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How do signalling pathways control 
whether a cell grows, divides or dies? 

 

Cells receive signals from other cells but also from the environment which influence their 
decisions to grow, divide or die. This decision is crucial to ensure that damaged cells are 
removed, preventing uncontrolled growth and the development of serious diseases. Cells 
use signalling pathways to process and integrate multiple signals simultaneously to 
respond to a combination of external and internal cues to determine a cell's fate. An 
understanding of how these pathways work can explain how cells maintain a balance 
within the body. 

Cell Signalling and Signal Transduction 

Cells communicate with each other and their surroundings through cell signalling which 
allows them to coordinate processes like growth, division and apoptosis (programmed cell 
death). Signals can be physical or chemical which can either act over short distances, 
between neighbouring cells, or long distances, throughout the body. Specialised proteins, 
called receptors, can detect signals within the cells or at the cell surface membrane. When 
a signalling molecule (ligand) binds to the receptor, a conformational change occurs 
initiating a chain reaction inside the cell. This process is called signal transduction, where a 
signal outside the cell is converted to an internal response through a series of steps known 
as a cascade. Signals can be amplified so that a single signal can produce a large cellular 
response, which could result in changes in enzyme activity, gene expression or cell 
behaviour. 
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The Pathways 

Receptor Tyrosine Kinase (RTKs) 

RTKs are cell surface membrane receptors which have a key role in controlling cell growth, 
division and cell signalling. Each RTK consists of a single polypeptide chain; when ligands 
such as growth factors or insulin bind to the extracellular receptors, two RTKs come 
together, and the two polypeptide chains aggregate forming an unphosphorylated dimer. 
The kinases, enzymes which catalyse the transfer of a phosphate group from ATP to the 
tyrosine, allow each side to phosphorylate each other, which is known as 
cross-phosphorylation. The phosphorylated dimer now has a fully activated tyrosine 
kinase and the response to the ligand can now occur. The phosphorylated region is a 
binding site for proteins involved in signal transduction, many of which have SH2 
domains and different relay proteins can undergo a conformational change when binding 
to the SH2 domains, enabling specific interactions with downstream targets to transmit 
signals through signalling cascades. This means that from one signalling event, various 
responses can occur. If insulin was the ligand, then the binding to the receptor would cause 
a range of responses that lower blood glucose levels whereas a growth factor binding could 
stimulate cell division.  

Figure 1 - Stages of RTK signalling  
 

 
A key pathway stimulated by RTK activation involves RAS, 
a small protein controlling cell growth and division. 
Mutations in RAS can cause it to be locked in an activated 
state resulting in uncontrolled cell division meaning that it 
is a major target in cancer research. Before activation RAS is 
bound to the molecule GDP (Guanosine diphosphate) but 
after, GDP is exchanged for the molecule GTP (Guanosine 
triphosphate) and becomes active initiating pathways 
involving RAF, MEK and ERK in which molecules or 
proteins that increase enzyme activity called activators lead 
to signal amplification, ensuring that even a small initial 
signal can lead to changes in gene expression.                           Figure 2 - MAPK signalling cascade 
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G protein-coupled receptors (GPCRs) 
 
GPCRs have a key role in regulating immune response, blood glucose and energy 
metabolism. GPCRs are receptors, like RTKs, but they are transmembrane receptors made 
of a single polypeptide chain spanning the membrane several times which activate G 
proteins upon ligand binding. Ligands that bind include the hormones adrenaline, 
glucagon as well as the neurotransmitter dopamine. When a ligand binds to the 
extracellular receptor, a transmission of the signal to the intracellular side can occur due to 
the conformational change induced which allows the intracellular domain to interact with 
the heterotrimeric G proteins. These proteins recognise the activated GPCRs and can 
relay their messages. The G proteins, in their inactive state, consist of an alpha subunit 
bound with GDP, beta and gamma subunits but when a ligand binds, the protein is 
activated causing GDP to be exchanged for GTP leading to its dissociation into an activated 
alpha-GTP subunit and a beta-gamma dimer. The alpha subunits commonly activate 
enzymes adenylyl cyclase or phospholipase C whereas the beta-gamma complex regulates 
ion channels and kinases. The multiple types of G protein subunits can include Gαs, Gαi 
and Gαq/11, each with different functions. An example of the adenylyl cyclase pathways 
includes when adrenaline binds to a β-adrenergic receptor, a type of GPCR in liver cells. 
Adenylyl cyclase is activated by Gαs causing the production of cyclic AMP (cAMP), which 
activates Protein kinase A (PKA) thus leading to the phosphorylation of target proteins to 
break down glycogen so glucose is released into the bloodstream. The opposite occurs 
when Gαi proteins are activated, as this would inhibit PKA activity. In contrast, Gαq/11 
proteins stimulate enzyme phospholipase C to catalyse phosphatidylinositol 
bisphosphate (PIP₂) into inositol triphosphate (IP₃) and diacylglycerol (DAG). IP₃ triggers 
calcium release from the endoplasmic reticulum while DAG activates Protein kinase C 
(PKC) resulting in further effects in cellular activity. 

 

 
Figure 3 - GPCR signalling cascade 
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Apoptosis 
 

Apoptosis is programmed cell death, which is a highly regulated process which allows the 
body to remove damaged or harmful cells to prevent disease. It does this by systematically 
breaking down cellular components without triggering inflammation. Apoptosis can be 
initiated by external but also internal signals. External signals can involve neighbouring 
cells releasing signalling molecules such as Fas ligand or TNF (Tumour Necrosis Factor) 
which bind to death receptors triggering intracellular pathways whereas internal signals 
can arise from cellular stress like DNA damage or protein misfolding.  

  
 
 Figure 4 - External signal binding to death receptors 

 Figure 5 - Activation of the extrinsic apoptotic pathway 
 
 

Under apoptotic conditions, the mitochondria becomes more permeable allowing 
Cytochrome C, a protein, from the mitochondria to be released into the cytoplasm to act 
as a signalling molecule to promote activation of a specific enzyme. Similarly, external 
signals also activate protease enzymes crucial for mediating programmed cell death and 
apoptosis called caspases. Initiator caspases are first to be activated which in turn activate 
executioner caspases to break down the cells. The cell undergoes characteristic changes, it 
first shrinks and pulls away from its neighbours, then the DNA in the nucleus is chopped 
into smaller pieces, breaking the cell into smaller fragments. Phagocytes engulf these 
fragments to prevent harmful substances in the cell from damaging healthy cells.  

 
 
 
Figure 6 - Cellular stages of 
apoptosis 
 
                                     

The process is tightly regulated by genes present in all cells. In the nematode, C. elegans, 
the genes that code for proteins which either promote or inhibit apoptosis are ced-3, ced-4 
and ced-9. ced-9 codes for Ced-9 which acts as a regulatory “brake” by preventing apoptosis 
under normal conditions, but upon receiving a death signal, conformational changes allow 
the apoptotic pathway to proceed. Apoptosis is vital for the regulation of health, too little 
apoptosis can allow damaged or abnormal cells to survive, causing cancer. In contrast, too 
much apoptosis will result in the loss of healthy cells associated with neurodegenerative 
diseases, as well as immune system disorders such as HIV and AIDS.  
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The control of cell fate through signal integration  
 
Cells decide whether to grow, divide or undergo apoptosis by the integration of multiple 
signalling pathways. Signals received from RTKs and GPCRs can activate intracellular 
cascades including kinase pathways and secondary messenger systems that can regulate 
gene expression and protein activity. They do not function independently but interact 
with one another to produce a coordinated response. These interconnected signalling 
pathways influence and modify others which can allow the cell to integrate many inputs 
simultaneously. A cell's fate is determined by the strength, duration and balance of the 
signals. For instance, strong activation of RTK pathways like RAS-MAPK that involves RAS, 
RAF, MEK and ERK can promote cell growth and division when supported with GPCR 
metabolic signalling but if the cell experiences large amounts of stress such as DNA 
damage, the apoptotic pathways involving caspases override the other signaling pathways 
and trigger programmed cell death, ensuring that damaged or harmful cells are removed. 
This highlights how cells prioritise pro-apoptotic signalling over pro-survival signalling 
when necessary. Crucially, RTKs, GPCRs and apoptosis represent only a small number of 
the many signalling pathways in a cell and in reality many more pathways are involved in 
the decision-making process. When regulation of signalling pathways is disrupted, such as 
mutations of the genes that control apoptosis or a mutation which leads to continuous 
activation of RTK signalling, it can result in uncontrolled division like cancer. Additionally, 
a defect in GPCR signalling could affect metabolic regulation causing diabetes.  
 
In conclusion, a cell's fate is controlled by a combination of external and internal cues 
connected by signalling pathways. The integration of signals allows for the cells to have the 
ability to choose whether to grow, divide or die in a highly regulated manner. Ultimately, 
this demonstrates how essential signalling pathways are for maintaining normal cell 
function. 
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Glossary 

RAF, MEK, ERK - Series of protein kinases that amplify signals and regulate gene 
expression as part of the MAPK cascade. 

Heterotrimeric - Composed of three subunits, in G proteins case, alpha, beta and gamma. 

G Proteins - Intracellular proteins relaying signals from GPCRs. Types include Gαs 
(stimulates adenylyl cyclase), Gαi (inhibits adenylyl cyclase) and Gαq/11 (activates 
phospholipase C). 

Cyclic AMP (cAMP) - A second messenger molecule activating protein kinase A (PKA). 

Protein Kinase A (PKA) - Protein which phosphorylates target proteins to alter cellular 
activity. 

Phosphatidylinositol bisphosphate (PIP₂) - Phospholipid membrane which is cleaved 
during signalling to form IP₃ and DAG. 

Inositol trisphosphate (IP₃) - Signalling molecule that triggers the endoplasmic reticulum 
to release calcium. 

Diacylglycerol (DAG) - Signalling molecule that activates protein kinase C (PKC). 

Protein Kinase C (PKC) - Enzyme activated by calcium ions and Diacylglycerol (DAG) 
which phosphorylates target proteins to regulate cellular responses. 

Phagocytes - White blood cells which engulf and digest cellular debris, pathogens or 
apoptotic cells. 

ced-4 - A gene that codes for the protein Ced-4, which activates Ced-3, helping initiate the 
apoptotic pathway. 

ced-3 - A gene that codes for the protein Ced-3, which functions as a caspase by breaking 
down cellular components, promoting apoptosis. 

ced-9 - A gene that codes for the protein Ced-9, which inhibits apoptosis, by preventing 
activation of Ced-3. 
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Figure 1 - Stages of RTK signaling 

Figure 2 - The MAPK signaling pathway 

Figure 3 - Mechanism of GPCR activation 

Figure 4 - External signal binding to death receptors 

Figure 5 - Activation of the extrinsic apoptotic pathway 

Figure 6 - Morphological changes during apoptosis 
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