Zhang R   et al. (2022). METTL3 mediates Ang-II-induced 

cardiac hypertrophy through accelerating pri-miR-221/222 

maturation in an m6A-dependent manner. Cell Mol Biol Lett 

27:55  

26. Peng F   et al. (2021).  Downregulation of the Proton-Activated 

Cl- Channel TMEM206 Inhibits Malignant Properties of Human 

Osteosarcoma Cells. Oxid Med Cell Longev 2021:3672112  

27. Gao J   et al. (2021).  Response and resistance to CDK12 

inhibition in aggressive B-cell lymphomas. Haematologica N/A: 

N/A  

28. Maharjan CK   et al. (2021). RABL6A Promotes Pancreatic 

Neuroendocrine Tumor Angiogenesis and Progression In Vivo. 

Biomedicines 9: N/A  

29. Yu W   et al. (2021). DDX52 knockdown inhibits the growth of 

prostate cancer cells by regulating c-Myc signaling. Cancer Cell 

Int 21:430  

30. Rong Z   et al. (2021). Circular RNA CircEYA3 induces energy 

production to promote pancreatic ductal adenocarcinoma 

progression through the miR-1294/c-Myc axis. Mol Cancer 

20:106  

31. Sun CY   et al. (2021). Rapamycin and trametinib: a rational 

combination for treatment of NSCLC. Int J Biol Sci 17:3211-

3223  

32. Peterson C   et al. (2021). NGS Analysis Confirms Common 

TP53 and RB1 Mutations, and Suggests MYC Amplification in 

Ocular Adnexal Sebaceous Carcinomas. Int J Mol Sci 22: N/A  

33. Peterson C   et al. NGS Analysis Confirms Common TP53 and 

RB1 Mutations, and Suggests MYC Amplification in Ocular 

Adnexal Sebaceous Carcinomas. Int J Mol Sci 22: N/A (2021). 

34. Bi Y   et al. Long noncoding RNA HNF1A-AS1 regulates 

proliferation and apoptosis of glioma through activation of the 

JNK signaling pathway via miR-363-3p/MAP2K4. J Cell Physiol 

236:1068-1082 (2021). 

35. Jia G   et al. Neural stem cell-conditioned medium ameliorates 

Aß25-35-induced damage in SH-SY5Y cells by protecting 

mitochondrial function. Bosn J Basic Med Sci 21:179-186 

(2021). 

36. Liu F   et al. Upregulation of circ_0000142 promotes multiple 

myeloma progression by adsorbing miR-610 and upregulating 

AKT3 expression. J Biochem 169:327-336 (2021). 

37. Yao W   et al. (2021). TNK2-AS1 upregulated by YY1 boosts the 

course of osteosarcoma through targeting miR-4319/WDR1. 

Cancer Sci 112:893-905  

38. Wang YY   et al. (2021). Nogo-A aggravates oxidative damage 

in oligodendrocytes. Neural Regen Res 16:179-185  

39. Wang D   et al. (2021). Loss of 4.1N in epithelial ovarian cancer 

results in EMT and matrix-detached cell death resistance. Protein 

Cell 12:107-127  

40. Ma Y   et al. (2021).  SphK1 promotes development of non-small 

cell lung cancer through activation of STAT3. Int J Mol Med 

47:374-386  



International Journal of Clinical Epidemiology                                                                                                                                                                                     Page 7 of 7 

41. Zhong M   et al. (2021).  The p75NTR and its carboxyl-terminal 

fragment exert opposing effects on melanoma cell proliferation 

and apoptosis via modulation of the NF-? B pathway. FEBS Open 

Bio 11:226-236  

42. Liu K   et al. (2021). Circular RNA 100146 Promotes Colorectal 

Cancer Progression by the MicroRNA 149/HMGA2 Axis. Mol 

Cell Biol 41: N/A  

43. Lin L   et al. (2021).  Long non-coding RNA MEG3 promotes 

autophagy and apoptosis of nasopharyngeal carcinoma cells via 

PTEN up-regulation by binding to microRNA-21. J Cell Mol 

Med 25:61-72  

44. Chen B et al. (2022).  SHANK1 facilitates non-small cell lung 

cancer processes through modulating the ubiquitination of Klotho 

by interacting with MDM2. Cell Death Dis 13:403  

45. Gao Z et al. (2022). PDIA3P1 promotes Temozolomide 

resistance in glioblastoma by inhibiting C/EBPβ degradation to 

facilitate proneural-to-mesenchymal transition. J Exp Clin 

Cancer Res 41:223  

46. Li N et al. (2022).  Inhibitory effects of LOXL2 knockdown on 

cellular functions of liver cancer stem cells. Transl Cancer Res 

11:2013-2025  

47. Zhang L et al. (2021). miR-21-5p promotes cell proliferation 

by targeting BCL11B in Thp-1 cells. Oncol Lett 21:119  

48. Guo Q et al. (2021).  ZEB2, interacting with MDM2, 

contributes to the dysfuntion of brain microvascular 

endothelial cells and brain injury after intracerebral 

hemorrhage. Cell Cycle 20:1692-1707  

49. Lundsten S et al. (2021).  p53-Mediated Radiosensitization 

of 177Lu-DOTATATE in Neuroblastoma Tumor Spheroids. 

Biomolecules 11: N/A  

50. Li L   et al. (2021). MiR-325-3p mediate the 

CXCL17/CXCR8 axis to regulate angiogenesis in 

hepatocellular carcinoma. Cytokine 141:155436  

51. Duan YY   et al. (2021). Microtubule Stabilization Promotes 

Microcirculation Reconstruction After Spinal Cord Injury. J 

Mol Neurosci 71:583-595  

52. Santhanam L   et al. (2021). Skeleton-secreted PDGF-BB 

mediates arterial stiffening. J Clin Invest 131: N/A  

53. Suehara Y   et al. (2020). Assessment of Predictive 

Biomarkers of the Response to Pazopanib Based on an 

Integrative Analysis of High-grade Soft-tissue Sarcomas: 

Analysis of a Tumor Sample from a Responder and Patients 

with Other Soft-tissue Sarcomas. Clin Orthop Relat Res 

478:2461-2476  

54. Mao Y   et al. (2020). Fibroblast growth factor-2/platelet-

derived growth factor enhances atherosclerotic plaque 

stability. J Cell Mol Med 24:1128-1140  

55. Tang W   et al. (2020).  MicroRNA-29b-3p inhibits cell 

proliferation and angiogenesis by targeting VEGFA and 

PDGFB in retinal microvascular endothelial cells. Mol Vis 

26:64-75  

 

 

 

 

 

 

 

 

 

 

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver 
(http://creativeco mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless 
otherwise stated in a credit line to the data. 

Ready to submit your research? Choose ClinicSearch and benefit from:  
 

➢ fast, convenient online submission 
➢ rigorous peer review by experienced research in your field  
➢ rapid publication on acceptance  
➢ authors retain copyrights 
➢ unique DOI for all articles 
➢ immediate, unrestricted online access 

 

At ClinicSearch, research is always in progress. 

 

Learn more https://clinicsearchonline.org/journals/international-journal-of-

clinical-epidemiology  

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
https://clinicsearchonline.org/journals/international-journal-of-clinical-epidemiology
https://clinicsearchonline.org/journals/international-journal-of-clinical-epidemiology

