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Summary 
The origin of a tumor depends on multiple variables and the different predispositions of 
tissues, immune resistance, clinical status, age and medical care of each person. Tumors 
are more common in tissues that have a high cell turnover rate. Environmental factors, 
personal habits and genetic tendencies also influence the formation of tumor cells. The 
ever-deepening knowledge about proteins, enzymes and hormones that participate in 
the signaling pathways of cells has facilitated the understanding of biological 
phenomena of various tumors. This article shows the results of research in nine major 
signaling pathways involved in the development of tumors. In fact, these pathways have 
been created by researchers to make the transformation of normal cells into tumor cells 
easier to understand. Even so, the complexity of tumor formation and the interactive 
dynamics involved are beyond our comprehension of the transformation as a whole. 
Luckily, some proteins, such as Ras, p53 and Akt, are more decisive in the formation of 
many tumors however, many tumors trigger signals in other pathways, impeding 
treatment and reducing the expected success rate from any one strategic treatment 
plan. One way of contributing to the knowledge of tumors, the objective of this article, is 
to disseminate the progress made to date, especially to physicians, healthcare 
professionals and cancer biology researchers.  
 
 

 

Key Words: Cancer, Signaling Pathways, Oncogenes, Suppressor Genes 
 

 

 

Introduction 

 

Cancer is a molecular and genetically organized disease in which mutant genes 
communicate with other mutant genes, producing different signaling pathways 
which are initiated and completed. As a result of paradoxically organized 
abnormalities, cells are formed with different biological behavior from normal 
cells. Six changes are important among these behaviors including: accelerated 

cell division for uncontrolled cell replication due to self-sufficiency in cell division 
signaling; tumor formation due to the rejection of cell growth inhibitory signals 
in relation to the occupied space; abnormal cell morphology due to a delay or 
inability of the cell to evolve and differentiate; neoangiogenesis caused by 
stimulation by tumor cells of surrounding endothelial cells to create new blood 
vessels that increases their own blood supply; metastases as originally stationary 
tumor cells acquire a means of becoming mobile; anti-apoptosis strategies by 
tumor cells to reject signals for them to die in order to provide space for newly 
created normal cells (1,2). 
 
Molecular cancer research has identified key genes involved in many tumors as 
well as their signaling pathways. From what is known at present, we can 
conclude that certain types of primary tumors and hematologic malignancies 
have similar biological and molecular patterns, but when they become 
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circulating tumor cells that cause cancer they become unique to each person. In 
other words, people’s normal cells are identical, whereas cancer cells are 
different for each individual. This is the reason that diagnosis of a tumor at an 
early stage is important as, in most cases, the cells still have similar biological 
and molecular properties in all patients, which improves the results of therapy 
(3). Given the above, it is possible to consider at least three scientific and 
technological evaluations that could make the understanding of the functional 
complexity of tumor cells easier. The first evaluation helps to identify driver 
mutations that affect receptors and cell signaling, enabling early diagnosis and 
the use of customized targeted therapies against molecular defects. The second 
evaluation, for which no consensus has been reached yet, is the investigation of 
proteins, enzymes or hormones linked to most primary tumors, which would 
facilitate the best choice of tumor markers for preventive diagnosis and the 
medical follow-up of patients. And finally the third evaluation, which is being 
developed by a group of English laboratories funded by the England Genomics 
Project, aims to understand how transitions occur from normal cells to tumor 
cells (4,5). Thus, attempts are being made to unravel the signaling pathways, 
whether distinct pathways of a specific type of tumor or those that have courses 
common to several types of tumors. It is intended that this information will 
improve early detection of tumors and preventive measures to mitigate the risks 
of developing cancer as well as the selection of more specific and less aggressive 
therapies. 
Hence, this article has two main objectives. The first is to present a summary of 
the progress to date of the main signaling pathways involved in the formation of 
tumor cells. The second is to propose educational models, notably through 
figures and diagrams so that physicians, cancer researchers and teachers can 
interpret the chemical and molecular triggers of the nine main signaling 
pathways linked to tumor formation. 
 
Cell kinetics 

Cell kinetics is determined by simultaneous or synergistic actions which depend 
on the cell structure. Each cell, as you know, has chemical components that make 
up the nuclear and cytoplasmic membranes, cytoplasmic products and 
organelles, nuclear products and chromosomes with their complex genetic 
interactions. This functional synergism is called cell metabolomics. 
The physiology of cell kinetics is based on four sequences called inductive 

stimulation that, upon penetrating the cell using a specific membrane receptor, 
activates one or more cytoplasmic proteins, enzymes or hormones, triggering 
chemical reactions known as signaling pathways, where the modified products 
are conducted to the cell nucleus to activate or deactivate genes that control the 
cell cycle phases (1,4). The following is a summary of each of the four steps listed 
above: 
 
1) Inductive stimuli (1,6,7) - the best known are: 

• Cytokines or interleukins (IL), particularly IL-6 which is associated with 
several types of tumors 
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• Growth factors, such as platelet-derived growth factor (PDGF), 
transforming growth factor-alpha (TGF-α), transforming growth factor-
beta (TGF-β), epidermal growth factor (EGF), etc. 

• Oncogenic viruses, such as human papillomavirus (HPV), hepatitis B virus 
(HBV), hepatitis C virus (HCV), Human T lymphotropic virus type 1 
(HTLV-1), human immunodeficiency virus (HIV), Epstein-Barr virus 
(EBV), etc. 

• Bacteria, particularly Helicobacter pylori which are linked to risk for 
developing gastric tumors 

• Hormones, especially estrogen which is associated with breast cancer  
• Carcinogens that cause epigenetic effects related to the formation of 

several types of tumors 
2) Membrane receptors (1,6,7) - are widely classified due to interest in studies. 
Genetically they are categorized according to their synthesis in structural genes, 
oncogenes and suppressor genes. Structurally they are differentiated by their 
location on the membrane as intracellular, extracellular or transmembrane 
receptors, as well as by chemical stimulation which characterizes them as 
tyrosine kinase receptors. Finally, they are classified according to the particulars 
of their inducers, notably cytokines, tumor necrosis factor (TNF), hormones, 
viruses, carcinogens, etc. The following are some types of receptors: 
 

− Transmembrane receptor: GCPR (oncogene) TGF-β (suppressor gene), 
Her-1, -2 and -3 (oncogene), Notch (oncogene) BMPR I/II (suppressor 
gene), etc. 

− Tyrosine kinase receptor: TKR (oncogene), etc. 
− Cytokine / interleukin receptors (structural gene) 
− Tumor necrosis factor receptor: TNFR (structural gene), etc. 

 
3) Cytoplasmic and nuclear signaling pathways (4,6,7,9) - are classified by the 
protein products synthesized by enzymatic and structural genes, oncogenes and 
tumor suppressor genes. Some types of hormones also participate in signaling 
pathways. The structural genes have no direct influence on the formation of 
tumor cells but may suffer mutations specific to the tumor of a person; these are 
known as temporary mutations. 
Cytoplasmic signaling, in turn, is composed of a higher concentration of proteins 
and enzymes synthesized by oncogenes (42 products) compared to those 
produced by suppressor genes (22 products), whereas in nuclear signaling there 
is a balance between proteins and enzymes synthesized by oncogenes (16 
products) and suppressor genes (14 products). This balance shows that the 
nucleus is the main selective barrier against the appearance of tumor cells. On 
the other hand, the proteins and enzymes produced by the structural genes 
predominate in the cytoplasm (163 products) and the nucleus (25 products). 
Thus, 282 different products are accounted for; 227 are proteins and enzymes 
that act in the cytoplasm, and 55 act in the nucleus. These products are therefore 
synthesized by a minimum of 282 genes (1,7). This diversity of proteins and 
enzymes can be expressed in units, for example, one mutation in the p53 
suppressor protein, or multiple mutations that can reach up to one hundred 
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mutant genes with the resulting proteins and enzymes acting on metastatic 
tumors of one person (3). When situations involving a multiplicity of mutations 
that affect the signals of several proteins and enzymes occur, the concept that 
"cancer is a disease unique to each person" is easily understood (8). Due to this 
exclusivity, it is possible to observe the different signal pathways from a primary 
tumor in which several cytogenetic and molecular markers may be altered. 
 
4) Cell cycle (4,10,11) – this consists of five sequential stages identified as G0, G1, S, 
G2, M and cytokinesis. 
 
In the G0 (Growth) phase, differentiated proteins are synthesized for specific 
tissues. Here the action of suppressor genes is important to eliminate abnormal 
signals capable of producing mutant cells. 
In the G1 phase, the cell increases in volume and is therefore very susceptible to 
environmental carcinogens (see lesions in the S phase), a fact that also occurs in 
the steps that follow. From this phase on, DNA repair genes are important to 
prevent epigenetic effects. 
In the S phase (synthesis), DNA molecules are synthesized with significant 
participation of folate and vitamin B12 as the suppliers of products required to 
form the nitrogenous bases. Chromosomes are replicated as a result of DNA 
synthesis. Some lesions due to environmental carcinogens (epigenetic effects) 
can decompose histones and telomeres of the chromosomes. Both of these 
decompositions do not directly cause mutations in the DNA, but expose 
segments (of one or more genes) of the DNA molecule, and then the chemical 
interference of free radicals may alter gene control regions, making them slower 
or unable to perform their functions. 
In the G2 phase, the cell prepares for cell division as the replication of 
chromosomes and organelles have been completed. Mutations at this stage or at 
previous stages which overcome the protection barriers created by tumor 
suppressor proteins and enzymes or those that repair mutant DNA, cause 
morphological and functional alterations in cells. 
The M (mitosis) phase is more complex as several cell evolution stages 
composed of sequences of cytokinetic events may cause chromosome breakage. 
In these types of lesions it is possible that an oncogene becomes free of its 
suppressor gene and begins to disrupt cellular actions related to cell division, 
differentiation, and motility and programmed cell death (apoptosis). Thus, there 
are cases in which multiple chromosomal breaks occur at different stages of 
mitosis, leading to several oncogenes that act concurrently resulting in 
hypermutations. Many of the consequential tumors have more than one altered 
signaling pathway. The cytogenetic result of multiple chromosomal breaks is 
known to chromoplexy (4,9). 
The Cytokinesis phase is the completion of cell division, especially its effects of 
tissue integration and mobility. Mutations that affect the biological 
communications between daughter cells and their stem cells disrupt induction of 
cell division, differentiation and mobility, which characterize tumor cells with 
metastatic capabilities. 
 
Cell Signaling (1, 3, 4, 7, 10, 11, 12) 
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Normal cell signaling is a system that probably involves between 800 and 1000 
proteins and enzymes, some hormones, and complex system of immune 
interaction. These sets of information act on the internal signals and the 
intercellular communications stimulating the four stages of evolution cell: cell 
division, differentiation, and mobility and apoptosis. The stimuli that induce cell 
activities can be presented using classical concepts of cell signaling, as follows: 
Autocrine signaling: the cell itself sends signals that stimulate the four stages of 
cell evolution. One example related to the formation of tumors with this type of 
signaling is epidermal growth factor (EGF) which, when mutated, promotes self-
sufficiency of the cell to produce signaling for uncontrolled cell replication. 
Paracrine signaling: occurs between neighboring cells of the same linage in 
which a cell stimulates another. For example, signaling using cytokines or 
interleukins from newly divided cells for them to ‘warn’ stem cells or parent cells 
to cease the stimulation of cell division. 
Juxtacrine signaling: direct communication between different cells. A recently 
demonstrated example is the immune modulation of macrophages against foci of 
tumor cells. Initially, macrophages phagocytose tumor cells and emit chemical 
signals (specific interleukins) that stimulate cytotoxic lymphocytes to selectively 
attack tumor cells. After eliminating the primary tumor, the cytotoxic 
lymphocytes communicate with the macrophages that the "task has been 
completed" and subsequently these cells cease these actions and return to other 
immunological activities. This signaling occurs through a "chemical bridge", the 
Cytotoxic T-Lymphocyte antigen-4 (CTLA-4) receptor, which binds the cytotoxic 
lymphocyte to the macrophage by chemical signals that are transmitted from one 
cell to another. 
Endocrine signaling: cells produced in a given gland emit signals which are 
transmitted to cells of different organs or glands. An example of this type of 
signaling is primary breast tumor. Their tumor cells in about 80% of women who 
develop breast tumors are stimulated by estrogen, a hormone produced by 
follicular cells in the ovary. Thus, the greed of the tumor cell to use estrogen 
consumes the hormone much faster than normal cells, making them more 
numerous to form the tumor. 
 
Figure 1 shows the four forms of inter- and intracellular signaling.  
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Figure 1 - The four basic forms of inter- and intracellular signaling 
 
Cell signaling pathways related to tumors(4, 7, 9, 13) 
 
Given the intricate cellular model proposed by the extensive scientific literature, 
researchers into cell signaling constructed various circuits of chemical reactions 
that are called cell signaling pathways. Of the many proposals for this type of 
interpretive analysis of cellular reactions, nine signaling pathways associated to 
tumors are of particular interest. In this context, we will present for each of these 
pathways, their significance, normal functions, and the most common tumors 
arising from dysfunction as well as figures that summarize the chemical cascades 
of signaling. The nine cell signaling pathways are: Ras, GCPR, TGF-β, EGFR, Wnt, 
NF-kB, Notch, Akt and Hedgehog. 
Figure 2 identifies these nine signaling pathways, including their main 
membrane receptors, their actions (conductive, oncogenic or suppressor) and 
the structure of their insertion into the membrane (extracellular, intracellular, 
and transmembrane receptors). 
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Figure 2 – Diagram summarizing the nine cell signaling pathways with emphasis 
on their main receptors 
 
1 - Ras signaling(4, 7, 13, 14) 
Significance - Ras is an acronym created from Rats sarcoma after the discovery of 
a group of stimulatory proteins in tumors in rats in 1960 by Jennifer Harvey. 
Normal function - Ras signaling is composed of several homologous proteins 
called H-Ras, K-Ras, N-Ras, etc. that are synthesized by a group of genes with 
actions of oncogenes that are named H-Ras, K-Ras, N-Ras, etc., respectively. The 
Ras proteins act as molecular switches of the biological signal transmission paths 
of their own (Ras signaling) and other pathways (GCPR, Wnt, AKT and TGFb 
signaling), controlling the activation or deactivation of the transcription and 
translation of mRNA, the traffic of inducers across the cytoplasmic membrane as 
well as cell division, and mobility and apoptosis. Figure 3 summarizes the whole 
process of signaling actions of Ras in a diagram. 
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Figure 3 - Representation of some signaling actions of Ras-GTP as an effector 
protein complex that promotes several cell functions 
 
Of note - Ras proteins, normal or mutant, are intracellular (inside the membrane 
- cytoplasm and nucleus) making them inaccessible to drugs that cannot cross 
the cell membrane. Therefore, until now, there are no drugs that target Ras 
signaling. However, it is important to evaluate Ras and its mutations to obtain 
more accurate prognostic conditions for cancer patients and assess the use of 
specific therapies, for example tyrosine kinase inhibitors of Tyrosine kinase 
receptor (TKR) and EGFR receptors, which block Ras signaling. 
Main associated tumors - About 30% of malignant tumors are associated with the 
Ras signaling pathway, in particular the following tumors: pancreatic, colorectal, 
bladder, breast, ovarian, gastric, lung, and melanoma. It is noteworthy that 90% 
of pancreatic tumors are associated with Ras mutations. 
Apoptotic signaling of normal Ras - The Ras protein is normally bound to the 
guanosine di-phosphate (GDP) molecule, and in this situation the structural 
composition becomes Ras-GDP, in which signaling is inactive. When induced, the 
GDP molecule undergoes chemical changes that transforms it into GTP 
(guanosine triphosphate) and the composition is transformed to the activated 
Ras-GTP structure, which subsequently stimulates several other chemical 
changes involved in specific signaling of the G phases (G0, G1 and G2) of the cell 
cycle. The cascade reaction can be summarized as follows: 
 
Normal Ras ���� p110 ���� PIP3 ���� Akt ����    Caspases ���� Apoptosis 
 
Apoptotic signaling of mutant Ras - Depending on the type of Ras mutation, 
blocking of the induction of apoptosis may be partial or total. In partial blocks, 
apoptosis occurs but less intensely, giving conditions for primary tumors to form 
slowly. In total blockades, apoptosis does not occur and the formation of the 
primary tumor tends to be rapid. 
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a) Mutant Ras ���� p110 ���� PIP3 ���� Akt ���� Caspases ���� reduced apoptosis  

(partial blocking of apoptosis stimulation) 
 
 
 
 

b) Mutant Ras ����    There is no apoptosis 
(total blockade of apoptosis stimulation) 
 
 
Normal Ras signaling for cell division - This type of signaling is paracrine, 
whereby cells formed from a stem cell send cytokines (or interleukins) so that 
the stimulation of cell replication is stopped, thereby controlling cell division. 
 
Normal Ras ����MEK � � � �ERK ����Cyclin D �  �  �  � Myc � � � �  controlled cell division 
 
  
 
  
 
 
Abnormal signaling of cell replication by mutant Ras - occurs through mutations 
that enhance the action of Ras signaling of cell division, or structural mutations 
that do not synthesize cytokines to regulate Ras signaling. Overexpression and 
structural mutations of Ras may be related to rapid growth and metastasis of 
tumors. The result of tumor formation when there is overexpression of Ras can 
be expressed as: 
 
Mutant Ras 

(increased) 
> KRas ����MEK ���� ERK ����Cyclin D ����Myc > Uncontrolled 

cell 

replication 
  � 
  Tumor 

formation 

 
 
Abnormal signaling of other cell actions by the mutant Ras - As shown in Figure 3, 
Ras signaling participates in several cellular activities. When mutations occur in 
the molecular structure of Ras, one or more of these actions is impaired. Only 
changes in Ras in respect to apoptosis and cell division were outlined above, 
however, depending on the type of Ras mutation other actions can become 
abnormal individually or jointly, including translation (when three nitrogen 
bases are translated into polypeptides on ribosomes), transcription (when 
mRNA is synthesized from a copy of the DNA), traffic through the membrane 
(Ras signaling cascade from the Ras receptor inserted in the membrane) and cell 
motility (cytokinesis). It therefore follows that an understanding of the 
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complexity of tumor growth induced by Ras mutations contributes to the 
understanding as to why certain types of cancer are unique to each person. 
Figure 4 shows part of the Ras signaling during GCPR signaling. 
 
2 – GCPR signaling(4, 7, 13, 15) 
Significance - Compound receptors for the G protein (GAP, GFR, GRP, GEF) 
Normal function - The signaling of this protein complex is one of the most 
comprehensive because it involves about 800 different genes. Its induction is 
triggered by an inducer or ligand, such as interleukins, hormones, carcinogenic 
products, etc., that activate cytoplasmic enzymes (GTP) that bind to Ras (Ras-
GTP) stimulating the different cell activities shown in Figure 3. 
Of note - GCPR are transmembrane receptors synthesized by oncogenes and 
composed of molecular subunits identified as GDPα, GDPβ and GDPγ. As these 
receptors are structurally large and of the transmembrane type, they are targets 
of 40% of all modern drugs, notably specific monoclonal antibodies that block 
access of inducers that stimulate tumor signaling. 
Main associated tumors - Ovary, thyroid, colon, Kaposi's sarcoma, prostate, and 
gastrointestinal. 
Normal signaling of GCPR - Figure 4 shows the normal signaling of GCPR in four 
sequences with the activation of Ras-GTP. 
Abnormal signaling of GCPR - There are two possibilities that have been 
scientifically well documented. The first is due to an excess of ligands that 
increase the level of signaling of cell division. The second is due to an amplifying 
mutation in the GCPR oncogene, which results in overexpression of GCPR 
receptors allowing continuous passage of inducers into the cell, and thus causing 
uncontrolled cell replication. 
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Figure 4 - Diagram summarizing GCPR and Ras signaling 
 
(a) Cell with inactive GCPR signaling. (b) Ligands (inducers) penetrate the cell 
through the GCPR receptor. (c) The inducers transform Ras-GDP (inactive) into 
Ras-GTP (active). (d) Ras-GTP activates the Ras signaling that controls the 
actions shown in Figure 3. 
 
3) TGF-β signaling(4, 7, 13, 15, 17) 
Significance - The acronym TGF-β means Transforming Growth Factor-Beta. 
Normal function – It controls cell division and differentiation during the G1 phase 
of the cell cycle and apoptosis from embryogenesis. In the G1 phase, TGF-β can 
inhibit the cell cycle sequence through the activation of the SMAD suppressor 
protein which blocks the transcription of genes important for cell life and 
programmed cell death (apoptosis). Moreover, it also acts by stimulating the cell 
cycle through Ras activation which induces cell division. 
Of note - TGF-β is a cytokine secreted by macrophages which binds to the BMP 
RI, BMP RII, TGF-β RI and TGF-β RII transmembrane receptors, all of which have 
tetrameric structures as shown in Figure 5. 
Situations of functional abnormalities may occur when there is a reduction in the 
release of the TGF-β cytokine by macrophages, for example, when there is a drop 
in immunity, or when mutations of the BMP RI, BMP RII, TGF-β RI and TGF-β RII 
receptors occur. 
Main associated tumors - Colorectal (75% of these tumors occur due to changes 
in this pathway), pancreas and gastrointestinal tract. 
Normal signaling - The normal control of the entry of TGF-β into the cell is by the 
SARA/SMAD protein complex which allows the Ras signaling pathway to operate 
in a regulated way by inducing the MAD-MAX protein, the trigger of apoptosis 
(Figure 5a). 
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Abnormal signaling - A decrease of TGF-β due to reduced immunity exerts an 
anti-apoptotic effect on the cell. However, excessive abnormal signaling, because 
of an excess of TGF-β (Figure 5b) that blocks apoptosis or mutations in the TGF-β 
RI/RII receptors (Figure 5c) continuously stimulate Ras signaling for cell 
replication, is the main causes for the formation of the aforementioned tumors. 
 

 
 
Figure 5: Diagram summarizing TGF-β signaling 
(a) Normal signaling for apoptosis occurs when the SARA/SMAD protein 
complex blocks the entry of TGF-β cytokines into cells, allowing Ras signaling to 
normally cause apoptosis by the activation of the MAD-MAX complex. 
Importantly, there is a cellular control that balances the entry of TGF-β cytokines 
into cells to perform other normal signaling. (b) Abnormal signaling of TGF-β by 
an excessive release of TGF-β cytokines by macrophages (i.e. pre-cancerous 
chronic inflammation). This excess of cytokines displaces the SARA/SMAD 
protein complex blocking the TGF-β RI/RII receptors. The SARA protein is 
diluted in the cytoplasm while it phosphorylates SMAD and moves to block the 
nuclear membrane receptor, thus preventing the effectiveness of the Ras cascade 
to cause apoptosis. (C) Abnormal signaling by TGF-β structural mutations in 
TGF-β RI/RII (or BMP RI/RII) receptors allows the uncontrolled entry of TGF-β 
cytokines into the cell thereby continuously activating cell division through the 
Ras cascade by means of the MYC-MAX complex. 
 
4) GF signaling, in particular EGFR(4, 6 ,7, 13, 18) 
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Significance - The acronym GF means growth factor, and the acronym EGFR 
means epidermal growth factor receptor. 
Normal function - This is highly complex signaling composed of nine different 
structures that control cell division and differentiation as shown in Table 1. 
Specifically, EGFR signaling occurs through different transmembrane receptors 
linked to tyrosine kinase that have monomeric structures (VEGFR, IGFR and 
GAS6), dimeric structures formed by homodimers (EGFR-EGFR, Her2-Her2, 
Her3-Her3) and dimeric structures formed by heterodimers (EGFR-Her3, Her2-
Her3, Met-Her3), as shown in Figure 6. 
Of note - The best known abnormality of EGFR signaling is due to amplification or 
overexpression of the Her2 receptor which results in the synthesis of many 
Her2-Her2 or Her2-Her3 receptors in the composition of the cytoplasmic 
membrane. Increasing the number of these receptors allows more ligands to 
penetrate affected cells, triggering continuous EGFR signaling (Figure 6). 
Main associated tumors - About 30% of breast cancers are associated with Her2 
overexpression (Her2-Her2 and Her2-Her3) as well as different tumors caused 
by abnormalities of other receptors of the GF group: multiple myeloma, lung 
(non-small cell), head and neck, stomach, colorectal, esophageal, prostate, 
bladder, kidney, pancreas, ovary, glioblastoma, squamous cell carcinoma, acute 
myeloid leukemia, gastrointestinal stromal, papillary thyroid and multiple 
endocrine neoplasias. 
Normal signaling - Depends on the balance between growth factors (GFs) and 
their respective cytoplasmic membrane receptors (see Figures 6a and 6b). 
Abnormal signaling - Occurs when there is imbalance between the growth factors 
and their cytoplasmic membrane receptors. The most common causes of 
abnormal signaling happen due to excessive ligands (growth factors, 
interleukins, hormones and specific proteins) or mutations that enhance the 
synthesis of the Her2 receptor (Figure 6c). The two main cascades of reactions 
that are affected in EGFR signaling are Akt and Ras. The excessive inducers or 
ligands of the EGFR receptor cause uncontrolled Ras signaling which stimulates 
cell division, but also affects cell differentiation, adhesion, and migration and 
apoptosis. Moreover, the overexpression of Her2, especially the Her2-Her3 
heterodimer, stimulates Akt signaling which blocks apoptosis. Figure 6d 
illustrates these abnormal events. 
 
Table 1 - Growth factors related to specific tyrosine kinase receptors that trigger 
signaling reactions, particularly EGF and EGFR signaling. Imbalances between 
growth factors and receptors may give rise to tumors related to the cells 
stimulated by signaling. 
 
Growth factor Receptor Cells stimulated by signaling 

   
PDGF* PGDFR Endothelial cells, fibroblasts, glial cells, smooth 

muscle and other mesenchymal cells 
EGF** EGFR Many types of epithelial cells and some 

mesenchymal cells 
NGF Trk Neurons 
FGF *** FGFR Endothelial cells, fibroblasts, neuroectodermal, 
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smooth muscle and other mesenchymal cells 
HGF/SF Met Various epithelial cells 
VEGF VEGFR Endothelial cells of capillaries and lymphatic 

ducts 
IGF IGFR1 Wide range of cell types 
GDNF Ret Neuroectodermal cells 
SCF Kit Hematopoietic and mesenchymal cells 
PDGF: Platelet-derived growth factor; EGF: Epidermal growth factor; NGF: Nerve growth factor; 
FGF: Fibroblast growth factor; HGF/SF: Hepatocyte growth factor/scatter factor; VEGF: Vascular 
endothelial growth factor; IGF: Insulin-like growth factor; GDNF: Glioma-derived growth factor; 
SCF: Stem cell factor 
* represents different polypeptide structures 
** represents homodimers and heterodimers ErbB1 (Her1), ErbB2 (Her2), etc. 
*** Growth factor family 
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Figure 6 - Diagram summarizing EGFR signaling 
(a) Cell at rest (no signal) with ligands close to the homodimer EGFR and 
heterodimer Her2-Her3 receptors. (b) Normal activity of cell with ligands that 
induce Ras signaling through EGFR receptors and Akt signaling by means of 
Her2-Her3 receptors. There is a balance between cell division promoted by Ras 
signaling and the blockage of apoptosis induced by Akt signaling. (c) Cell under 
tumor transformation by overexpression of Her2-Her3 with excessive Akt 
signaling that causes a blockade of apoptosis (anti-apoptotic action). The Ras 
signaling is normal. (d) Tumor cell transformation by overexpression of Ras 
inducing ligands by the EGFR receptors. In this case, Ras continually stimulates 
cell division and interferes in Akt signaling causing a blockade of apoptosis. 
 
5) Wnt signaling(4, 7, 13, 19) 
 
Significance - Wnt is an acronym with letters taken from the words Wingless 
(wingless mutation in Drosophila) and Int (the name of the mutant gene that 
causes the absence of wings in fruit flies). 
Normal function - Wnt is an inducer protein that regulates signaling for cell 
division, differentiation and migration from the embryonic stage. For signaling to 
occur, it is necessary that the Wnt protein binds to an external membrane 
receptor known as frizzled, which is synthesized by an oncogene. 
Of note - This signaling removes phosphate atoms from the β-catenin molecule 
leading to the stimulation of signals that activate cell division. 
Main associated tumors - Breast, prostate, colorectal and ovarian. 
Normal signaling of Wnt - The Wnt protein, by binding to the frizzled receptor, 
activates disheveled protein which, in turn, releases β-catenin molecules of a 
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molecular complex that was at rest (Figure 7a). The release of β-catenin leads to 
signaling of the DNA transcription process and cell division (Figure 7b). 
Abnormal signaling of Wnt - When the oncogene that synthesizes frizzled 
becomes mutant, there is a stimulation of its synthesis (overexpression), which 
allows binding to many Wnt proteins. Thus, multiple simultaneous Wnt signals 
are triggered which significantly speeds up cell division (Figure 7c). 
 

 
 
Figure 7 - Diagram summarizing Wnt signaling 
(a) Wnt signaling components at rest; cells do not divide. (b) Normal Wnt 
signaling; the Wnt protein penetrates the cell and activates the disheveled flag, 
which turns it into a specific inducer to break the phosphate bond with β-
catenin. The β-catenin activates myc-cyclin D signaling to promote controlled cell 
division. (c) Abnormal signaling by overexpression of the gene that synthesizes 
the frizzled receptor. The increased number of frizzled receptors allows a greater 
influx of Wnt proteins, triggering continuous signaling of the Wnt pathway 
resulting in uncontrolled cell replication. 
 
6) NF-κβ signaling(4, 7, 13, 20) 
 
Significance - NF-κβ is an acronym that means Nuclear Factor kappa-light-chain-
enhancer of activated β cells. 
Normal function - The NF-κβ protein acts on the cytoplasm and nucleus by 
regulating cell survival through the induction of at least three genes, the P52 
gene which inhibits apoptosis, the P50 gene which stimulates B-lymphocytes to 
synthesize immunoglobulins that act to control the immunity, and the Rel A gene 
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which stimulates cell division. These three genes are epigenes as they are 
influenced by external inducers. 
Of note - This signaling pathway is activated by one or more of the following 
transmembrane receptors: ILR-1, TNFR, GFRs and CD40. Several types of 
inducers pass through these receptors, in particular interleukins (IL-1), viruses, 
bacteria and carcinogens. Therefore, excessive induction is one of the causes of 
altered NF-κβ signaling, which can even become abnormal due to a mutation of 
the TRAF protein (acronym from TNF Receptor Associated Factor), which is part 
of a cascade of reactions of this signaling, as well as due to mutations of the NF-
κβ protein itself. 
Main associated tumors - Myeloma, prostate, breast and acute lymphocytic 
leukemia (ALL). 
Normal NF-κβ signaling - Figure 8a summarizes the reaction cascade of chemical 
transformations that activate NF-κβ molecules in five steps. When activated, 
these molecules regulate the blocking of the P52 gene causing anti-apoptosis, 
regulate immunity by activating the P50 gene, and regulate cell division by 
inducing the Rel A gene. It is noteworthy that proteasome participates in normal 
signaling. A proteasome is a protein complex that acts to break down abnormal 
ubiquitinated proteins (marked with ubiquitin) which are free in the cytoplasm 
of the cell. The degradation products phosphorylate Inhibitor of kappa β (IK-β) 
molecules, which, in turn, convert inactive NF-κβ to its active form. 
Abnormal NF-κβ signaling – Figure 8b shows the causes and consequences of 
abnormal NF-κβ signaling. One cause is attributed to excessive inducers (IL-1, 
virus, bacteria or carcinogens) that trigger continuous signaling reactions that 
culminate in an elevation of the active NF-κβ concentration. However, what 
stands out in this abnormal signaling, is an abnormal increase of proteins in the 
cytoplasm which, after having been ubiquitinated, are broken down by the 
proteasome with the degradation products continuously phosphorylating the IK-
β protein. As a result of this chemical action, multiple active NF-κβ molecules are 
formed that constantly promote the blocking of apoptosis, the stimulation of cell 
division and elevated synthesis of immunoglobulin. 
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Figure 8 Diagram summarizing NF-κβ signaling 
 (a) Normal NF-κβ signaling. 1) Various inducers enter the cell via 
transmembrane receptors and release small protein molecules which stimulate 
TRAF signaling. 2) The stimulated TRAF reacts with the I kappa β kinase (IKK) 
enzyme which activates the IK-β protein; 3) some inducers (IL-1, virus, bacteria, 
carcinogens, etc.) may change the structures of normal proteins that are part of 
the composition of the cell, making them abnormal; they are then broken down 
by proteasomes. The degradation products phosphorylate IK-β molecules; 4) 
phosphorylated IK-β convert inactive NF-κβ into active NF-κβ which is directed 
to the cell nucleus; 5) on penetrating the nucleus, the active NF-κβ can induce 
one or more genes, in particular the P50 gene involved in the production of 
immunoglobulins, the P52 gene that blocks cell apoptosis, and the Rel A gene 
which induces cell division. 
(b) Abnormal NF-κβ signaling. 1) The excess of inducers (IL-1, virus, bacteria, 
carcinogens, etc.) prolong TRAF* flag stimulation; 2) continued TRAF stimulation 
increases the concentration of IKK and IK-β; 3) these continuous signals 
associated with epigenetic effects convert normal proteins into abnormal 
proteins which are then intensely broken down by the proteasome. High 
concentrations of degradation products phosphorylate multiple IK-β molecules; 
4) the phosphorylated IK-β transforms inactive NF-κβ into activated NF-κβ, that 
is directed to the cell nucleus; 5) in the nucleus, activated NF-κβ molecules 
continually stimulate the P50, P52, and Rel A genes causing the cell to 
overproduce abnormal immunoglobulin (e.g. as in multiple myeloma), prevent 
apoptosis and stimulate uncontrolled cell replication. 
* TRAF may suffer distinct mutations disrupting all signaling. 



Paulo Cesar Naoum 

 

Academia de Ciência e Tecnologia de São José do Rio Preto, SP, Brazil 

Abril de 2015 

 

 
7) Notch signaling( 4, 7, 13, 21) 
 
Significance - Notch was coined as the homonymous receptor has a chemical 
structure in the form of a slit. 
Normal function - The molecule of Notch, which is part of the Notch receptor 
(Figure 9a) has oncogene function that acts on the control of signaling of cell 
division, and differentiation and apoptosis. It has extensive involvement in cell 
tissue formation especially in neurogenesis, hematopoiesis, myogenesis and 
angiogenesis. 
Of note - The Notch receptor has a complex protein structure in which the 
external dominion is larger than the inner. Four types of Notch have been 
identified (referred to as Notch1, Notch2, Notch3 and Notch4) which are 
differentiated by evolutionary molecular changes that do not influence their 
function. 
Main associated tumors - Most cervical tumors, 10% of acute lymphocytic 
leukemias (ALL) especially T-ALL, prostate tumors, colon, squamous cell lung, 
breast and melanoma. 
Normal signaling of Notch - Notch signaling is activated when a cell interacts with 
another neighboring cell (paracrine signaling). This emits a signal to the EGF 
from the extracellular domain of the Notch receptor thereby altering its chemical 
structure. This change causes an expansion with a slit in the binding region of the 
intracellular and extracellular dominions; it is this space that holds the TACE, 
presenilin and sortilin molecules that initiate proteolysis and the breakdown of 
the Notch receptor. As a result of this molecular instability, the Notch molecule 
fragments and its three basic components (RBP-Jk associated molecule - RAM,  
Ankyrin - ANK and Trans-activating domain - TAD) dissociate. TAD induces the 
transcription process for cell division, differentiation and apoptosis. Figure 9, in 
addition to summarizing all these steps, shows the chemical structure of Notch 
as a transmembrane receptor. 
Abnormal signaling of Notch -  Occurs by mutations that amplify the synthesis of 
Notch resulting in an overexpression of these receptors, as well as structural 
changes that alter some flags of this pathway. Impairment of cell division and 
differentiation may occur in both situations. 
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Figure 9 - Diagram summarizing Notch signaling 
(a) The main molecules that participate in cellular signaling: in the cell signaler, 
the ligand molecule or inducer of Notch comprises protein domains of epidermal 
growth factor (EGF) and Delta/Serrate/LAG-2 (DSL); the receptor cell, the Notch 
receptor, has a complex transmembrane structure which has two interconnected 
protein structures, one intracellular and the other extracellular. The intracellular 
structure is the Notch molecule itself formed by RBP-Jk associated molecule 
(RAM) proteins, Ankyrin (ANK) and Trans-activating domain (TAD). The 
extracellular Notch receptor structure is, in turn, integrated by the EGF molecule 
and Notch receptor Lin-12 (NRL). Integrating the receptor cell membrane are 
other molecules, especially TNF-α converting enzyme (TACE), presenilin and 
sortilin. (b) The Notch receptor, by binding to the inducer of Notch, initiates the 
reaction of this interactive complex with changes in its molecular structure. (c) 
Following this, a slit (notch) opens and the TACE enters promoting a break 
between the inner and outer structures of the Notch receptor, thus initiating 
degradation. Other proteins in the membrane, notably presenilin and sortilin, do 
the same. (d) The Notch molecule, isolated after being broken down, binds to a 
protein of the nuclear membrane called CBF1/Suppressor of Hairless/LAG-1 
(CLS). The CLS breaks Notch down into its basic components: RAM, ANK and 
TAD. The TAD component specifically activates genes that affect the transcript of 
cell division and differentiation and apoptosis. 
 
8) Akt (or PKB) signaling(4, 7, 13, 22) 
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Significance - Ak is a strain of mouse that develops tumors. PKB, currently less 
used in this signaling, means Protein Kinase B. 
Normal function - Several signaling proteins and enzymes synthesized by 
oncogenes (Jak-1, TKR, PI3K and Akt) participate in functions of cell division and 
differentiation, apoptosis and angiogenesis. 
Of note - Transmembrane receptors of cytokines and tyrosine kinase have 
enzymatic components inside the cytoplasm called kinases (tyrosine kinase, 
Janus kinase), and they transfer phosphate groups from high energy molecules to 
other signaling proteins that are inactivated. This process induces a signaling 
chain reaction. The Akt molecule in some studies is differentiated in its specific 
types: Akt1, Akt2 and Akt3. 
Main associated tumors - Breast, ovary, pancreas, glioblastoma multiforme, small 
cell lung cancer, sarcomas, and several hematological malignancies. 
Normal Akt signaling - Figure 10 summarizes Akt signaling promoted by the 
induction of cytokine receptors (Tyr-2/Jak-1) as shown in steps 1 to 6, as well as 
the TKR receptor. Steps 6 and 7 illustrate the joint activation of the cytokine 
receptor linked to Jak-1 and the TKR. In the diagram of this joint signaling, the 
figure only highlights inductions of the p53 gene and cyclin D. In order to show 
the signaling of these two receptors more comprehensively, the diagram below 
shows the Akt cascade induced by PI3K and its five inductions of cell control 
related to cell division and differentiation, apoptosis, and neoangiogenesis.  
 

(Cytokine receptor) Jak-1  TKR (Tyrosine kinase receptor) 

     

  PI3K   

     

  PIP   

     

  Akt 

 

  

 

 

    

mTOR P53 Bad GSK FOXO 
 
 

    

Inhibits 
neoangiogenesis 

Control apoptosis Control cell division and 
differentiation 

 
 
Abnormal Akt signaling - Mutations that intensify the proteins that participate in 
Akt signaling activities are associated with increased tumor cell survival, and 
thus give them conditions to acquire sequential mutations. 
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Figure 10 - Diagram summarizing AKT signaling 
1) Cytokine receptors (a) bound to tyrosine kinase or Tyk-2 (b) and Janus kinase 
or JAK-1 (c) both with phosphorus atoms represented and differentiated by 
yellow and blue circles to simplify interpretation of the signaling pattern. 2) 
When the cytokine penetrates between receptors, reactions occur causing them 
to approach each other. This movement of the receptors closer to each other 
displaces molecules of Tyr-2 and JAK-1 to the side of each receptor and causes an 
exchange of phosphorus atoms (transphosphorylation). 3) Tyr-2 and JAK-1 each 
yield phosphorus atoms that settle on the bases of the two receptors. 4) The 
signal transducers and activator of transcription 1 and 2 (STAT1 and STAT2) 
molecules are attracted towards the cytokine receptors and receive phosphorus 
atoms, phosphorylating them and making them active. 5) Activated STAT1 and 
STAT2 signal caspases to trigger the control of apoptosis. 6) The phosphorylated 
cytokine receptor Jak-1 reacts with phosphatidylinositol (3,4,5)-trisphosphate 
Kinase (PI3-K) molecules which signal phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) which then stimulates the Akt molecule to send multiple 
signals that activate other molecules, in particular Forkhead bOX-Factors Of 
Transition (FOXO), Monocyte to Macrophage Differentiation associated 2 
(MMD2), mammalian Target Of Rapamycin (mTOR), Glycogen Synthase Kinase 
(GSK) and Bcl 2 associated death promoter (Bad). Only the cascade reactive to 
FOXO and MMD2 is illustrated in this figure. 7) Akt signaling is induced also by 
means of the tyrosine kinase receptor (TKR), which is bound to the molecule 
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known as insulin receptor substrate-1 (IRS-1). This RTK-IRS-1 complex 
stimulates PIP3 and PI3-K, which then activate the Akt molecule. 
 
9 - Hedgehog signaling(4, 7, 13, 23) 
 
Significance – The name hedgehog was inspired by the appearance of stubby and 
‘hairy’ larvae of Drosophila with a gene given the same name. 
Normal function - Hedgehog signaling occurs via two transmembrane receptors 
synthesized by suppressor genes, called patched (PTC) and smoothened (SMO), 
and an inducer protein called hedgehog (Hh) synthesized by the Hh oncogene. 
The PTC and SMO receptors are interdependent and limited to stimulating the 
inducing protein Hh. This protein is synthesized in the cell itself and is released 
(exocytosis) when there is need to activate signaling. Once outside the cell, it 
becomes an inducer molecule that binds to the PTC receptor, thereby changing 
its structure. This structural change causes the SMO receptor to trigger hedgehog 
signaling (Figure 11). 
Of note - The transmembrane receptors, PTC and SMO are interconnected and 
mediate induction from outside of the Hh protein; the PTC receptor can 
stimulate or inhibit the SMO receptor. In the cytoplasm, a protein related to DNA 
transcription named the glioma associated oncogene (GLI) determines the time 
to activate or inhibit DNA transcription as shown in Figure 11. 
This signaling promotes control of skeletal, dermal, gastrointestinal and lung 
development during the embryonic stage and during tissue renewal throughout 
life. 
Main associated tumors - Medulloblastoma, rhabdomyosarcoma, basal cell 
carcinomas, epithelial cells of the esophagus, stomach, bile duct, lung and colon, 
and non-endodermal prostate cancer. 
Normal Hedgehog signaling - is based on the balance of the actions of the GLI 
protein which controls transcription of genes that stimulate cell division and 
differentiation, and angiogenesis. 
Abnormal Hedgehog signaling - Occurs mainly by increased autocrine 
stimulation. The excessive release of Hh proteins induces continuous hedgehog 
signaling for the transcription of genes that promote cell division and stimulate 
angiogenesis. 
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Figure 11 - Diagram summarizing Hedgehog signaling 
1) Signaling at rest: (a) The PTC and SMO receptors are inactive. (b) The GLI 
molecules bind to the proteasome where they will be divided into smaller 
molecules that penetrate the nucleus. (c) In the nucleus, the smaller GLI 
molecules block the transcription co-activators of DNA of the genes that induce 
cell division and stimulate angiogenesis. 
2) Active signaling: (a) The Hh (hedgehog) protein produced by a given cell is 
released to the external environment for autocrine signaling through its binding 
with PTC receptors. (b) The PTC-Hh complex changes structurally and starts to 
activate the SMO receptor to release small molecules that break down the GLI 
bonds with proteasome substrates, preventing these organelles from dividing 
the GLI molecules. (c) The intact GLI molecules penetrate the nucleus and bind to 
transcription co-activators inducing them to stimulate the genes that control cell 
division and neoangiogenesis. 
Important observation: When the cell produces excessively high concentrations 
of Hh, the stimulation of hedgehog signaling is continuous and uncontrolled 
transforming normal into tumor cells and attracting blood vessels 
(neoangiogenesis) to where the circulating tumor cells settle, thus increasing the 
chance of metastasis. 
 
Conclusions 

The understanding of cell signaling that transforms normal cells into tumor cells 
is one of the clearest cancer biology advances to date. The phrase by Siddhartha 
Mukherjee (8) in his book The Emperor of all evil: A biography cancer that "cancer 
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is a disease exclusive to each person," illustrates, with exceptional wisdom, the 
fragility of our current knowledge on the complexity of this disease. The 
uniqueness of cancer stems from successive cellular changes that accumulate 
and interact during the transformation of normal cells into tumor cells, and from 
these, to metastatic cells, involving not only one cell signaling pathway, but 
multiple. The search for the understanding of this jumble of 800-1000 proteins, 
enzymes and hormones, which gradually change over a variable and 
unpredictable time, is certainly one of the greatest challenges of cancer biology, 
molecular studies and effective proposals presented to date on the control of this 
disease. 
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