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Molecular Biology of Oncogenes in Carcinogenesis: An Essential 
Review

Introduction
Cancer is a genetic disease, and the 2nd most common 
cause of mortality worldwide after Cardiovascular Disease 
[1] and is linked with  genetic mutation  accumulation in 
genes involved  in cell proliferation control, differentiation 
and programmed cell death-apoptosis[2]. According to 
‘two-hit theory’ no one genetic mutation alone is sufficient 
for cancer development, but several factors have to occur 
before its clinical appearance, as it seems  to play an  
essential role in cancer initiation and progression. The main 
mechanisms that are responsible for cancer development 
concern DNA repair pathways damage, normal gene  

(proto-oncogene)  transformation into an oncogene, tumor 
suppressor gene mutation  or genes  mutations  which  are 
implicated in apoptosis process. Over the last decades 
significant progress has been made regarding the genes 
involvement in  the mentioned processes [3].

Studies on retroviruses  have resulted  in  great insights 
into  cancer biology and have become the foundation of 
our knowledge of oncogenes. Stehelin  et  al.  investigated  
retroviruses, a group of RNA viruses and that was the first 
attempt for  determining the existence of oncogenes [4]. 
Several landmark  experiments  were performed  based  on  
the  initial  observation  that viruses could cause cancer  
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Abstract
Cancer is a  genetic  disease with   unclear  etiology,  whereas its  
appearance  and  progression is  characterized by special events such 
as sustaining   proliferative   signaling, evading  growth suppressors, 
enabling replicative  immortality, resisting cell  death, inducing  
and activating invasion  and metastasis. The  disease arises  from  
mutations  in genes, oncogenes  and  tumor  suppressor  genes, that 
are  implicated  in growth, differentiation, or  death. An  oncogene  is 
a  mutated gene  whose its protein  is produced in higher quantities 
or whose altered product has increased activity and therefore acts 
in a dominant  manner. In  tumor suppressor  genes  the  mutation 
has caused a loss of function, and therefore most are recessive in  
nature because both alleles must be mutated, as a  mutation in only 
one allele is sufficient for an effect. More than 100 oncogenes and 
at  least  15 tumor suppressor genes  have been identified.  In  the  
current  review we focus on the roles of some of the most important 
oncogenes that have an active contribution in cell signaling pathways 
and implicated in cell surviving,  proliferation and  malignancy  
transformation. Those cell signaling pathways are the target of 
diverse anti-malignant drugs, such as special inhibitors and mono-
clonical antibodies in order  to  inhibit their effects in malignant 
transformation and development of cancer.
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in animals, and the results  pointed  to  the  discovery of  
oncogenes. Those  viruses carry the  following  genes  gag, 
env and pol  which are  responsible  for  three different 
proteins, namely  a  core  protein, an  envelope  protein, 
and  a   reverse  transcriptase, respectively. One of those 
viruses, the  Rous sarcoma  virus (Rsv)  was responsible  
for  malignancies  in chickens and had  another  gene, the  
src gene  which  came from  mammalian, and  it  was  
the  first  so-called “oncogene”, known as v-src [5]. It has 
been also reported that there was a gene with an homolo-
gous sequence to v-src  in  uninfected  chickens. Moreover, 
upon  further  investigation, this gene could be  found in 
diverse  organisms and  humans. Therefore, a fundamental  
principle of cancer biology was revealed, almost all known 
oncogenes were altered forms of normal  genes or proto-
oncogenes [4]. The name proto-oncogene is used in cancer 
biology to distinguish the normal cel-lular (c) gene, eg. 
c-src, from the altered form transduced by retroviruses (v), 
eg. v-src. The v-src sequence lacks the carboxy-terminal 
negative regulatory domain present in c-src which has 
point mutations throughout the gene[6].

The retroviruses  life cycle characterizes  them as  
intracellular parasites as they rely on their host cell for 
energy supply  and  for producing  viral  proteins. After  
injecting  their infectious nucleic acid (RNA) into a host 
cell, the viral RNA is first  reverse-transcribed  into DNA 
and it is known as a pro-virus. This is an  exception to  
the  central dogma of  genetic  information  unidirectional  
flow: DNA→RNA→protein. This  provirus DNA  is 
integrated randomly into the host  chromosome  where 
it will be replicated, transcribed, and  translated as host 
DNA. The viral DNA translation then produces viral 
proteins  for  the  new  viral  particles  synthesis. During  
evolution, the virus is able to acquire genes fragments from 
the  host  integration regions, and  this process may lead to 
carcinogenesis [7]. The Rsv acquired  a truncated form  of  
c-src. Similarly, Rsv using  its reverse transcriptase is  able 
to  integrate reversibly  into the  mammalian  genome and 
to make a DNA copy. With the procedure of transduction 
the Rsv  exited the cell and  integrated a mammalian 
gene  as a segment of  its  genome [8,9]. Alternatively, 
and depending on the integration site, viral DNA may be 
translated as  a  fusion  protein, in connection with  cellular 
DNA, leading to a novel fusion protein, or host  genes 
may  fall  under  the viral regulator sequences regulation. 
The resulting disruptions to host gene expression are 
other mechanisms  of  virus-induced  oncogenesis[9]. The 
mentioned findings could be useful for understanding the 
carcinogenesis mechanisms because although  viruses  are  
not  the  major cause of  human  cancers, the mechanism 
of proto-oncogenes  oncogenic  activation  is similar. For 
instance, chromosomal  translocations may have the same 
consequence  as the integration into  a host chromosome 
of a virus. A crucial  gene may come under the influence 
of novel regulatory sequences and may result in abnormal 
gene product quantities. The new gene configuration may 

act as an oncogene  [9,10]. A new Rsv infection  can lead 
to the mammalian gene expression  which was  oncogenic  
as the transduction process resulted in abnormal protein 
production . That pathway  has  been linked with  tumors 
development in animals, however in a limited number  of 
cases  is  responsible  for human malignancies development, 
such as Human T-cell Leukemia Virus -1 (HTLV-1) [11].

Several methods were detected to identify genes in  human 
malignancies  which are able to make transformations. Shih 
et al. used a DNA infection for transformation as DNA was 
extracted from a human tumor and  a  normal  cell  line 
was  infected. That transformed  cell  was visible as cells 
formed a monolayer in a cell culture and  those  cells could  
develop  tumors in case injected into nude mice. Similar to 
retroviruses  those   transformed  cells carried an oncogene 
in their genome [12]. 

In human  leukemias  the  chromosome  translocations  
break  points  analysis  was  a  method  to identify more 
oncogenes. Similarly, in Burkitt’s  Lymphoma (BL) 
at  the breakpoint  on chromosome 8 the myc oncogene 
was identified and associated with the 8;14 translocation 
t (8; 14) (q24; q32) [13]. In Chronic Myeloid Leukemia 
(CML), which  is associated with the Philadelphia  (Ph) 
chromosome a reciprocal translocation  between  the  long  
arms of  chromosomes 9 and 22 [t (9; 22) (q34; q11)] was 
detected. That  translocation  activates the  abl oncogene  
by moving  it from chromosome 9 and combining  it with 
sequence located on chromosome 22 [14]. 

Approximately, more than 100  dominant oncogenes  have 
been  identified as responsible for human tumors[15]. 
Proto-oncogenes role in normal cells, which consist the 
nontransformed version of the oncogenes, is essential for 
cell functions as they take part in signaling pathways  that 
result in cell division or regulate programmed cell death 
and their activations  is under  control. Several factors  are 
able  to activate those and that  activation  can result  in 
abnormal expression and cell transformation [16].

The aim of the present review was to focus on the molecular 
biology and the roles of some of the most important 
oncogenes that have an active contribution in the process 
of carcinogenesis.

Oncogenes Functional Classes 
Oncogenes and their normal cellular counterparts, the 
proto-oncogenes, can be classified by their function into 
diverse classes (Table 1) [17]. A number of those genes 
encode growth factors, e.g., sis (PDGF B-chain), hst (FGF-
like factor), etc., which  are able to stimulate  tumor cell 
proliferation by autocrine or paracrine mechanisms, but by 
themselves may not be sufficient to sustain the transformed  
phenotype. Another  type of  oncogene  codes  for  altered  
growth  factor receptors,many of which are associated 
tyrosine  kinase  (TK) activity. Those include the erb B 
(EGF receptor), src family of  oncogenes, and  fms  (CSF-1 
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receptor). For some of  those receptor-like, TK-associated  
membrane  proteins, the  actual ligand  is  unknown, e.g. 
met, ros, and  trk  [18]. A 3rd oncogene products  class 
is  membrane-associated, guanine  nucleotide-binding  
proteins  such as the  Ras  proteins family. These  proteins  
bind  GTP, have  associated GTPases, and act as signal 
transducers for cell surface growth factor receptors. The  
transforming  ras oncogenes  have been mutated in such a 
way as to render them constitutively active by maintaining 
them in a  GTP binding state, most possible because of 
a defect in the associated GTPase activity[19]. A 4th 
receptor class that has not associated TK activity is the a1b 
adrenergic  receptor and the mas gene product (angiotensin  
receptor) [18]. A 5th  class is  the  cytoplasmic  onco-
proteins  with serine/threonine  protein  kinase  activity. 
Those concern  the   products  of  the  mos, raf, pim-1, and 
cot genes. An  important member of that class is the c-Raf 
protein, activated by a variety of TK-associated rece-ptors. 
It is evident  that  c-raf acts  as  an intermediate  member 
in the signaling pathway between ras and the cell nucleus 
by activating the  Mitogen Activated Protein (MAP) 

kinase cascade. The raf oncogenic form  has lost part of  
its regulatory amino-terminal sequence and seems to be 
constitutively active. C-crk is  also a  cytoplasmic protein, 
and  it  appears to  act  by  stabilizing TKs associated 
with the Src onco-proteins family [20]. A 6th class  is  
cytoplasmic  regulators like crk, which influence phospho-
tyrosine-containing  proteins. The last class, a large class 
of  oncogenes  code for nuclear transcription factors such 
as jun, fos, myb, myc, erb A, and rel [21,22] (Table 1). 

For some  of  those, the  oncogenic  alteration that  makes 
them  transforming  onco-proteins  is a mutation that 
results in loss of negative regulatory components (e.g., for 
fos, jun, and myb), and in other cases (e.g. erb-A and  rel) 
the activating mutations  lead to the  active  domains loss, 
producing a mutant protein that prevents the normal gene 
product  activity, known as a dominant-negative mutation. 
Mutations of the tumor suppressor gene p53, in  sort of 
a ‘‘reverse twist,’’ produce a dominant-negative effect by 
producing a protein that in  this case prevents the action of 
a tumor suppressor function [22, 23].

Table 1. Oncogenes Functional Classes [17]

Class 1                   Growth  Factors 
Class 2               Receptor and non Receptor 

protein-TK
Class 3       Membrane Associated G- proteins

sis                      PDGF B-chain GF 
src                Membrane-associated non receptor 

protein TK(M-ANRP-TK)
K-ras       Membrane associated GTP-binding/GTPase

int-1                                    GF (?) erbB                         Truncated EGFR protein TK H-ras       Membrane associated GTP-binding/GTPase

int-2                       FGF-related GF neu                                Receptor-like protein-TK N-ras       Membrane associated GTP binding/GTPase

FGF-5                  FGF-related GF abl/bcr-abl                     Non receptor protein-TK gip                             Mutant activated form of Gi α 

hst (KS3)              FGF-related GF        ret                  Truncated receptor-like protein-TK gsp                               Mutant activated form of Gs α 

Class 4                Receptors lacking

            protein kinase activity
lck                                                  M-ANRP-TK         Class 7                         Nuclear transcription factors

Α1β                Angiotensin receptor fgr                                                    M-ANRP-TK myb,myc    Sequence-specific DNA -binding protein 

mas                  Angiotensin receptor   yes                                                  M-ANRP-TK 

N,L-myc                            Sequence-specific DNA

lyl-1,ets                                     -binding protein

jun                                     S-sDNA-bp;part of AP-1

Class 5        Cytoplasmic  protein-   
Serine Kinases

met    Soluble truncated receptor-like protein-TK 
(STR-LP-TK) 

evi-1,ski,                     Transcription factor maf,gli-1, v
av,Hex2.4                                     Transcription fact (?)

mos           Cytoplasmic protein-serine                                         
kinase (cytostatic factor)                              

trk                                                   STR-LP-TK erbA                 Dominant negative mutant T3 receptor

cot            Cytoplasmic protein-serine  
kinase (?)  

kit(W locus)          Truncated stem-cell receptor 

 protein-TK 
rel  Dominant negative mutant NF-κB-related protein

pim-1        Cytoplasmic protein-serine 
kinase

fms               Mutant CSF-1 receptor protein-TK 
fos                                          Combines with c-jun to

 form  AP-1 transcription factor  

raf/mil                 Cytoplasmic protein- 
serine kinase

ros                Membrane-associated receptor-like 
protein-TK

p53                                    Mutant form may sequester

 wild-type p53 growth suppressor 
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Oncogenes Cell Transforming Ability  
Proto-onc genes are normal cellular genes that are related 
to  the  retroviruses transforming (onc) genes. Because of 
the  mentioned association  it is thought  that those  genes  
are potential cancer genes. In  some  tumor  types, proto-
onc  genes are  expressed  more  than  in  normal cells or 
are mutated. Under those  circumstances, proto-onc  genes  
are  suggested  to be  active cancer genes according to 
the  following ways. The first hypothesis suggests that one 
activated proto-onc gene  is sufficient  to  cause cancer. 
The second hypothesis suggests that an activated proto-onc 
gene is a necessary but not a sufficient  cause  of cancer. 
However, transcriptionally activated or mutated proto-onc  
genes are not consistently  associated  with the tumors  in 
which they are occasionally found and are not able  to  
transform  primary cells. Moreover, no  one  activated  
proto-onc gene and a complementary cancer  gene with  
transforming ability has  been isolated from a malignant 
tumor. Therefore, there is still no evidence  that activated  
proto-onc  genes are sufficient or even necessary to cause 
cancer [24,25].

As mentioned the gene  transfer procedure, known as DNA 
transfection, has been implicated as a process for detecting 
oncogenes. Based on experiments, it has been recorded 
that DNA segments  from a diversity of animal and human 
tumors are responsible for transformation of cultured 
NIH-3T3 mouse fibroblasts [26-28]. Those  transforming 
DNA segments carry sequences homologous to known 
v-onc genes, based on the use of probes  developed  to the  
retroviruses oncogenes. The mentioned observation led to 
the concept that cellular  onc genes  activation  can  occur 
either by recombination  with  retroviral genomes, or  by 
some  sort of somatic mutational event leading to cellular  
proto-onc  genes  activation  or  aberrant  expression. 
Evidence  based  on  experimental research  showed  that 
point mutations, gene  amplification, and  chromosomal 
translocations can lead to cellular proto-onc genes 
activation or increased transcription [10,29].

The first attempt to reveal transforming  or ‘‘cancer’’ genes  
in the  cellular  DNA of malignantly transformed cultured  
cells  and  tumors, reported  by  Avery  et al. [30]. The 
authors showed that DNA isolated from a virulent strain  
of  pneumococci could transform a non-virulent strain into 
a virulent  one  with  the  cellular  markers. Moreover, the 
experiments  by   Hill  and  Hillova  [31] recorded   that  
DNA from Rsv-infected  cells could  transform cells as 

well as produce complete Rsv.The mentioned observations 
led to the concept that DNAfrom cells transformed by 
chemical  carcinogens  or  DNA from  malignant  cells 
themselves  might be able to transform normal cells into 
malignant ones. 

Shih et al. reported  the first  evidence, that DNA  from 
cells transformed with  chemical carcino-gens  could  
transform  other cells, as  showed   that  DNA  from  
3-methylcholanthrene  (3-MC)-transformed mouse 
fibroblasts could morphologically transform a line  of  
‘‘normal’’ 3T3 mouse fibroblasts known as the  NIH/3T3 
line, [32]  which has  become  the  gold  pattern for testing 
for transforming DNA. Those experiment procedures 
transfer intact DNA  into  whole cells, and  the transformed 
cells were visible because the original transformers 
proliferated to form transformed cells colonies  or foci  
that accumulated  on  one another instead of growing as 
flat monolayers of cells as  occurs to  normal  fibroblasts  
[33]. In case of  using DNA from  non transformed NIH/ 
3T3 cells in the transfection assay, the recipient cells 
were not  morphologically transformed, and consequently  
were not tumorigenic. It  is obvious  that the ‘‘normal’’  
fibroblasts treatment  with the  chemical carcinogen 3-MC 
in some way changes the cells’ DNA so that it carries 
the genetic information to induce a malignant phenotype 
in cells into which it is transfected [33]. Laboratory 
experiments  confirmed  those observations, thus  adding 
chemical carcinogen-alteration of DNA to retroviral  DNA 
as a  means to  induce malignant  transformation, after 
integration into a cell’s genome. Other  chemically activated  
transforming  DNAs  concern  those  extracted from  
ethylnitrosourea-induced rat neuroblastomas, benzo(a)
pyrene  (BP)-induced rabbit  bladder carcinoma [12] 7,12-
dimethyl-benz  (a) anthracene [benzanthracene (DMBA)-
induced mouse bladder carcinomas, and N-methyl-N0- 
nitro-N-nitrosoguanidine  (MNNG)-transformed human 
cells [34,35]. 

DNA sequence analysis of the  isolated  transforming 
DNA sequences has been confirmed, and it appears that 
the same  transforming  genes  are  activated in neoplasms 
of the same differentiated cell type, regardless  of  the  
origin of  the neoplasm  virally  or  chemically  induced  
or occurred spontaneously. Regarding the  identity of  
those transforming  genes and whether they corresponded 
to any known proto-onc gene or retroviral onc genes, 
was observed that based on  the probes developed to the  

Class 6    Cytoplasmic regulators fps/fes                            Non receptor protein-TK
pbx                                   Chimeric E2A-homeobox

                                 transcription factor 

crk           SH-2/3 protein which bind   
to (and regulates?) phospho-

     tyrosine-containing proteins

sea                      Membrane-associated truncated

receptor-like protein-TK 

Other

dbl      Cytoplasmic truncated cyto skeletal protein (?)

bcl-2         Inhibits programmed cell death (apoptosis)
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c-onc  and  v-onc genes, the  experiment  to  research  their 
sequence homology against the cloned transforming genes 
isolated from various neoplasms and transformed cell 
lines was uncomplicated. Initially, probes developed to 
the v-onc sequences src, myc,ras, erb, fes,myb,mos, and 
sis were  used to test  sequence  homology  to  the  isolated  
transforming  sequences by nucleic acid hybridization [27]. 

Experiments  showed that the human lung and bladder 
carcinoma transforming genes detected by DNA transfection 
in the NIH/3T3  transformation  assay were  homologous 
to the ras genes of v-K-ras and v-H-ras, respectively [36].  
Other  human carcinomas  and human tumor cell lines 
also carry  the  K-ras   gene, including  carcinomas  of  
the  lung, pancreas, colon, gallbladder, urinary bladder, 
and  rhabdomyosarcoma  [37]. Moreover, a  third  ras-
like  gene  was  discovered  in the transforming sequences 
from a human neuroblastoma weakly homologous to both 
v-H-ras and v-K-ras. This transforming gene represents a 
3rd  member of  ras  gene family and has been defined 
N-ras [38]. The  involvement  of different ras genes in 
different types of human cancers suggests that ras gene 
family members may be involved in some general way in 
regulating the phenotypic characteristics of a  diversity 
of human malignant tumors. However, the cellular ras 
genes activation  in  human cancers  gives the  first direct 
association  between  the  retroviruses transforming genes 
and human cancer [39].

Similar  experiments  have  indicated  that human  cancer-
transforming genes are  induced by the activation of  cellular  
proto-onc genes. To  be more specific, hybridization 
analysis of restriction endonuclease–digested cellular  
DNAs from lung carcinomas, human bladder and normal 
human cells with cloned probes of v-H-ras and v-K-ras 
sequences and with cloned probes of the biologically 
active transforming gene  from human  bladder cancer  
has shown that the activated tranforming genes of lung 
and bladder carcinomas are homologous to the ras proto 
onc genes of normal cells [40]. In addition, when viral 
transcriptional promoter LTR sequences from murine  
or feline retro-viruses are associated with the ras proto-
onc  gene isolated from normal human cells, oncogenic 
transformation of  NIH/3T3 mouse fibroblasts is  visible 
and an increased expression of the p21 gene product of 
the proto-onc ras gene was revealed in the transformed 
cells an observationsuggesting that increased  expression  
of a ‘‘normal’’ proto-onc  gene is able to induce oncogenic  
transformation [41]. However, it is  also  possible  to  activate  
proto-onc  (c-onc)  genes  through other mechanisms, such 
as gene amplification and somatic mutation.

C-onc genes activation  is  attributed  to  mechanisms  
that are  responsible  for  genes  activation during cell 
transformation or tissue differentiation, and  concern point 
mutations, gene amplification, gene rearrangement, and 
increased transcription due  to alterations in chromatin  
packaging. 

Moreover, retrovirus enhancer regions (LTRs) insertion next 
to c-onc genes or  mutation in c-oncgene  coding sequences 
is able to alter their function. Some of these mechanisms 
have been identified in vitro or animal experiments, but all 
could potentially be implicated in c-onc gene activation 
during carcinogenesis in humans. Proto-oncogenes are 
present in all human and animal cells and they obviously 
must  be activated by some endogenous, such as faulty 
repair of oxidative damage from normal cellular processes  
or exogenous agents, such  as  chemical carcinogens, 
ultraviolet  light, to  trigger  the  cancer  process. Many  
genetic  lesions  have been detected in human tumors and 
are possible parts of the carcinogenic process [42].

DNA-RNA hybridization  using  v-onc gene  cDNA probes  
has  resulted  in the examination of a wide diversity of 
human tumors for expression of cellular c-onc genes [43]. 
Expression of genes, (transcription into RNA), homologous  
to v-onc genes in human tumors is present in lymphomas, 
leukemias, carcinomas, neuroblastoma, various sarcomas, 
choriocarcinoma, and teratocarcinoma [44].

The DNA  transfection  experiments  proposed that 
transforming ability is a dominant characteristic. More 
particularly, if  a transforming onc  gene  is activated  in 
or  transfected  into  a normal cell, it arrests  the cell’s 
genetic mechanism and  turns it into a malignant cell. This 
option is may be wrong as the NIH/3T3 cell is  a cancer  
cell. Indeed, ‘‘untransformed’’   NIH/3T3 cell cultures 
subpopulations are tumorigenic and metastatic under the 
right circumstances [45] although transformation with 
a ras gene appreciably increases the malignant potential 
of these cells. Moreover, transfection  with at  least two 
onc  genes is necessary to transform normal diploid 
fibroblasts in culture, supporting  the  concept that  
malignant  transformation  is a  multistage process. Finally, 
cell hybridization between malignant  and  normal cells 
indicates that the hybrid cells formed are more  likely to be 
tumorigenic [46]. Consequently, the complete malignant 
phenotype expression is not  possible to  be  attributed  to 
insertion or activation of a single ‘‘cancer gene,’’ and in 
most cases appears to implicate tumor suppressor genes 
loss.

Oncogene Activation and Carcinogenesis
Oncogene activation  is caused  by chromosomal 
rearrangements, mutations, and gene amplification and 
leads to  a  growth  advantage  or  increased survival  of  
cells  with such alterations. The mentioned mechanisms 
are responsible for  an alteration  in the oncogene structure 
or an increase  or deregulation of its expression [47]

Chromosome  translocations   and  inversions  are  classical  
cytogenetic  abnormalities in cancer cells. In solid tumors 
and hematopoietic malignancies, the  translocations 
and  inversions deregulate  or   increase   the  oncogene   
transcription. In  cancer  such  as prostate, gene  fusion  
occurs between a gene that carries  a promoter which is  
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very active  in the  target cells, and another that shows 
the oncogenic activity (e.g.,ERG1)[48].  In hematopoietic 
malignancies of T- and B- cells, the most  common  
activation  mechanism  is similar  to myc deregulation, 
whereas  in soft-tissue sarcomas and myeloid cancers, 
gene fusion is more common [49].

In case an oncogene is activated by mutation, the  encoded 
protein  structure  is changed in a way that enhances its 
transforming activity. Oncogenes  are characterized 
by many types of mutations [50].For instance, the ras 
oncogenes (K-ras,H-ras,N-ras),which encode proteins 
with guanosine nucleotide-binding   activity  and intrinsic  
guanosine triphosphatase activity. Mutations in codon 12, 
13, or 61, leads the ras genes to encode  a protein that 
remains in the active state and continuously transduces 
signals by linking TKs to downstream serine and  threonine 
kinases [51]. Those continuous signals induce incessant  cell 
development. Moreover, ras family oncogene mutations 
have been associated with exposure to  environmental  
carcinogens. K-ras mutations are detected in carcinomas 
of  the lung, colon, and pancreas, whereas N-ras mutations  
occur mainly in Acute Myeloid Leukemia (AML) and the 
Myelodysplastic syndrome [52].

Braf  gene activating  point  mutations  occur in  59%  
of  melanomas, 18% of colorectal cancers, 14% of 
hepatocellular carcinomas, and 11% of gliomas [53]. 
Most of  the Braf  mutations change the valine residue at 
position 599  to glutamic acid (V599E), an alteration  that 
occurs  within the Braf protein kinase domain, leading to a 
constitutively active protein that uncontrollably stimulates 

the MAP kinase cascade, thereby deregulating genes 
implicated in cell survival, proliferation, and differentiation  
[53,54].  In  melanoma cases, Braf mutations can precede 
neoplastic transformation, as  several types of nevi have 
BRAF mutations [53].

A gene amplification , which  usually occurs during 
tumor progression, is the dihydrofolate reductase gene 
(DHFR)amplification in methotrexate-resistant Acute 
Lymphoblastic Leukemia(ALL) [55]. DHFR amplification 
is accompanied  by cytogenetic alterations that reflect 
amplification of oncogenes [56,57]. The amplified DNA 
segment usually contains several hundred Kbs and many 
genes. 

Four different oncogene  family members  are  often 
amplified, ras, myc, cyclin D1 (or CCND1), and EGFR. 
myc is amplified  in breast cancer, SCLC, esophageal, 
cervical, ovarian and head and neck cancer, whereas 
N-myc amplification associates with an advanced tumor 
stage [58]. 

The t(11;14) translocation  contrasts cyclin D1 and 
immunoglobulin enhancer components and is characteristic 
of mantle-cell lymphoma [59].Cyclin D1 amplification is 
also found in esophageal,breast, hepatocellular, and head 
and neck cancer. EGFR (ERBB1)  is  amplified in head and 
neck cancer  and  glioblastoma  cases. ERBB2, also  known  
as   Her 2/neu, amplification  of  in breast cancer associates 
with a poor prognosis [60]. 

The association of the most common oncogens with 
carcinogenesis is presented in Table 2.

Table 2. The association of the most common oncogens with carcinogenesis  

Oncogens Associated Cancers

ras Breast, lung, colon, pancreas, liver, skin, thyroid, bladder, kidney,  seminoma, melanoma, leukemia 
(some types) [61]

myc
Colon, lung (squamous, adenocarcinoma, SCL), hepatocellular, cutaneous, bladder, prostate, breast, 
oesophagus, gastric, pancreatic, neuroblastoma, ovarian, uterine, endometrial, acute myeloid leukemia, 
diffuse large B cell lymphoma [62]

bcr/abl Chronic myeloid leukemia, certain variants of acute lymphoblastic leukemia, acute myeloid leukemia,  
AML-not otherwise specified [63]

bcl-2 Follicular lymphoma, diffuse large-cell lymphomas, B-cell chronic lymphocytic leukemia, gastric, 
breast, prostate, hepatocellular, lung (NSCLC)[64]

Nf-kB

Colon, breast, cervical, ovarian, vulvar, uterine (endometrial) prostate, testicular, penile, kidney, 
bladder, lung, mesothelioma, esophageal, laryngeal, liver, pancreatic, stomach, thyroid, parathyroid, 
melanoma, squamous cell carcinoma, head and neck, cylindromatosis, GIST,  trichoepithelioma, hilar 
cholangiocarcinoma, oral carcinoma,  tongue, astrocytoma, Hodgkin lymphoma, acute lymphoblastic 
leukemia, acute myeloid leukemia, acute T cell leukemia, acute nonlymphocytic leukemia, chronic 
lymphocytic leukemia, chronic myeloid leukemia, Burkitt lymphoma (EBV), Mantle cell lymphoma, 
myelo-dysplastic syndrome, multiple myeloma, diffuse large B cell lymphoma, MALT lymphoma, 
marginal zone lymphoma, Waldenstrom’s macroglobulinemia [65]

erbB-2 
(HER-2/neu)

Breast, ovarian, gastric, lung (NSCLC), uterine, serous endometrial carcinoma, colon, bladder, uterine 
cervix, head and neck, esophagus [66]

jun/fos (fra1)
Breast, lung, colon, prostate, brain, fibrosarcoma, glioma, Hodgkin lymphoma, myeloid leukemia, 
urothelial carcinoma of bladder, cervical, head and neck squamous cell carcinoma, gastric, ovarian, 
pancreatic, skin, tongue, liver, NSCLC [67]
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Conclusions
The main reason of  the current  research  in  regards to  
oncogenes role in carcinogenesis was  to identify  them  as 
potential diagnostic and prognostic indicators  in cancers 
and as possible  novel therapeutic targets.However, it is 
essential to highlight that malignant tumors are not the 
result of a mutation in a single oncogene but they are the 
end-point of a pathway of  gene activation which involves 
the oncogenes but also other  important  genes  such as the 
tumor  suppressor genes  and genes implicated in cell cycle 
control, in addition to epigenetic  phenomena such as DNA 
methylation and histone modifications

References
Causes of death mortality and global health estimates. 1. 
WHO report, 2012.

Stewart  BW, Wild  CP, eds.  “Cancer  etiology”.  World  2. 
Cancer  Report  2014. World  Health Organization pp. 
16-54.

Knudson AG Jr. Mutation  and cancer: statistical  3. 
study of  retinoblastoma. Proc Natl Acad Sci  USA. 
1971; 68: 820-3. doi: 10.1073/pnas.68.4.820.

Stehelin D, Varmus  HV, Bishop JM, Vogt  PK. DNA 4. 
related  to the  transforming  gene (s) of  avian sarcoma  
viruses  is present  in normal avian DNA. Nature. 
1976; 260(5547): 170-3. doi: 10.1038/260170a0.

Wither5. s JB, Beemon KL.The Structure and Function 
of the Rous Sarcoma virus RNA Stability Element. J 
Cell Biochem. 2011; 112(11): 10.1002/jcb.23272. 

Simato6. u A, Simatos G, Goulielmaki M, Spandidos  DA,  
Baliou  S, Zoumpourlis  V. Historical  retrospective of 
the SRC oncogene  and new perspectives  (Review). 
Mol Clin Oncol. 2020; 13 (4): 21. doi: 10.3892/
mco.2020.2091.

Eckwahl  MJ, Telesnitsky A, Wolin SL. Host RNA 7. 
Packaging by Retroviruses: A Newly Synthesized 
Story. mBio. 2016; 7(1): e02025-15. doi: 10.1128/
mBio.02025-15.

Yeatma8. n TJ. A renaissance for SRC. Nat Rev 
Cancer.2004;4(6):470-80. doi:10.1038/ nrc1366.

Chan9. g  EH, Furth  ME, Scolnick  EM, Lowy  DR. 
Tumorigenic  transformation of mammalian cells 
induced by a normal  human gene homologous  to  the 
oncogene of Harvey murine sarcoma virus. Nature. 
1982;297(5866):479-83 doi: 10.1038/297479a0. 

Vog10. t PK. Retroviral oncogenes: a historical primer 
Nat Rev Cancer. 2012; 12(9):639-48. doi:10.1038/
nrc3320.

Gonçalves DU, Proietti FA, Ramos Ribas JG, 11. 
Grossi AraújoM, Pinheiro SR, et al. Epidemio- logy, 
Treatment, and Prevention of Human T Cell Leukemia 
Virus Type 1-Associated Diseases Clin Microbiol 
Rev. 2010; 23(3): 577-89. doi: 10.1128/CMR.00063-
09.

Shih C, Padhy LC, Murray  M, Weinberg  RA. 12. 
Transforming genes of carcinomas and neuroblastomas 
introduced  into mouse fibroblasts. Nature.1981; 290: 
261-4. doi: 10.1038/ 290261 a0.

Hoffman R. Hematology:basic principles and 13. 
practice (PDF) (5th ed.).Philadelphia, PA:Churchill 
Livingstone/ Elsevier 2009, pp. 1304-5.

Schaefer-Rego K, Dudek  H, Popenoe  D, Arlin Z, 14. 
Mears JG, Bank  A, et al. CML patients in blast crisis 
have breakpoints  localized  to a specific region of the  
BCR. Blood.  1987;70(2): 448-55. doi.org/10.1182/
blood.V70.2.448.448. 

Futreal PA, Kasprzyk A, Birmey E, Mullikin Wooster 15. 
R, Stratton MR. Cancer and genomics. Nature. 2001; 
409: 850-2. doi: 10.1038/35057046.

Cline   MJ. The role  of  proto-oncogenes  in  human 16. 
cancer: implications  for  diagnosis  and treatment. 
Int J Radiat Oncol Biol Phys. 1987; 13(9):1297-301.  
doi: 10.1016/0360-3016 (87) -90219-7. 

Hunter T. Cooperation between oncogenes. Cell.1991; 17. 
64(2):249-70. doi:10.1016/0092-8674 (91)90637-e.

src  SCLC, neuroblastoma, colon, breast, rhabdomyosarcoma [68]

ets1/2
Prostate [69], acute myelogenous leukemia, acute monocytic leukemia, breast  [70], colorectal 
[71], astrocytoma, sarcomas, breast, ovarian, cervical, lung, squamous cell carcinoma, endometrial, 
T-leukemic cells [72]

myb
Breast, colon, pancreatic, glioblastoma, melanoma, head and neck, esophageal, vulvar, lacrimal glands, 
cutaneous T-cell lymphoma, T-cell acute lymphoblastic leukemia, acute myelomonocytic leukemia, 
acute myeloid leukemia, adenid cystic [73]  

c-kit Gastrointestinal  stromal tumors (GIST), acute myeloid leukemia, seminomas, melanoma (some types) 
[74]

met
SCLC, mesothelioma, gastric, colon, rectal, renal, breast, ovarian, nervous system, epithelial tumors 
[75], cancer of unknown origin, hepatocellular, hereditary papillary renal, NSCLC, sporadic papillary 
renal [76]

fms Acute myeloid leukemia, acute promyelocytic leukemia [77]
trk Neuroblastoma, thyroid, breast, pediatric sarcomas, leukemias [78]
pokemon B-cell/T-cell lymphomas, hepatocellular, glioma, NSCLC [79-83]



Research Journal of Innovative Studies in Medical and Health Sciences V1. I1. 20248

Molecular Biology of Carcinogenesis

Kontomanolis EN, Koutras A, Syllaios A, Schizas D, 18. 
Mastoraki A, Garmpis N, et al. Role of Oncogenes 
and Tumor-suppressor Genes  in Carcinogenesis: A 
Review. Anticanc Res. 2020; 40 (11): 6009-15; doi: 
https://doi.org/10.21873/anticanres.14622. 

Simansh19. u  DK, Nissley  DV, McCormick  F. RAS  
Proteins  and  Their Regulators in Human Disease. 
Cell. 2017; 170(1): 17-33.  doi: 10.1016/j.cell 
2017.06.009.

Theivendren  P, Kunjiappan  S, Mariappa  Hegde Y, 20. 
Vellaichamy S, Gopal M, Rajandhrama-lingam S, 
Kumar S. Importance  of  Protein  Kinase and  Its 
Inhibitor: A Review. Intechopen. 2021; 98552. doi: 
10.5772/intechopen.98552.

Hunter  T, Sefton  BM. Transforming  gene product  21. 
of  Rous  sarcoma  virus phosphorylates tyrosine. Proc 
Natl Acad Sci USA. 77:1311-5, 1980. doi: 10.1073/
pnas.77.3.1311. 

Pedraza-Fariña  LG. Mechanisms  of  Oncogenic  22. 
Cooperation in Cancer Initiation and Meta- stasis 
Yale J Biol Med. 2006; 79(3-4): 95-103.

Ping Wee, Zhixiang Wang. Epidermal  Growth Factor  23. 
Receptor  Cell Proliferation Signaling Signaling 
Pathways. Cancers. 2017; 9(5): 52. doi:10.3390/
cancers9050052.

Duesberg PH. Activated Proto-onc Genes:Sufficient 24. 
or Necessary for Cancer? Science. 1985; 228: 4700: 
669-77. doi: 10.1126/science.3992240.

Lipsick J. A History of Cancer Research: Retroviral  25. 
Oncogenes  Cold  Spring  Harb Perspect Med. 
2022;12: a035865.

Weinberg  RA. A  molecular  basis   of  cancer. 26. 
Sci  Am. 1983; 249(5): 126-42. doi: 10.1038/ 
scientificamerican1183-126.

Cooper   GM. Cellular  transforming  genes. 27. 
Science. 1982; 217(4562):  801-6.  doi: 10.1126/ 
science.6285471.

Rubi28. n  H. Dynamics  of cell transformation in culture 
and its  significance for tumor development in animals. 
Proc Natl Acad Sci USA. 2017; 114(46): 12237-42. 
doi: 10.1073/pnas. 1715236114.

Butel JS. Viral carcinogenesis: revelation of molecular  29. 
mechanisms and  etiology  of  human disease. 
Carcinogenesis. 2000; 21 (3): 405-26. doi: 10.1093/
carcin/21.3.405.

Avery  OT, Mac  30. Leod  CM, McCarty  M. Studies  
on  the  chemical  nature  of the substance inducing 
transformation of pneumococcal types. Induction  of  
transformation by a  desoxyribonucleic acid fraction 
isolated from Pneumococcus type III. J Exp Med. 
1944;79(2):137-58. doi: 10.1084/jem.79.2.137.

Hill  M, Hillova J. Virus  recovery  in chicken  cells 31. 
tested with Rous sarcoma cell DNA. Nat New Biol. 
1972; 237(71):35-9. doi: 10.1038/newbio237035a0.

Shih C, Shilo  B, Goldfarb  MP, Dannenberg   A, 32. 
Weinberg   RA. Passage  of  phenotypes  of 
chemically transformed  cells  via  transfection  of  
DNA  and  chromatin. Proc Natl Acad Sci USA. 1979; 
76(11):5714-8. doi: 10.1073/pnas.76.11.5714.

Thorgeirsson UP, Turpeenniemi-Hujanen T, Williams 33. 
JE, Westin EH, Heilman CA, Talmadge JE, Liotta 
A. NIH/3T3 Cells Transfected  with Human Tumor 
DNA Containing  Activated ras Oncogenes  Express  
the  Metastatic Phenotype in Nude Mice. Mol Cell 
Biol. 1985 ; 5(1): 259-62. doi: 10.1128/mcb.5.1.259.

Cooper CS, Park M, Blain DG, Tainsky MA, Huebner 34. 
K, Croce CM, Vande Woude GF. Molecular cloning 
of a new  transforming  gene  from  a chemically 
transformed human cell line.Nature. 1984; 
311(5981):29-33. doi: 10.1038/311029a0.

Kobets T, Iatropoulos MJ, 35. Williams GM. Mechanisms 
of  DNA-reactive  and epigenetic chemical 
carcinogens: applications to  carcinogenicity  testing 
and  risk assessment. Toxicol  Res Res (Camb). 2019; 
8(2): 123-45. doi: 10.1039/c8tx00250a.

Co36. x AD, Der  CJ. Ras history: The saga continues. 
Small GTPases. 2010; 1(1): 2-27. doi: 10.4161/
sgtp.1.1.12178.

Fernández-Medard37. e A, Santos E. Ras in Cancer and 
Developmental Diseases. Genes Cancer. 2011; 2(3): 
344-58. doi: 10.1177/1947601911411084.

Zheng K , Hao F, Medrano-Garcia S, Chen C, Guo 38. 
F, Morán-Blanco L, Rodríguez-Perales S, et al. 
Neuroblastoma  RAS  viral  oncogene  homolog  
(N-RAS)  deficiency  aggravates  liver injury  and  
fibrosis. Cell  Death  Disease. 2023; 14:514. https://
doi.org/10.1038/s41419-02306029-y.

Fernández-Medarde  A, De  Las  Rivas  J, Santos  E. 39. 
40  Years of RAS-A Historic Overview. Genes. 2021; 
12: 681. https://doi.org/10.3390/genes12050681.

Lane  MA, Sainten A, Neary  D, Becker  D, Cooper 40. 
GM. Cellular transforming genes in cancer. Hematol 
Blood Transf. 1983; 28:241-6.

Fasan41. o  O, Birnbaum  D, Edlund  L, Fogh J, Wigler 
M. New human transforming genes detected by  a  
tumorigenicity  assay. Mol  Cell Biol. 1984; 4(9): 
1695-705. doi: 10.1128/mcb.4.9.1695.

Krump NA, You  J. Molecular mechanisms of viral  42. 
oncogenesis  in humans. Nat Rev Microbiol. 2018; 
16(11): 684-98. doi: 10.1038/s41579-018-0064-6.

Stewart HJ, Jones DSC, Pascall JC, Popkin RM, 43. 
Flint APF.  The contribution of recombinant DNA 



Research Journal of Innovative Studies in Medical and Health Sciences V1. I1. 2024 9

Molecular Biology of Carcinogenesis

techniques to reproductive biology. J Reprod  Fert. 
1988; 83(1): 1-57. doi: 10.1530/ jrf. 0.0830001.

Yuan Ga44. o, Xiao-Fang Yu,Ting Chen. Human 
endogenous retroviruses in cancer: Expression, 
regulation and function. Oncol Lett. 2021; 21(2): 121. 
doi: 10.3892/ol.2020.12382.

Greig RG, Loestler TP, Trainer  DL, Corwin  SP, 45. 
Miles  L, Kline  T, Sweet  R, Yokoyama S, Poste G. 
Tumorigenic  and  metastatic properties  of  ‘‘normal’’ 
and ras-transfected NIH/3T3 cells. Proc Natl Acad 
Sci USA. 1985; 82(11): 3698-701. doi: 10.1073/
pnas.82.11.3698.

Duesberg PH. Cancer Genes: Rare Recombinants 46. 
instead of Activated Oncogenes. Proc  Natl Acad Sci. 
1987; 84(8): 2117-24. doi: 10.1073/pnas.84.8.2117. 

Bishop JM. Molecular  themes in oncogenesis. 47. 
Cell 1991;44:235-48. doi: 10.1016/0092-8674 
(91)90636-d. 

Tomlins SA, Rhodes DR, Perner  S, Dhanasekaran  48. 
SM, Mehra  R, Sun  X-W, et al. Recurrent fusion 
of TMPRSS2 and ETS trancription factor genes 
in prostate cancer. Science. 2005; 310: 644-8. doi: 
10.1126/science.1117679. 

Cai Q, Medeiros  J, Xu  X, Young  KH. 49. MYC-driven  
aggressive  B-cell lymphomas: biology, entity, 
differential  diagnosis  and clinical  management. 
Oncotarget. 2015; 6(36): 38591-616. doi: 10.18632/
oncotarget.5774.

Rodenhuis S. ras and human tumors. Semin Cancer 50. 
Biol. 1992;3:241-7.

Stolze  B, Reinhart  S, Bulllinger L, Fröhling S, 51. 
Scholl C. Comparative analysis of KRAS codon 
12, 13, 18, 61,  and 117  mutations using  human  
MCF10A  isogenic  cell  lines. Sci Rep. 2015; 5: 
8535. doi: 10.1038/srep08535

Beaupre  DM, Kurzrock   R. RAS  and  leukemia: 52. 
from  basic  mechanisms  to  gene-directed therapy. 
J Clin Oncol. 1999;17: 1071-9. doi: 10.1200/
JCO.1999.17.3.1071. 

Davies H, Bignell GR, Cox  C, Stephens P, Edkins S, 53. 
Clegg S, et al. Mutations  of the BRAF gene in human 
cancer. Nature. 2002;417:949-54. doi: 10.1038/
nature00766.

Frattini  M, Ferrario  C, Bressan  P, Balestra  D, De 54. 
Cecco  L, Mondellin  P, et al. Alternative mutations of 
BRAF, RET and NTRK1 are associated with similar 
but distinct gene expression patterns in  papillary  
thyroid  cancer. Oncogene. 2004;23: 7436-40. doi: 
10.1038/sj.onc. 1207 980. 

Alt  FW, Kellems  RE, Bertino  JR, Schimke  RT. 55. 
Selective   multiplication  of  dihydrofolate reductase 

genes  in  methotrexate-resistant  variants  of  cultured  
murine  cells. J  Biol Chem. 1978; 253:1357-70.

Cowell   JK. Double  minutes  and  homogeneously  56. 
staining   regions: gene  amplification inmammalian 
cells. Annu Rev Genet. 1982;16: 21-59. doi: 10.1146/
annurev. ge.16. 120182. 00 0321. 

King  CR, Kraus  MH, Aaronson  SA. Amplification  57. 
of  a novel v-erbB-related gene in a human mammary 
carcinoma. Science. 1985;229:974-6. doi: 10.1126/
science.2992089. 

Schwab M, Alitalo  K, Klempnauer  KH, Varmus  58. 
HE, Bishop JM, Gilbert F, et al. Amplified DNA 
with limited homology to myc cellular  oncogene  
is  shared  by  human neuroblastoma cell lines and a 
neuroblastoma tumour. Nature. 1983; 305:245-8. doi: 
10.1038/305245a0. 

Tsujimoto Y, Yunis  J, Onorato-Showe  L, Nowell  PC, 59. 
Croce  CM. Molecular cloning of the chromosomal 
breakpoint of  B cell  lymphomas and leukemias 
with the t(11;14) chromosome translocation. Science 
1984;224:1403-6. doi: 10.1126/science.6610211. 

Press   MF, Bernstein  L, Thomas  PA, Meisne  LF, 60. 
Zhou  JY, Ma Y, et al. HER-2/neu  gene. amplification  
characterized  by fluorescence in situ hybridization: 
poor prognosis in nodenegative breast carcinomas. 
J Clin Oncol.1997;15:2894-904. doi:10.1200/
JCO.1997.15.8. 2894. 

Fernández-Medarde A, Santos E. Ras in Cancer and 61. 
Developmental Diseases. Genes Cancer. 2011 Mar; 
2(3): 344-58. doi: 10.1177/1947601911411084.

Dhanasekaran  R, Deutzmann A, Mahauad-Fernandez  62. 
WD, Hansen  AS, Gouw AM, Felsher DW. The MYC 
oncogene -the grand  orchestrator  of cancer growth 
and immune evasion. Nat Rev Clin Oncol. 2022; 
19(1): 23-36. doi: 10.1038/s41571-021-00549-2.

El-Tanani  M, Nsairat H, Matalka  II, Lee YF, Rizzo 63. 
M, Aljabali AA, et al. The impact of the BCR-ABL 
oncogene in the pathology and  treatment of chronic 
myeloid leukemia Pathol Res Pract. 2024; 254: 
155161. https://doi.org/10. 1016/j. prp.2024.155161.

Qian S, Wei Z,Yang W, Huang J, Yang Y, Wan J.The 64. 
role of BCL-2 family proteins in regulating apoptosis 
and cancer therapy. Front Oncol. 2022; 12:  985363. 
doi: 10.3389/fonc.2022. 985363.

Gilmore TD. NF-κB  and  Human Cancer: What  Have 65. 
We Learned  over  the Past 35 Years?Biomedicines. 
2021; 9(8): 889. doi: 10.3390/biomedicines9080889.

Iqbal Nida, Iqbal Naveed. Human  Epidermal  Growth 66. 
Factor Receptor 2 (HER2) in Cancers: Overexpression 
and Therapeutic Implications. Mol Biol Int. 
2014;2014:852748. doi:10. 1155/ 2014/852748.



Research Journal of Innovative Studies in Medical and Health Sciences V1. I1. 202410

Molecular Biology of Carcinogenesis

Lukey MJ, Greene KS, Erickson  JW, Wilson  KF, 67. 
Cerione  RA. The oncogenic transcription factor c-Jun   
regulates  glutaminase  expression  and  sensitizes  
cells  to  glutaminase-targeted therapy. Nat Commun. 
2016; 7: 11321. doi: 10. 1038/ncomms11321.

Wheeler  DL, Iida  M, Dunn  EF. The  Role of Src 68. 
in Solid Tumors. Oncologist. 2009; 14(7):  667-78. 
doi: 10.1634/theoncologist.2009-0009.

Nicholas TR, Strittmatter  BG, Hollenhorst  PC. 69. 
Oncogenic  ETS  Factors in Prostate Cancer. Adv Exp 
Med Biol. 2019:1210:409-436. doi: 10.1007/978-3-
030-32656-2_18. 

Fry EA, Inoue  K. Aberrant  expression of  ETS1 70. 
and  ETS2  proteins  in  cancer. Cancer Rep  Rev. 
2018; 2(3): 10.15761/CRR.1000151. doi: 10.15761/ 
CRR.1000151.

Nakayama T, Ito M, Ohtsuru A, Naito S, Sekine I. 71. 
Expression of the ets-1Proto-Oncogene  in  Human 
Colorectal Carcinoma. Mod Pathol. 2001; 14: 415-
22.  https://doi. org/10. 1038/ mod pathol. 3880328

Tohamy AA, Awwad  MH, El-Abiad NM, Elhadary 72. 
A-MA. Molecular Biological Studies on the Effect of 
the  Electromagnetic Fields  on  ETS-1 Oncogene. 
Egypt J Hosp  Med 2006; 22: 155-168. 

Mit P.73.  Transcription  regulation  of  MYB: a  potential 
and novel therapeutic target in cancer. Ann Transl 
Med. 2018;6(22):44. doi: 10.21037/atm.2018.0.

Sheikh E,Tran T,Vranic S, Levy A, Bonfil RD. Role 74. 
and significance of c-KIT receptor tyrosine kinase  
in  cancer: A  review.  Bosn  J  Basic Med  Sci. 
2022; 22 (5): 683-98. doi: https:// doi.org/10.17305/
bjbms.2021.7399.

Xin Yang, Hai-Yang Liao, Hai-Hong Zhang. Roles 75. 
of MET in human cancer. Clinica Chimi-ca Acta 
2022; 525: 69-83. https://doi.org/ 10.1016/j.cca. 
2021.12.017. 

Tovar EA, Graveel  RG. MET in human cancer: 76. 
germline and somatic mutations. Ann Transl Med. 
2017; 5(10): 205. doi: 10.21037/atm.2017.

Kazi JU, Rönnstrand   L. FMS-like Tyrosine Kinase 77. 
3/FLT3: From Basic Science  to Clinical Implications. 
Physiol Rev. 2019;99(3):1433-66. doi: 10.1152/
physrev.00029.2018. 

Amat78. u  A, Sartore-Bianchi  A, Bencardino  K, 
Pizzutilo   EG, Tosi  F, Siena  S. Tropomyosin 
receptor kinase(TRK)biology and the role of NTRK 
gene fusions in cancer. Ann Oncol. 2019;30 (Suppl 
8): viii5-viii15. doi: 10.1093/ annonc/mdz383.

Maeda T, Hobbs  RM, Pandolfi   PP. The  transcription  79. 
factor  Pokemon: A new  key player in cancer 
pathogenesis. Cancer Res. 2005; 65:8575. doi: 
10.1158/0008-5472.CAN-05-1055.

Maeda T, Hobbs  RM, Merghoub T, Guernah  I, 80. 
Zelent A, Cordon-Cardo C, et al. Role of the proto-
oncogene  Pokemon  in cellular transformation and 
ARF repression. Nature. 2005; 433: 278-85. doi: 
10.1038/nature03203. 

Xinkai   Zhao  A, Qiaoming  Ning, Xiaoning  Sun, 81. 
De’an Tian. Pokemon  reduces  Bcl-2  ex-pression  
through   NF-κBp65: a   possible  mechanism  of   
hepatocellular  carcinoma. Asian Pacific J Trop  Med. 
2011; 492-7. https://doi.org/10.1016/S1995-7645 
(11)60133-8.

Mo  Wang , Shengqiang   Jiang, Xu  Zhang, Ruoyu  82. 
Peng, Minghua  Zhu, Yang  Zhang, et al.Effects of  
Pokemon  combined with survivin and cyclin B1 on 
glioma U251 cells by Fe3 O4 magnetic nanoparticles. 
Mater Express. 2019; 9(6):616-22. doi: https:// doi.
org/ 10.1166/mex mex.2019.1527.

Zhao  Zhi-hong,Wang  Sheng-fa, Yu  Liang, Wang  83. 
Ju, Chang Hao,Yan Wei-li, et al. Expression of  
transcription  factor Pokemon  in non-small  cell 
lung  cancer  and  its clinical significance. Clin Med J 
(Engl). 2008;121(5): 445-9.


