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Introduction (1) 

• Radiotherapy can involve either external beam treatment or 
brachytherapy, with the choice depending on the type of tumour and 
location within the body.  

• The dose of radiation delivered depends on whether the therapy is 
intended to be curative or palliative, on the volume of tissue to be 
irradiated and the expected toxicity to the surrounding normal 
tissues including factors such as the condition of the patient (age 
and other health problems that might increase the side effects of 
radiotherapy, e.g., connective tissue disorders, such as 
scleroderma).  

• The relative radiosensitivity of the tumour cells is only rarely a factor 
in this decision.  

• The side effects that may occur following local radiotherapy are 
directly linked to the normal structures and tissues within the 
irradiated volume and the effects increase with size of the dose 
fractions and the volume irradiated.  
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Introduction (2) 

• Most curative radiotherapy regimens consist of daily fractions in the 
range of 1.8 to 3 Gy per day over a period of 5 to 8 weeks. Using 
modern planning techniques, doses up to about 75 Gy to the tumour 
can usually be achieved without causing severe side effects.  

• The dose to normal tissues is usually limited to reduce the level of 
severe complications to no more than about 5 percent of the 
population after a period of 5 years (known as the TD5/5 value). 

• Increased radiotherapy dose is associated with increased local 
control so this dose limit may be increased if radiotherapy is the only 
curative treatment option for the patient particularly for small fields. 

• Palliative radiotherapy is given when the disease is incurable in 
order to achieve better pain control, to control bleeding, or to prevent 
tissue destruction or ulceration. These radiotherapy treatments are 
usually of short duration and consist of 1 to 3 fractions of 5 to 8 Gy 
or 5 to 10 fractions of 3 to 4 Gy. 
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3.2 Physics 
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Physics (1) 

• External beam conformal radiotherapy employs three-dimensional 
planning using radiation beams given from different angles to 
maximize tumour dose while minimizing normal tissue irradiation. 

• Imaging is used to localize the tumour and critical normal tissues in 
order to define the gross tumour volume (GTV). The final plan will 
deliver the maximum radiation dose to a slightly larger volume (the 
planning target volume, PTV) to account for microscopic disease 
beyond the detectable edge of the tumour, for body or organ 
movement, and for issues pertaining to the physics of the radiation 
beam.  

• The plan is developed by computer simulation based on the energy 
and number of radiation beams and their orientation.  

• The dose delivered to the different regions of the field by each of the 
beams is calculated and summed to create an isodose contour map.  
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Physics (2) 

• Verification images can be used to track successful delivery of the 
treatment and special techniques and markers are sometimes used 
to track organ movement within the body (e.g., movement of a lung 
tumour during normal breathing).  

• Recent improvements in radiotherapy planning involve the use of 
intensity modulated radiation therapy (IMRT) in which the radiation 
beams are differentially regulated within the area of irradiation so 
that there are relatively low- and high-dose volumes of irradiation. 

•  The combination of multiple beams allows for better dose 
distributions resulting in a decreased volume of normal tissue in the 
high dose region (PTV) without compromising dose to the tumour.  

• A recent application of this approach is stereotactic radiosurgery, 
which uses highly focused irradiation beams of charged particles 
(e.g., proton beams), γ-rays, or high energy X rays precisely 
collimated to target the tumour site.  
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Physics (3) 

• These techniques often produce non-uniform dose distribution within 
the normal organs which makes it difficult to determination a precise 
relationship between normal tissue response and dose.  

• Currently this is addressed by generating a dose-volume histogram 
(DVH) for each exposed organ in a patient.  

• These DVHs can then be reduced to create parameters (e.g. either 
an effective volume [Veff] irradiated to a reference dose or an 
effective dose [equivalent uniform dose; EUD] uniformly applied to 
the whole volume), which are used to predict normal tissue 
complication probability (NTCP). 

• One important complexity with IMRT plans is that increased volumes 
of normal tissue are exposed to lower doses within the entire body 
and this raises concerns as to the possibility of increased radiation-
induced second malignancies. 
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Brachytherapy, radionuclides, and 
radioimmunotherapy (1) 

• Low-dose rate radiation sources implanted into or beside the tumour 
(known as brachytherapy) can be used either alone or in 
combination with external beam radiotherapy for accessible tumours 
such as those of the cervix, prostate, head and neck, breast, 
bladder, lung, esophagus, and some sarcomas.  

• Tissues close to the implanted source will receive a high dose and 
tumour cell killing will be high. Further from the source, normal cell 
killing will be less due to lower dose rates and a decreased total 
dose over the duration of treatment.  

• Recently computer controlled brachytherapy systems have been 
designed to deliver short pulses of radiation (pulsed-dose 
brachytherapy) using a high-dose source traveling along a catheter 
track within the tumour.  
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Brachytherapy, radionuclides, and 
radioimmunotherapy (2) 

• Radiobiological modelling suggests that the acute and late reactions 
are similar to traditional (continuous) brachytherapy as long as the 
gaps between pulses are less than 1 hour.  

• Injected radionuclides can also be used if there is selective uptake 
by the tumour e.g. Iodine-131 is used to treat well-differentiated 
thyroid cancer.  

• The conjugation of radionuclides to specific antibodies allows 
targeted radiotherapy to tumours containing cells expressing the 
relevant antigens or receptors and is termed radioimmunotherapy. 

• Radionuclides emitting short-range beta particles (e.g. Auger 
electrons), or potentially α-particles, that can kill cells within a radius 
of 1 to 3 cell diameters of the bound isotope are optimal for localized 
treatment.  
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Charged particles and high LET radiotherapy (1) 

• Charged particles (protons, heavy ions) have a physical advantage 
because they can give improved depth-dose distributions for deep-
seated tumours. Much of their energy is deposited in tissue at the 
end of particle tracks (i.e., in the region of the Bragg peak). 

• Uncharged neutron beams do not demonstrate a Bragg peak and 
their depth-dose distributions are similar to those for low-LET 
radiation.  

• There is also a potential biological advantage in that the oxygen 
enhancement ratio is reduced with high LET ions, so hypoxic cells 
are protected to a lesser degree.  

• There is also reduced capacity for repair following high-LET 
radiation relative to that following low-LET radiation, a property 
partially responsible for the increased relative biological 
effectiveness (RBE) for high-LET radiations.  
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Charged particles and high LET radiotherapy (2) 

• Protons have demonstrated an advantage for treatment of tumours, 
such as choroidal melanomas and skull-base tumours, which 
require precise treatment of a highly localized lesion and other 
tumour sites might also benefit.  

• Proton therapy planning can also be combined with IMRT planning 
techniques to give finely contoured dose distributions, but cost 
limitations (i.e., the requirement of a cyclotron or synchrotron) 
currently preclude proton therapy as a common approach to 
radiotherapy.  

• One potential difficulty in using high-LET ion radiation is that 
because late-responding tissues demonstrate greater repair 
capacity than early-responding tissues, the reduction in repair 
capacity following high-LET irradiation may result in relatively higher 
RBE values for late-responding tissues.  
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Boron Neutron Capture Therapy (BNCT) 

• Compounds enriched with boron-10 are given prior to thermal-
neutron beam irradiation. A fission reaction produces high-energy 
charged particles (Li-7 and He-4) resulting in tumour cell killing.  

• This technique has been investigated particularly for treatment of 
brain tumours. For an improved therapeutic ratio with BNCT, 
relatively high concentrations of B-10 must be achieved in the 
tumour, with low concentrations in normal tissues.  

• New boronated compounds and new strategies for delivering the 
compounds have improved the differential concentrations 
achievable in tumours and surrounding normal tissues with 
encouraging results.  

• However, the depth-dose distribution for the thermal neutron beam 
is relatively poor and this remains a limitation in the clinical use of 
this treatment approach.  
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3.3 Molecular and cellular 
biology 

Radiation Biology Handbook 



Techniques 

• The cloning of the human genome and subsequent technical 
improvements have made it possible to isolate any specific gene.  

• It is currently easier to isolate a gene than its protein product but the 
nucleotide sequence of an isolated gene can be used to deduce the 
amino acid sequence of its product.  

• Small peptides corresponding to the proposed amino acid sequence 
of the product can then be synthesized and antibodies made against 
these peptides.  

• Often the antibodies will react with the complete protein, allowing the 
subsequent isolation and purification of the gene product. Techniques 
commonly used for the genetic analysis of tumours are described in 
the following slides.  
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Blotting Techniques (1) 

• Southern blotting is a widely used method for analyzing the structure 
of DNA that involves the blotting of DNA on to a supporting matrix.  

• The DNA to be analyzed is cut into defined lengths using restriction 
enzymes, denatured and the DNA fragments are separated using 
electrophoresis of an agarose gel; the smallest fragments migrate 
farthest and the largest remain near the origin.  

• Pieces of DNA of known size may be electrophoresed at the same 
time to act as a molecular weight scale. A nylon membrane is placed 
on top of the gel and fluid is drawn through the gel (by vacuum 
suction) causing the DNA to migrate onto the nylon membrane, 
where it is immobilized.  

• To determine the size of the fragment of DNA that carries a particular 
gene, a piece of the gene is separately cloned and made radioactive 
to create a probe.  
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Blotting Techniques (2) 

• The nylon membrane containing all the fragments of DNA is 
incubated in a solution containing the radioactively labeled (single-
stranded) DNA probe.  

• Under these conditions, the probe will anneal with homologous DNA 
sequences present on the membrane. Gentle washing will remove 
the single-stranded, unbound probe; hence the only radioactive DNA 
fragments remaining on the membrane will be those (homologous 
sequences) that hybridized with the labeled probe.  

• To detect the region of the membrane containing the radioactive 
material, the nylon sheet can be placed on top of a piece of x ray film, 
enclosed in a dark container and placed at -70°C for several hours to 
expose the film.  

• The film is then developed and the places where the radioactive 
material is located show up as dark bands.  
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Blotting Techniques (3) 

• An almost identical procedure can be used to characterize 
messenger RNA.  

• The mRNA is separated by electrophoresis, transferred to nylon 
membranes, and probed with a labeled, cloned fragment of DNA.  

• The technique is called Northern blotting and is used to evaluate the 
expression patterns of genes.  
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Blotting Techniques (4) 

• An analogous procedure, called Western blotting, has also been 
devised to characterize proteins.  

• Following separation by denaturing gel electrophoresis, the proteins 
are immobilized by transfer to a charged synthetic membrane. To 
identify specific proteins, the membrane is incubated in a solution 
containing a specific primary antibody that will bind to the protein of 
interest, then incubated with a secondary antibody that is conjugated 
to horseradish peroxidase (HRP), biotin or a fluorochrome.  

• The protein antibody conjugate can be detected by exposure to 
chemoluminescence detection reagents (or directly) as the emitted 
fluorescent light can be identified by short exposure to x ray film, 
allowing the bands of interest to be identified.  

• This last step may now be done with high resolution imagers 
designed to detect radioactivity or light. 
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Assays for DNA Breaks 

• The nuclei of cells can be digested and the DNA in a gel subjected to 
a constant or pulsed electric field to separate the fragments into 
bands in the gel. This provides a sensitive assay for radiation-
induced double-strand breaks.  

• In the Comet assay, nuclei can be partially digested and subjected to 
an electric field which stretches the radiation-damaged DNA into a 
comet-like tail. Digestion under alkali conditions reveals damage 
characteristic mainly of single-strand breaks (SSBs), and digestion 
under neutral pH reveals damage characteristic mainly of double-
strand breaks (DSBs). 
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The Polymerase Chain Reaction (1) 

• Blotting techniques required many cells to produce enough DNA or 
RNA for hybridization analysis. The polymerase chain reaction (PCR) 
addresses this problem.  

• A unique DNA polymerase enzyme called Taq polymerase (which is 
resistant to denaturation at high temperatures) and specific 
oligonucleotide primers are used to amplify the amount of cell DNA 
for further analysis. Usually DNA of about 200 to 1000 base pairs is 
amplified.  

• Analysis by PCR requires precise knowledge of the sequences 
flanking the region of the gene of interest. Two short oligonucleotides 
complementary to the flanking regions can then be synthesized, and 
these are used as primers for Taq polymerase.  

• All components of the reaction (target DNA, primers, 
deoxynucleotides, and Taq polymerase) are placed in a small tube 
and initially heated (~95°C) to denature (separate) the DNA duplex.  
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The Polymerase Chain Reaction (2) 

• Then incubation at ~50°C allows hybridization of the primers to the 
single-stranded DNA followed by incubation at ~70°C to allow Taq 
polymerase to synthesize new DNA from the primers.  

• This cycle is repeated every few minutes to create multiple rounds of 
amplification. The precise time of each cycle depends on the nature 
of the primers and the length of DNA to be amplified. Twenty cycles 
can theoretically produce a million-fold amplification.  

• PCR can also be used to study gene expression or screen for 
mutations in RNA. It is first necessary to use reverse transcriptase to 
make a complementary single-strand DNA copy (cDNA) of an mRNA 
prior to performing the PCR. The cDNA is then used as a template for 
a PCR reaction as described above.  

• Reverse transcriptase PCR (RT-PCR), allows amplification of cDNA 
corresponding to both abundant and rare RNA transcripts, thereby 
providing a convenient source of DNA that can be screened for 
mutations.  
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Single Nucleotide Polymorphisms (SNPs) 

• DNA sequences can differ at single nucleotide positions within the 
genome as frequently as 1 out of every 1000 base pairs and if SNPs 
are present in exons they may affect protein structure and function. 

• Most methods to characterize SNPs require PCR amplification of the 
sample prior to analysis, thus influencing the number of fragments 
that can be analyzed simultaneously.  

• The sample is denatured and mixed with a known DNA sample and 
then partially renatured causing the formation of homoduplexes and 
heteroduplexes.  

• Denaturing high-performance liquid chromatography (DHPLC) allows 
the automated detection of these different duplexes caused by pair 
mismatches due to single base substitutions, insertions, or deletions. 

•  Suspected polymorphic/mutated sites are then sequenced to verify 
the presence of such genetic variation. 
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DNA Sequencing (1) 

• The most frequently used method to sequence DNA is dideoxy-chain 
termination.  

• This method is analogous to DNA replication in vitro, but it uses 
dideoxynucleotide triphosphates (ddNTPs) in the reaction.  

• DNA sequencing is carried out in four separate reactions each 
containing one of the four ddNTPs (i.e., ddATP, ddCTP, ddGTP, or 
ddTTP) together with the other normal nucleotides.  

• In each reaction the sequencing primers bind and start the extension 
of the chain at the same place. The extended chains, however, 
terminate at different sites when dideoxynucleotides are incorporated. 

• This produces fragments of different size terminated at every 
nucleotide.  
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DNA Sequencing (2) 

• Separation of the newly synthesized radioactive DNA on 
polyacrylamide gels allows visualization of each fragment produced 
in the sequencing reaction. Usually a sequence of 200 to 500 bases 
can be read from a single gel.  

• In automated fluorescent sequencing, fluorescent dye labels are 
incorporated into DNA extension products and automated DNA 
sequencers can detect fluorescence from four different dyes that are 
used to identify A, C, G, or T extension reactions.  

• The sequence of a strand of DNA can be compared to data available 
on public databases (such as www.ncbi.nlm.nih.gov) to check for 
regions of sequence similarity.  
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Microarray Analysis 

• This technique involves the production of DNA arrays or chips on 
solid supports for large-scale hybridization experiments.  

• There are two basic types of chip: in one, DNA probe targets are 
immobilized to a solid inert surface such as glass and exposed to a 
set of fluorescently labeled sample DNAs; in the second, an array of 
different oligonucleotide probes is synthesized in situ on the chip.  

• The array, which may contain tens of thousands of probe targets or 
oligonucleotide probes, is exposed to fluorescently-labeled DNA 
samples, or cDNAs made from mRNA isolated from cells. The 
complementary sequences which hybridize to the chip are 
determined by digital imaging.  

• DNA microarray analysis allows large-scale gene discovery, gene 
expression, gene mapping, and gene sequencing studies as well as 
detection of mutations or polymorphisms.  
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Modifying Gene Expression (1) 

• Gene function can often be studied by transferring the gene into a cell 
different from the one from which it was isolated. A mutated 
oncogene, isolated from a tumour cell, may be transfected into a 
normal cell to determine whether it causes malignant transformation. 

•  A number of transfection protocols have been developed for efficient 
introduction of foreign DNA into mammalian cells, including calcium 
phosphate or DEAE-dextran precipitation, spheroplast fusion, 
lipofection, electroporation, and transfer using viral vectors.  

• For all methods, the efficiency of transfer must be high enough for 
easy detection, and it must be possible to recognize and select for 
cells containing the newly introduced gene.  

• It is usually necessary to select for retention of the transferred genes 
before assaying for expression. 
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Modifying Gene Expression (2) 

• For this reason, a selectable gene, such as the gene encoding 
resistance to the antibiotic neomycin, can be introduced 
simultaneously.  

• For lipofection, plasmid DNA is complexed with a liposome 
suspension in serum-free medium.  

• This DNA/liposome complex is added directly to cells grown in tissue 
culture, and after a three- to five-hour incubation period, fresh 
medium containing serum is added.  

• The cells are incubated to allow expression of the transfected gene. 
Electroporation entails administration of an electrical current to a 
cellular-DNA mixture.  
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Modifying Gene Expression (3) 

• Viral vectors are useful because they can be targeted to a variety of 
cell types.  

• Retroviruses are very stable because their complementary DNA 
integrates into the host mammalian DNA, but only relatively small 
pieces of DNA (up to 10 kilobases) can be transferred.  

• Adenovirus vectors take larger inserts and have a very high efficiency 
of transfer.  

• Nonviral vectors, such as liposomes, can be used for transient 
expression of introduced DNA.  
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Modifying Gene Expression (4) 

• An alternative approach to studying gene function is by its 
inactivation by introducing a DNA or RNA sequence that will 
specifically inactivate the expression of the gene of interest.  

• This can be achieved by introducing DNA or RNA molecules with a 
base sequence where the order of the bases is opposite to that of the 
usual complementary strand (i.e. 3’→ 5’) instead of 5’→ 3’) within the 
target gene.  

• So-called antisense RNA or DNA molecules can combine in vitro 
specifically with their homologous sequences in mRNA and interfere 
with the expression of that gene.  

• Small complementary RNA molecules that can directly interfere with 
gene expression (RNA interference: RNAi), leading to the specific 
disappearance of the selected gene products, can also be used.  
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Modifying Gene Expression (5) 

• RNAi interferes with the stability of the complementary mRNA 
transcript by initiating a degradation process.  

• Specific gene inactivation in this way has the potential for therapy of 
tumours; for example, by inhibiting the expression of an oncogene.  

• A limitation of the above technologies is that a high concentration of 
molecules must be efficiently delivered to all the tumour cells and 
must persist inside the cells for a prolonged period of time.  

• Once the nucleic acids enter a cell, they are vulnerable to a variety of 
cellular nucleases. 
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Proteomics (1) 

• Proteomics is the large-scale study of proteins, particularly their 
structure and function. Studying proteins requires two stages of 
sample preparation.  

• Proteins are separated using 2-dimensional electrophoresis, followed 
by identification using mass spectrometry (MS).  

• Protein separation: 2-dimensional electrophoresis separates proteins 
based on size, as in regular electrophoresis, but also based on 
charge, or isoelectric point (pI).  

• The first step is isoelectric focusing (IEF). The mixed protein sample 
is run on an immobilized pH gradient; the range of the gradient used 
depends on the expected proteins in the sample.  

• The sample is added to the gradient and an electric current is 
applied. Proteins will be positively charged at pH’s below their pI and 
negatively charged at pH’s above their pI.  
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Proteomics (2) 

• When the protein is at the point in the gradient where the surrounding 
pH is equal to its pI, there will be no charge on the protein and it will 
stop moving.  

• Once enough time has passed for the proteins to settle in the 
gradient, the current is removed and the gradient is laid horizontally 
along an SDS-PAGE gel.  

• An electric current is then applied and the proteins move horizontally 
out of the IEF gradient and into the polyacrylamide gel where they are 
separated based on molecular weight.  

• This method can reproducibly separate mixtures of proteins.  
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Proteomics (3) 

• Once the proteins have been separated, they can be analyzed 
quantitatively as long as there is a reference sample.  

• The amount of protein in cells under two conditions (e.g. aerobic and 
anaerobic) can be measured by staining with a fluorescent dye. The 
brighter the fluorescence, the more protein is present.  

• Proteins that are expressed at different levels are then taken for 
further analysis and identification.  

Radiation Biology Handbook 



Proteomics (4) 

• Protein identification by Mass Spectrometry: The spots are cut out of 
the gel and digested into smaller polypeptide fragments (5 to 10 
amino acids) by enzymes.  

• The polypeptide fragments are analyzed by mass spectrometry, 
which will give the molecular weight of each fragment.  

• Once the masses of the fragments have been determined, they are 
run through a sequence database and compared to find the actual 
amino acid sequence, and thus identity, of the protein. 

• This method of protein analysis also gives information on any post-
translational modifications that have occurred, such as alternate 
splicing, glycosylation or phosphorylation.  

• Monitoring expression by this method is useful for measuring levels 
of active proteins in a cell and may give clues to the metabolism, 
signaling or other activities of a cell under varying conditions. 
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Cell Signaling 

• Changes in the physical or chemical environment of the cell results in 
responses are brought about by elaborate networks of intracellular 
signals, caused by changes in protein phosphorylation and enzymatic 
activity, localization, and the formation of protein-protein complexes. 

•  Cellular responses are triggered by the recognition of extracellular 
signals at the cell surface that result in the activation of linked 
cytoplasmic and nuclear biochemical pathways.  

• These signal transduction pathways control cellular processes from 
cell proliferation and survival to specialized functions such as the 
immune response and angiogenesis.  

• When they are dysregulated, normal signaling pathways contribute to 
malignant transformation in human cells.  
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Extracellular Growth Factors (1) 

• Cellular regulation can occur through direct cell-to-cell contact or cell 
contact with its surrounding extracellular matrix. 

• Much of our knowledge of signal transduction pathways comes from 
studying the interaction of soluble growth factors with complementary 
growth factor receptors expressed on responsive cells.  

• Growth factors influence cellular processes such as growth, 
proliferation, differentiation, survival, and metabolism via their 
interaction with specific transmembrane receptor protein tyrosine 
kinases (RPTKs).  

• Most growth factors are small monomeric (i.e., single chain) 
polypeptides, such as epidermal growth factor (EGF).  

• There are also dimeric polypeptide growth factors (i.e., those 
containing two chains of amino acids), such as platelet derived 
growth factor (PDGF).  
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Extracellular Growth Factors (2) 

• Growth factors may be freely diffusible or can reside in spacially 
restricted domains either through binding to components in the 
extracellular matrix or because they are membrane-anchored 
molecules that reside on the surface of the producing cells. 

•  Receptors for growth factors are membrane-spanning cell surface 
molecules that share the ability to phosphorylate themselves and 
other cytoplasmic proteins on tyrosine residues, thereby activating a 
signaling cascade.  

• Binding of the growth factor or ligand induces conformational 
changes in the extracellular domain of the receptor that facilitates 
dimerization (i.e., joining together) or clustering of receptor tyrosine 
kinases.  

• The consequent conformational changes in the growth factor receptor 
bring together two intracellular catalytic domains, resulting in 
intermolecular autophosphorylation (transphosphorylation) of tyrosine 
residues. 
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Extracellular Growth Factors (3) 

• Phosphorylation of key residues within the kinase activation loop 
induces the opening of the catalytic site and allows access to ATP 
and protein substrates, while phosphorylated residues in noncatalytic 
regions create docking sites for downstream signaling molecules that 
are essential for signal propagation.  

• Abnormal RPTKs involved in cancer are deregulated making their 
catalytic activity independent of ligand binding.  

• For example, the HER2/neu (human epidermal growth factor gene 2) 
proto-oncogene encodes an RPTK (receptor protein tyrosine kinase) 
that is frequently amplified in human breast and other tumours. 

• Increased expression is thought to increase the concentration of 
active dimers generating continuous and inappropriate cellular 
signaling.  
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Cytoplasmic Signaling Molecules (1) 

• Signaling pathways downstream of activated RPTKs are constructed 
through interactions of specific proteins that create networks of 
signaling molecules.  

• A unifying feature of cytoplasmic signaling proteins is the presence of 
one or more conserved noncatalytic domains that mediate sequence 
specific protein-protein interactions.  

• Many of these domains bind specifically to short (typically less than 
10 amino acids) contiguous regions of their target protein.  

• Activation of growth factor receptors results in the 
autophosphorylation of the receptor at multiple tyrosine residues, and 
results in the creation of a number of docking sites for cytoplasmic 
proteins.  
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Cytoplasmic Signaling Molecules (2) 

• The activity of both receptor and cytoplasmic tyrosine kinases is 
tightly regulated.  

• The opposing action of protein tyrosine phosphatases can eliminate 
docking sites for proteins or inhibit tyrosine kinase activity by 
dephosphorylation of regulatory phosphorylation sites in the kinase 
activation loop.  

• Regulation of receptor levels at the cell membrane is another 
mechanism used to regulate activity.  

• The rapid removal of receptors from the cell surface by endocytosis 
allows a cell to return to an unstimulated, basal state after receiving 
and responding to a specific signal.  
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Cytoplasmic Signaling Molecules (2) 
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RAS Proteins (1) 

• RAS proteins regulate cell cycle progression, cell survival, and 
cytoskeletal organization.  

• Three distinct mammalian RAS protein isoforms—H-RAS, K-RAS, 
and N-ras—are part of a large family of small (low molecular weight) 
guanine nucleotide triphosphate (GTP) binding proteins.  

• The three RAS proteins have a molecular weight of 21 kilodaltons 
(hence the designation p21RAS) and share 85 percent sequence 
homology.  

• The RAS proteins are GTPases that cycle between an active GTP-
bound ‘on’ and an inactive GDP-bound ‘off’ configuration in response 
to extracellular signals, essentially functioning as a molecular binary 
switch.  
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RAS Proteins (2) 

• In the active GTP-bound form, RAS proteins bind to a number of 
distinct effector proteins that in turn, activate downstream signaling 
cascades.  

• One of the best characterized interaction is with the protein kinase 
Raf-1 which activates its kinase activity, and consequently the 
downstream cascade of protein kinases, including MEK (mitogen 
activated kinase kinase) and ERK (extracellular signal-regulated 
kinases) and the p110 catalytic subunit of PI-3K (phosphatidylinositol 
3-kinase).  

• For normal function RAS proteins are post-translationally modified by 
a protein farnesyl transferase that adds an isoprenoid chain group to 
a cysteine residue in the carboxy terminus of RAS proteins.  

• This covalently linked farnesyl group is required for RAS association 
with intracellular membranes.  
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RAS Proteins (3) 

• Both H-ras and N-ras are also subsequently modified by the addition 
of two palmitoyl long chain fatty acids that are important for the 
correct localization of these proteins to specific membrane locations.  

•  Oncogenic mutations of RAS have been identified that inhibit its 
intrinsic GTPase activity, trapping it in the activated GTP-bound state 
and leading to cell transformation.  

• Mutated K-RAS has been identified in a number of different cancers 
including those of the lung, colon and pancreas. 

• RAS proteins regulate cell cycle progression, cell survival, and 
cytoskeletal organization (see next Figure).  
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RAS Proteins (4) 
Ras protein activation and downstream 
signaling: (A) Ras cycles between an 
inactive GDP bound state and the 
active GTP bound state. Ras activation 
is regulated by guanine nucleotide 
exchange factors (GEFs) that promote 
exchange of GDP for GTP. GTP 
hydrolysis requires GTPase activating 
proteins (GAPs) which enhance the 
weak intrinsic GTPase activity of RAS 
proteins, (B) Once in its active GTP 
bound form, RAS interacts with 
different families of effector proteins 
including RAF protein kinases, 
phosphoinositide 3–kinases (PI-3K), 
and RALGDS, a GEF for the RAS 
related protein RAL. Activation of these 
downstream pathways leads to cellular 
responses including gene transcription, 
cell cycle progression, and survival 
(Tannock et al. 2005).  
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Mitogen Activated Protein Kinase (MAPK) 
Signaling Pathways (1) 

• There are highly conserved signaling pathways in all eukaryotic cells 
that respond to divergent signals, including growth factors and 
environmental stresses such as osmotic stress and ionizing radiation. 

•  All MAPK pathways include a core three-tiered signaling unit, in 
which MAPKs are activated by the sequential activation of linked 
serine/threonine kinases.  

• The MAPK is activated by phosphorylation of threonine (Thr) and 
tyrosine (Tyr) residues by a family of dual specificity kinases, referred 
to as MEKs or MKKs (MAPK-kinase).  

• MEK activity is regulated by serine and threonine phosphorylation 
catalyzed by kinases called MAP3Ks (MAPK-kinase-kinase).  
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Mitogen Activated Protein Kinase (MAPK) 
Signaling Pathways (2) 

• Three distinct MAPK pathways in mammalian cells are the 
extracellular signal regulated kinase 1 and 2 (ERK1/2), the c-Jun N-
terminal kinase or stress activated protein kinase (JNK/SAPK), and 
p38.  

• Activation of Ras proteins causes the activation of Raf-1, a MAP3K 
upstream of ERK1/2.  

• ERK kinase activation is part of a final common pathway used by 
growth factor receptors such as those for EGF and by more diverse 
stimuli from cytokine receptors and antigen receptors.  

• Raf-1 directly activates MEK-1/2 by phosphorylating it on serine 
residues, which enhances the availability of the catalytic site to 
potential substrates. 
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Mitogen Activated Protein Kinase (MAPK) 
Signaling Pathways (3) 

• Activated MEK-1/2 is a dual specificity kinase that phosphorylates the 
ERK kinases, which induces both catalytic activation of ERK and its 
translocation to the nucleus.  

• Nuclear ERK interacts with specific transcription factors leading to 
their phosphorylation and activation of specific transcriptional targets.  

• The SAPK (stress activated protein kinase) and p38 pathways 
mediate responses to cellular stresses such as extremes of heat, 
exposure to ultraviolet and ionizing radiation, anticancer drugs, and 
exposure to potentially damaging biologic agents such as the 
cytokines IL-1 and tumour necrosis factor (TNF).  
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Mitogen Activated Protein Kinase (MAPK) 
Signaling Pathways (4) 

• The core components of the SAPK and p38 parallel those of the ERK 
pathway, although the upstream activation steps are less well 
defined.  

• Deregulation of MAPK signaling has been implicated in malignant 
transformation.  

• Increased levels of activated ERKs are found frequently in human 
tumours, and often are attributable to the presence of mutations in 
Ras or other upstream components in the growth factor signaling 
cascades.  

• Activating mutations in BRAF, a Raf-1 related kinase, are found in 
greater than 60 percent of human melanomas and at lower frequency 
in a wide range of other human tumours. 
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Mitogen Activated Protein Kinase (MAPK) 
Signaling Pathways (5) 

MAPK signaling pathways.  
Parallel signaling pathways include MAP3Ks that respond to 
distinct stimuli, and activate the dual specificity MKKs, which in turn 
activate the MAPKs. The activated ERKs, SAPKs, and p38 family 
members induce distinct cellular responses (Tannock et al., 2005). 
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Phosphoinositide Signaling Pathways (1) 

• Phosphoinositides are phospholipids of cell membranes that are 
dynamically regulated in response to growth factor signalling.  

• They contribute to signal propagation by serving as precursors of the 
second messengers IP3 (inositol triphosphate) and DAG 
(diacylglycerol), or by binding to signaling proteins that contain 
specific phosphoinsitide binding modules.  

• In response to growth factor signaling phosphoinositides can be 
phosphorylated or dephosphorylated by lipid kinases and 
phosphatases at distinct positions on the inositol ring.  

• Activation of phosphoinositide 3-kinase (PI-3K), which specifically 
phosphorylates the 3- position, leads to the rapid production of 
phosphatidylinositol-3, 4, 5-trisphosphate (PtdIns (3, 4, 5) P3).  
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Phosphoinositide Signaling Pathways (2) 

• The protein serine/threonine kinases PDK1 (pyruvate dehydrogenase 
kinase, isozyme 1), and Akt/PKB are recruited in the vicinity of 
activated receptors where PKB (protein kinase B) is activated by 
conformational changes evoked by phospholipid binding and its 
subsequent phosphorylation by the constitutively active PDK1. 

•  Substrates for activated PKB include regulators of apoptosis, or 
regulators of cell growth.  

• PDK1 also phosphorylates other protein targets including ribosomal 
p70 S6-kinase, part of the mTOR pathway and a key regulator of cell 
growth through control of the protein translation machinery.  

• The importance of phosphoinositides in human cancers was clearly 
revealed by the discovery that numerous human malignancies are 
associated with inactivating mutations in the PTEN gene (a human 
gene that acts as a tumor suppressor).  
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Transcriptional Response to Signaling (1) 

• Activation of signaling pathways leads to transcription of new genes 
that coordinate cell growth, cellular differentiation, cell death, and 
other biological effects.  

• Transcription of genes is catalyzed by the enzyme RNA polymerase 
II and regulated by transcription factors that can activate or repress 
gene expression by binding to specific DNA recognition sequences, 
typically six to eight base pairs in length, found in the promoter 
regions at the start of genes.  

• The activity of transcription factors can be modified, most often by 
phosphorylation, through the activity of many of the signaling 
pathways described above, but most notably by the MAPKs.  
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Transcriptional Response to Signaling (2) 

• Transcription factor activity may also be enhanced through interaction 
with small molecules (e.g., steroid hormones) or by signal-induced 
release from inhibitory interactions such, as for NFkB (normally 
bound by the inhibitor IkB, which is released upon phosphorylation). 

•  Both transcription activators and repressors exert their effects by 
binding to multisubunit co-activators or corepressors that act to 
modify chromatin structure and assembly of DNA polmerase 
complexes.  

• Enzymes that regulate histone acetylation and phosphorylation are 
key components of transcriptional activator and repressor complexes.  
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DNA/Chromatin Structure and Function (1) 

• The structure and activity of chromatin can be altered by post-
translational modifications (e.g., acetylation, phosphorylation, 
methylation, and ubiquitylation).  

• The acetylation status of histones, the core proteins of nucleosomes, 
can regulate gene expression by altering chromatin coiling.  

• Histone acetylation near the promoter regions of genes facilitates the 
interaction of the DNA with transcription factors whilst deacetylation 
results in more condensed chromatin structures that inhibit assembly 
of the transcription machinery at the promoter.  

• Histone deacetylase (HDAC) inhibitors promote acetylation, leading 
to the uncoiling of chromatin and depending on the cell type, can lead 
to transcriptional activation of about 2 percent of human genes, 
including tumour suppressor genes.  
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DNA/Chromatin Structure and Function (2) 

• Treating cells with HDAC inhibitors can increase cell cycle arrest, 
induction of apoptosis, and differentiation in cancer cells.  

• Methylation of cytosine bases in DNA can also play an important role 
in inactivating genes and has been implicated in the inactivation of 
many of the tumour suppressor genes that cause familial cancers. 

• Usually, there is a gain of methylation in normally unmethylated CpG 
islands within the DNA (genomic regions that contain a high 
frequency of CG dinucleotides).  

• Methylation-induced transcriptional silencing begins early during the 
process of genetic instability and can affect many genes that are 
important in tumour progression.  
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DNA/Chromatin Structure and Function (3) 

• Given that methylation is a potentially reversible state, this creates a 
target for novel cancer therapeutic strategies involving gene 
reactivation.  

• Both retinoic acid and 5-aza-deoxycytidine can reverse DNA 
methylation and re-activate expression of normal regulatory genes, 
thereby leading to the regression of some human leukaemias. 

•  Several HDAC inhibitors have shown impressive antitumour activity 
in vivo at nanomolar concentrations and are currently in phase I and 
phase II clinical trials alone, or in combination with demethylating 
agents. 
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Oncogenes and Tumour Suppressor Genes  

• There is substantial evidence that multiple genes must be mutated or 
deregulated in a single cell to cause malignant transformation and 
cancer growth, which is a rare event.  

• Most cells that harbour even a single mutation are either targeted for 
repair or are cleared from the organism by protective mechanisms 
including immune surveillance or activation of cellular suicide 
programs (apoptosis).  

• Not all mutations contribute to tumour development: the genetic 
material in each of our cells is estimated to encode approximately 
30,000 genes, and mutations in less than 10 percent of these genes 
contribute to the carcinogenic process.  

• Oncogenes and tumour suppressor genes, that may contribute to 
tumourigenesis, play key roles in critical cellular processes e.g. cell 
division, lifespan, differentiation, angiogenesis, invasion, and death. 

Radiation Biology Handbook 



Oncogenes  

• Mutation of one allele converts the normal “protooncogene” to the 
activated, transforming oncogene that can contribute to the 
carcinogenic process.  

• The oncogene is dominant over the protooncogene and generally 
results in a protein product that is deregulated and/or constitutively 
active.  

• Oncogenic conversion is a gain to loss or inactivation of both alleles 
is required for transformation.  

• Tumour suppressors are also known as recessive oncogenes or anti-
oncogenes and their inactivation represents a loss-of-function 
mutation.  

• Both oncogene activation and tumour suppressor inactivation 
collaborate in the stepwise progression to tumourigenesis. 
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Tumour Suppressor Genes (1)  

• Approximately 1 percent of all human cancers arise in individuals with 
a hereditary cancer syndrome.  

• Even though such conditions are relatively rare, investigations of the 
affected individuals and of mutations of genes associated with their 
disease have proven invaluable in understanding the genetics and 
etiology of cancer.  

• Most inherited cancer syndromes are a consequence of germline 
transmission of inactivating, loss-of-function mutations in tumour 
suppressor genes.  

• Unlike oncogenes, whose mutations are associated with sporadic 
tumours and act in a dominant manner, mutations of tumour 
suppressor genes are recessive at the somatic level, and the 
remaining wild-type allele is inactivated during cancer development.  
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Tumour Suppressor Genes (2)  

• Phenotypic and clinical manifestations of numerous inherited cancer 
predisposition syndromes, together with the known genetic events 
associated with them, are catalogued in an expanding Online 
Mendelian Inheritance in Man (OMIM) database: 

www.ncbi.nlm.nih.gov/omim  

• Studies by Knudson investigating the epidemiology of familial 
retinoblastoma, an autosomal dominant hereditary form of retinal 
cancer led to the two hit hypothesis, highlighting the importance of 
recessive mutations in tumourigenesis.  

• In contrast to sporadic cases of retinoblastoma (Rb), patients with 
familial disease were likely to develop a more severe, bilateral or 
multifocal disease at an earlier age of onset.  

• Based on these observations, Knudson proposed that two mutations, 
or two hits, were required for retinoblastoma to appear in both 
sporadic and familial cases.  
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Tumour Suppressor Genes (3)  

• In familial retinoblastoma, the first mutation (in one of the alleles of 
the Rb gene) is transmitted through the germline and is present in all 
cells, whereas the second mutation needs to occur somatically.  

• Thus a second hit (in the other allele of the Rb gene) in only one 
retinal cell is sufficient for the tumour to arise, in agreement with the 
dominant inheritance of familial retinoblastoma.  

• In sporadic (noninherited) retinoblastoma, both mutations and hits 
have to occur within the same somatic cell, statistically a far less 
likely event.  

• Genetic defects of tumour suppressor genes also occur frequently in 
sporadic cancer, both during tumour initiation and progression.  
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Tumour Suppressor Genes (4)  

• Cytogenetic studies in lymphocytes of patients with familial cancers 
provided important information about the chromosomal location of 
tumour suppressor genes.  

• For example, 5 percent of retinoblastoma patients had interstitial 
deletions on chromosome 13q14, whereas Wilms tumour patients 
frequently had deletions on chromosome 11p13, pointing to the 
chromosomal position of tumour suppressor genes associated with 
these diseases.  

• Recent studies have indicated that small deletions and point 
mutations are more commonly found than large deletions in tumours. 
Information relating to genetic alterations in cancer can be accessed 
through an interactive, database: 

http://cgap.nci.nih.gov/Chromosomes/Mitelman  
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The p53 Gene (1) 

• The p53 tumour suppressor gene is mutated in more than 50 percent 
of all human cancers and provides a selective growth advantage for 
cells harbouring its mutations.  

• Genetic studies in mice have demonstrated that p53 is not essential 
for normal growth and development but mice carrying p53 mutations 
are highly susceptible to tumour development, particularly of 
lymphoid origin, confirming the role of p53 as a tumour suppressor. 

•  Human carriers of a heterozygous p53 mutation suffer from Li-
Fraumeni syndrome (OMIM #151623), a rare autosomal dominant 
disorder characterized by early onset mesenchymal and epithelial 
malignancies at multiple sites. 

•  Tumours in Li-Fraumeni patients display LOH and absence of the 
wild-type p53 allele in tumour cells. p53 structural features suggest a 
function in regulation of gene expression.  
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The p53 Gene (2) 

• Numerous genes that contain DNA elements specifically targeted by 
p53 within their promoters have been discovered, indicating that p53 
might have multiple functions in tumour suppression.  

• In response to cellular stresses induced by DNA damage, hypoxia, or 
oncogene activation, intracellular levels of p53 increase and 
activation of p53 induces an arrest of cells in G1 phase of the cell 
cycle.  

• It is believed that a transient p53-induced G1 arrest allows DNA 
repair to occur before replication, thus preventing cells with damaged 
DNA from entering S phase.  

• One of the most prominent transcriptional targets of p53 is p21 
(Cip1/Waf1), a 21 kDa inhibitor of cyclin-dependent kinases important 
for proper G1-S cell cycle transition.  
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The p53 Gene (3) 

• Cells lacking p53 have an increased incidence of genetic instability 
and gene amplification.  

• p53 also has a function in programmed cell death or apoptosis and in 
response to agents that induce double strand DNA breaks, p53 
initiates an apoptotic program in a number of cell types.  

• p53 protein is also a common target of DNA tumour virus proteins, 
including SV40 large tumour antigen, the adenoviral E1B protein, and 
the papillomavirus E6 protein, as well as certain cellular oncogenes. 

• The transforming potential of these molecules is often directly 
dependent on their ability to interact with p53 and impair its function.  

• Thus, molecules involved in the regulation of p53 form an elaborate 
oncogene-tumour suppressor gene network. The existence of such 
networks has been demonstrated for the majority of known tumour 
suppressor genes.  
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3.4 The cell cycle 
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The Cell Cycle (1) 

• Cells can be recognized by morphological criteria in mitosis (M).  

• DNA synthesis takes place only in a specific period in the cell cycle 
termed the synthesis or S phase.  

• The gaps (G) between M and S phase and between S phase and M 
are called, respectively, the G1 and G2 phases (see Figure). 

• Following M, cells may also enter a quiescent G0 phase in the 
absence of stimuli triggering further cell division cycles. 

• Many cells in normal adult tissues are in a quiescent G0 state. In the 
presence of a sustained mitogenic stimulus, cells in G0 or G1 
progress to a restriction point (R), beyond which a cell is committed to 
enter S phase.  

• After the R point, growth factors present in the environment are no 
longer required for progression into S phase and completion of G2 
and M phases.   
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The Cell Cycle (2) 

Overview of the cell cycle. The cell cycle is classically divided into the G1 (G, gap), S (DNA 
synthesis), G2 and M (mitotic) phases. The majority of cells in living organisms are in a 
quiescent G0 phase. Transition between these phases is governed by positive effectors 
(cyclins and cyclin-dependent kinases) and negative (INK4 and KIP family) regulators (Cdk 
inhibitors). Phosphorylation of the retinoblastoma protein (Rb) removes its restraining 
effect on the G1-to-S phase transition. p21 and p27 play both activating and inhibitory 
roles for Dtype cyclin-Cdk (Tannock et al., 2005)  
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The Cell Cycle (3) 

• In cancer cells, deregulation of multiple control mechanisms results in 
cells with different degrees of autonomy from extracellular growth-
stimulatory or growth-inhibitory signals, making them more likely to 
meet the requirements for transition through the R point.  

• Progression through the cell cycle is coordinated by a tightly 
regulated series of events involving the synthesis, assembly, and 
activation of key cell cycle regulatory complexes comprised of cyclins 
and cyclin-dependent kinases (Cdks), followed by their subsequent 
disassociation and degradation.  

• Multiple mechanisms regulate the timing of these processes, 
including transcriptional and translational controls, posttranslational 
control via ubiquitin-mediated proteolysis, as well as regulation of the 
subcellular localization of proteins.  
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Cycle-dependent Kinases and Cyclins 

• Mammalian Cdks comprise a family of ten serine-threonine protein 
kinases (Cdk 1–10) that catalyze different cell cycle transitions.  

• A Cdk molecule binds to an activator molecule known as a cyclin, 
which is an absolute requirement for Cdk activation. 

• Cdks are regulated by site-specific phosphorylation and by the 
binding of Cdk inhibitors. Activation of Cdks requires the 
phosphorylation of a conserved threonine residue that is catalyzed by 
the Cdk-activating kinase (CAK).  

• This phosphorylation elicits a conformational change that, together 
with cyclin binding, is required for kinase activity.  

• Inhibition of CAK action on, or access to, the Cdks, prevents 
phosphorylation and activation of Cdks and leads to cell cycle arrest. 
These processes are controlled through the cell cycle by the interplay 
between the Wee-1 and Myt-1 kinases and a group of cell division 
cycle (Cdc) phosphatases Cdc25A, B, and C.  
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Activation of Cdks by Binding to Cyclins (1)  

• The family of mammalian cyclins (A to H) all shares a conserved 
sequence of about 100 amino acids, referred to as the cyclin box. 

• Different cyclins bind and activate different Cdks, and activated 
cyclin-Cdk complexes, in turn, phosphorylate various target proteins 
to ultimately mediate progression through the different cell cycle 
phases.  

• Cyclin levels change significantly during cell cycle progression, 
allowing for precise timing of Cdk activation and ensuring that these 
kinases are catalytically active only at specific times during the cell 
cycle.  

• This is regulated by both the specific subcellular localization and the 
timed expression and degradation of various cyclins and Cdk 
inhibitors throughout the cell cycle.  
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Activation of Cdks by Binding to Cyclins (2)  

• In general, the peak nuclear expression of a specific cyclin occurs at 
or just prior to the peak activity of the partner kinase, and following 
activation, the respective cyclins are degraded rapidly by the 
ubiquitin-mediated proteosomal pathway.  

• In most cells, cyclin D-Cdk complexes are activated by mitogenic 
stimuli early in G1 followed by activation of cyclin E-Cdk2 in mid G1 
phase.  

• The D- and E-type cyclins promote movement through the G1/S 
transition. Cyclin A-Cdk2 activation in late G1 phase follows cyclin E-
Cdk activation and is essential for initiation of and progression though 
S phase and for the onset of mitosis.  

• In mammalian cells, two B-type cyclins (cyclin B1 and cyclin B2) 
associate with Cdk1 to regulate entry into and exit from mitosis.  
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Activation of Cdks by Binding to Cyclins (3)  

• One of the important substrates of the cyclin-D–, cyclin-E–, and cyclin-
A–associated kinases is the retinoblastoma protein, pRb.  

• In early G1 phase, pRb is hypophosphorylated and bound to a 
member of the E2F family of transcription factors.  

• The pRb/E2F complexes recruit additional molecules such as histone 
deacetylases (HDACs) to repress the transcription of genes whose 
products are required for DNA synthesis e.g. dihydrofolate reductase.  

• However, activation of cyclin D and later cyclin-E–dependent kinases 
during progression from G1 to S phase leads to the accumulation of 
pRb in a hyperphosphorylated state.  

• This relieves the pRb-HDAC–mediated transcriptional repression and 
allows E2F family members to dissociate from the 
hyperphosphorylated pRb, and activate transcription of genes 
required for S phase entrance, such as cyclin E and cyclin A, as well 
as enzymes needed for DNA synthesis.  
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Inhibitors of Cyclin-dependent Kinases (1) 

• In addition to phosphorylation and binding to cyclins, Cdks are 
subject to regulation by the binding of Cdk inhibitory (CKI) proteins. 

•  There are two families of CKIs: the Kinase Inhibitory Protein (KIP) 
family and the Inhibitor of Cdk4 (INK4) family.  

• Overexpression of either KIP or INK proteins leads to G1 arrest.  

• The KIP family members, which include p21 (Cip1/Waf1), p27, and 
p57 share homology at their N-terminal Cdk inhibitory domain, and in 
vitro they can inhibit all cyclin-Cdk complexes.  

• The KIP proteins have binding sites for both the cyclin and Cdk, and 
only a single KIP molecule is required for cyclin-Cdk inhibition.  

• In vivo, KIP expression and activity is tightly regulated.  
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Inhibitors of Cyclin-dependent Kinases (2) 

• p21 is a protein whose gene expression is upregulated by p53 
following cellular stress or DNA damage.  

• Members of the INK4 family act in G1 phase to inhibit primarily Cdk4 
and Cdk6.  

• The four members, p15, p16, p18, and p19 are structurally related 
and act to destabilize the association of the D-type cyclins with Cdk4 
or Cdk6.  

• The p16 protein plays an important role in the proliferative arrest of 
cells at senescence and the p16 gene is frequently deleted in human 
cancers.  

• Studies in mice have suggested that this protein plays a tumour 
suppressor role since cell lines derived from p16-null mice undergo 
spontaneous immortalization with high frequency.  
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3.5 DNA Damage and Repair 
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DNA Repair Disorders 

• A number of human disease syndromes are associated with 
pronounced cellular sensitivity to DNA-damaging agents due to  
deficiencies in DNA repair or in DNA-activated signaling pathways.  

• Patients with some syndromes show marked chromosomal instability 
and predisposition to malignancy e.g. the disorders, xeroderma 
pigmentosum (XP), ataxia telangiectasia (AT), Bloom’s syndrome 
(BS), and Fanconi’s anemia (FA) are all autosomal recessive, 
cancer-prone diseases that are associated with defective DNA repair.  

• Patients suffering from XP are sun-sensitive and have an extreme 
predisposition to skin cancer—an increase in incidence of perhaps 
1000-fold. Patients with AT have a very high incidence of lymphomas 
often, before the age of 20. The incidence of lymphomas is also 
increased markedly in FA and BS patients. Human hereditary non-
polyposis colon cancer (HNPCC) is caused by a deficiency in DNA 
mismatch repair.  
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Fidelity of DNA Repair (1) 

• An important property in DNA repair is the fidelity of the repair 
pathway leading to the concepts of error-prone, and error-free, DNA 
repair.  

• Many DNA lesions can block transcription of RNA, thereby 
inactivating the gene which contains damaged DNA.  

• Persistent blockage of RNA synthesis can lead to cell death but these 
lesions are often repaired through the transcription-coupled repair 
pathway (TCR).  

• For lesions that block DNA replication, several error-prone DNA 
polymerases have been described which have low fidelity to allow for 
replicative bypass (i.e., translesion DNA synthesis) of the damage 
contained within DNA.  
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Fidelity of DNA Repair (2) 

• These polymerases can temporarily be used by the cell following 
DNA damage and can then be substituted by more accurate DNA 
polymerases.  

• Spontaneous oxidative damage is known to occur in cells, producing 
104 to 105 oxidative residues, (e.g., 8-oxo-guanine) per cell per day 
among the 3 x 109 bases in the genome.  

• If a cell cannot repair this continual onslaught of base damage, 
malignant transformation may occur.  

• DNA base damage, occurring as a result of endogenous oxidative 
processes or exogenous DNA damage (e.g., ionizing radiation) is 
repaired by the base excision repair pathway.  
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Base Excision Repair 

• Base excision repair (BER) involves the enzymatic removal of the 
damaged DNA base by DNA glycosylases leaving an apurinic or 
apyrimidinic (AP) site which allows for resynthesis and insertion of 
new bases complementary to the opposite strand.  

• The major BER pathway is short-patch BER and involves the 
replacement of a single nucleotide following DNA backbone cleavage 
at the AP site.  

• A minor BER pathway is the long-patch BER pathway, which exists 
for the repair of two to thirteen damaged nucleotides.  
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Nucleotide Excision Repair (1) 

• Nucleotide excision repair (NER) is a complex DNA repair pathway 
designed to repair ultraviolet-induced photoproducts or cyclobutane 
pyridimine dimers (CPD).  

• The process of NER is highly conserved in eukaryotic cells and 
consists of four steps:  

 (1) recognition of the damaged DNA  

 (2) excision of an oligonucleotide of twenty-four to thirty-two 
      residues containing the damaged DNA by dual incision of 
      the damaged strand on each side of the lesion  

 (3) filling in of the resulting gap by DNA polymerase  

 (4) ligation of the nick.  
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Nucleotide Excision Repair (2) 

• Nucleotide excision repair has two subpathways termed global 
genome repair (GG-NER) that is transcription-independent and 
removes lesions from the entire genome, and transcription-coupled 
repair (TCR-NER).  

• The GG-NER pathway surveys the entire genome for lesions which 
distort the DNA. These lesions are removed rapidly.  

• In contrast, CPDs are removed more efficiently from the transcribed 
strand of expressed genes by TCR-NER.  

• TCR-NER focuses on DNA lesions that block the activity of RNA 
polymerases and overall transcriptional activity.  

• The elongating transcriptional machinery is thought to facilitate the 
recognition of DNA lesions on the transcribed strand in TCR-NER.  
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DNA Double Strand Break Repair (1) 

• In human cells, repair of DNA double strand breaks (dsb) occurs 
either by homologous recombination (HR) or nonhomologous end 
joining (NHEJ).  

• In homologous recombination, extensive homology is required 
between the region of the DNA dsb and the sister chromatid or 
homologous chromosome from which repair is directed.  

• This pathway is thought to predominate in repair of DNA dsbs in 
germline tissues and during S and G2 phases of the cell cycle of 
somatic cells.  

• The HR pathway results in error-free repair of DNA dsbs because the 
intact undamaged template is used to pair new DNA bases between 
the damaged and undamaged strands during DNA synthesis.  

Radiation Biology Handbook 



DNA Double Strand Break Repair (2) 

• Nonhomologous end joining does not require homology and the 
NHEJ proteins simply link the ends of DNA breaks together; this 
usually results in the loss or gain of a few nucleotides. 

• Nonhomologous end joining is error-prone and operates 
predominantly to repair damage in somatic cells during the G1 phase 
of the cell cycle.  

• There is a separate, but related, DNA dsb repair pathway that ligates 
DNA dsbs using small pieces of microhomologous DNA and involves 
the MRE11 and BRCA2 proteins.  

• The BRCA2 breast cancer susceptibility protein may also play a role 
in the homologous repair of DNA dsbs.  

• Both BRCA1 and BRCA2 proteins form discrete nuclear foci during 
S-phase at the sites of DNA damage following exposure to DNA 
damaging agents. 
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DNA Double Strand Break Repair (3) 

• Although RAD51 colocalizes at subnuclear sites with BRCA1, only 1 
to 5 percent of BRCA1 in somatic cells associates with RAD51.  

• In contrast, a significant fraction of the total intracellular pool of 
BRCA2 binds to RAD51 and BRCA2-deficient cells have ten-fold 
lower levels of homologous recombination when compared to 
BRCA2-proficient cells.  

• One model suggests that a BRCA2-RAD51 complex promotes the 
accurate assembly of DNA repair proteins required to offset DNA 
breaks that accumulate during DNA replication; these could 
otherwise lead to gross chromosomal rearrangements, loss of 
heterozygosity at tumour suppressor gene loci, and carcinogenesis. 
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DNA Double Strand Break Repair (4) 

• Major protein complexes implicated in the NHEJ pathway are the 
DNA-PK protein kinase and XRCC4/Ligase IV complexes.  

• Human DNA-PK consists of a ~460 kilo Daltons DNA-PK catalytic 
subunit (DNA-PKCS), and a DNA end-binding KU heterodimer 
(consisting of 70 kD and 80 kD protein subunits).  

• The catalytic subunit shows homology to the PI-3K kinase 
superfamily at its C-terminus, which contains the protein kinase 
domain required for phosphorylating DNA-PK associated proteins 
during repair.  

• Mutations in either DNA-PKCS or in one of the KU genes results in 
sensitivity to ionizing radiation and reduced ability to repair radiation-
induced DNA dsbs.  

• XRCC4 forms a stable complex with DNA ligase IV, and probably 
links the initial lesion detection by KU 70/80 and DNA-PKCS, 
scaffolding to the actual ligation reaction carried out by ligase IV.  
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DNA Double Strand Break Repair (5) 

• The NBS1/MRE11/RAD50 protein complex acts in both HR and 
NHEJ pathways and also in maintenance of telomeres.  

• Mutations in the NBS1 gene result in Nijmegen Breakage Syndrome 
(NBS), a recessive disorder with some phenotypic similarities to 
ataxia telangiectasia (AT) including chromosomal instability, 
radiosensitivity, and an increased incidence of lymphoid tumours. 

• Mutations in human MRE11 have been linked to the ataxia 
telangiectasia-like disorder (ATLD).  

• Cells from NBS, AT, and ATLD patients are hypersensitive to DNA 
dsb-inducing agents and show radioresistant DNA synthesis after 
exposure to ionizing radiation.  

• The relative levels of DNA-PKCS and KU80 protein expression vary 
widely among different tissue types. However, there is no evidence 
that tumour cell radiosensitivity is simply correlated to the relative 
expression level of DNA-PKCS protein expression. 
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DNA Double Strand Break Repair (6) 

• Ionizing radiation leads to rapid phosphorylation of a nucleosomal 
histone protein, H2AX (γ-H2AX is the phosphorylated form) that can 
be measured as an intracellular marker of DNA double-strand breaks. 

• Then follows the actions of repair enzymes involved in homologous 
recombination and nonhomologous end-joining of these breaks.  

• Nuclear foci, each containing thousands of γ-H2AX molecules 
covering about 2 megabases of DNA surrounding the break, can be 
detected using antibody staining and fluorescence microscopy.  

• Foci of γ-H2AX are believed to recruit repair enzymes to sites of DNA 
damage and the number of γ-H2AX foci has been directly correlated 
to the number of DNA double strand breaks.  

• It is probable that residual nuclear foci at late times following 
irradiation (>12 hrs) represent nonrepaired DNA double-strand 
breaks that lead to subsequent cell lethality.  
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Homologous 
recombination (HR) 
repair of DNA double 
strand breaks (DSB). 
 
(van Gent et al., 2001) 
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HR Repair of DNA Double Strand Breaks (Figure)  

• The initiating step for homologous recombination is thought to be the 
processing of the 3` end of the DNA break by the 
NBS1/MRE11/RAD50 protein complex. Following binding of the 
RAD52 and RAD54 proteins, the Replication Protein A (RPA) 
facilitates the assembly of the Rad51-BRCA2 complex on the single-
strand 3` DNA overhang to form a RAD51-nucleoprotein filament. 
The RAD51 nucleofilament DNA is then able to pair with a 
homologous region in duplex DNA forming a Holliday junction after 
alignment of sister chromatids. Complex chromatin alterations and 
configurations are required to unwind the DNA and allow for DNA 
strand exchange. After identification of the identical sister chromatid 
sequences, the intact double-stranded copy is then used as a 
template to repair the DNA break by subsequent DNA synthesis 
using DNA polymerases, ligases and Holliday junction resolvases. 
Homologus recombination results in error-free (i.e. high fidelity) repair 
of DNA double-strand breaks and predominates in the S and G2 
phases of the cell cycle (van Gent et al., 2001) 
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Non-homologous end-
joining (NHEJ) repair 
of DNA double-strand 
breaks. 
 
(van Gent et al., 2001) 
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Non-homologous End-joining (NHEJ) Repair of 
DNA Double-strand Breaks (Figure) 

DNA-PKcs, KU70, KU80, DNA ligase IV, and XRCC4 are all critical 
components of the NHEJ repair pathway. DNA-PK is composed of a 
heterodimeric DNA-binding component named KU70/KU80 which binds 
to either blunt or staggered DNA ends at the double-strand break and 
recruits the large catalytic subunit kinase, DNA-PKcs to the break. DNA-
PKcs undergoes autophosphorylation after binding to the DNA break 
and may recruit additional proteins to the damaged site as potential 
phosphorylation substrates. The NBS1-MRE11-RAD50 protein complex 
and the Artemis protein may be involved in processing of DNA ends 
during the initial binding and activation of DNA-PK kinase activity. The 
XRCC4-ligase IV heterodimer finally ligates the breaks to create intact 
DNA strands. Non-homologous recombination can result in error-prone 
(i.e., low-fidelity) repair of DNA double-strand breaks and predominates 
in the G1 phase of the cell cycle (van Gent et al., 2001) 
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3.6 Tumour growth and cell 
kinetics 
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Tumour Growth (1) 

• In normal tissues that undergo cell renewal, there is a balance 
between cell proliferation, growth arrest and differentiation, and loss 
of mature cells by programmed cell death or apoptosis.  

• Tumours grow because the homeostatic mechanisms that maintain 
the appropriate number of cells in normal tissues are defective, 
leading to imbalance between cell proliferation and cell death, so that 
there is expansion of the cell population.  

• However, the proliferative rate of tumour cells varies widely between 
tumours, nonproliferating cells are common, and there is often a high 
rate of cell death.  
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Tumour Growth (2) 

• Tumour growth can be determined by estimating tumour volume as a 
function of time.  

• Exponential growth will occur if the rates of cell production and of cell 
loss or death are proportional to the number of cells present in the 
population.  

• Exponential growth implies that the time taken for a tumour to double 
its volume is constant and may leads to the false impression that the 
rate of tumour growth is accelerating with time.  

• Increase in the diameter of a human tumour from 0.5 to 1.0 cm may 
escape detection, whereas increase in the diameter of a tumour from 
5 to 10 cm is more dramatic and is likely to cause new clinical 
symptoms.  

• Both require three volume doublings and during exponential growth 
they will occur over the same period of time.  
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Tumour Growth (3) 

• Estimates of the growth rates of untreated human tumours are limited 
but there are published estimates of the growth rate of many human 
tumours.  

• In general these estimates indicate that there is a wide variation in 
growth rate, even among tumours of the same histologic type and site 
of origin.  

• There is a tendency for childhood tumours and adult tumours that are 
known to be responsive to chemotherapy (e.g., lymphoma, cancer of 
the testis) to grow more rapidly than less responsive tumours (e.g., 
cancer of the colon) and metastases tend to grow more rapidly than 
the primary tumour in the same patient.  

• Representative mean doubling times for lung metastases of common 
tumours in humans are in the range of 2 to 3 months. 
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Tumour Growth (4) 

• Tumours are unlikely to be detected until they grow to about 1 gram, 
and tumours of this size will contain about one billion (109) cells. 

• There is indirect evidence that many tumours arise from a single cell. 

• A tumour containing about 109 cells will have undergone 
approximately thirty doublings in volume prior to clinical detection 
(because of cell loss, this will involve more than thirty consecutive 
divisions of the initial cell).  

• After ten further doublings in volume, the tumour would weigh about 1 
kilogram (1012 cells), a size that may be lethal to the host.  
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Tumour Growth (5) 

• Thus, the range of size over which the growth of a tumour may be 
studied represents a rather short and late part of its total growth 
history.  

• There is evidence (e.g., for breast cancer) that the probability of 
metastatic spread increases with the size of the primary tumour, but 
the long preclinical history of the tumour may allow cells to 
metastasize prior to detection.  

• Thus, early clinical detection may be expected to reduce but not to 
prevent the subsequent appearance of metastases.  
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Cell kinetics (1) 

• Early studies of cell population kinetics were based on 
autoradiography to detect the selective uptake of radioactive 
thymidine into cellular DNA, although these methods have been 
supplanted by automated techniques based on flow cytometry.  

• The proportion of thymidine-labeled cells at a short interval after 
administration of tritiated thymidine (the labeling index) is a measure 
of the proportion of cells in S phase.  

• Typical values for the proportion of cells in S phase are in the range 
of 3 to 15 percent for many types of human solid tumours.  

• Higher rates of cell proliferation are evident in faster-growing 
malignancies, including acute leukemia and some lymphomas.  
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Cell kinetics (2) 

• The rate of cell proliferation in tumours is usually less than that of 
some cells in normal renewing tissues, such as the intestine or bone 
marrow.  

• Thus, accumulation of cells in tumours is not due simply to an 
increased rate of cell proliferation as compared to the normal tissue 
of origin.  

• Rather, there is defective maturation and the population of malignant 
cells increases because the rate of cell production exceeds the rate 
of cell death or removal from the population.  

• In the percent-labeled-mitoses (PLM) method, serial biopsies (or 
serial specimens from identical animals) are taken at intervals after a 
single injection of 3H-thymidine, and the proportion of mitotic cells 
that are labeled is estimated from autoradiographs.  
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Cell kinetics (3) 

• Most tumours contain nonproliferating cells, and the term growth 
fraction describes the proportion of cells in the tumour population that 
is proliferating.  

• The occurrence of extensive necrosis in solid tumours and of 
apoptotic cells and the ability of tumour cells to metastasize from a 
primary tumour indicate that there is considerable cell death or loss 
from many tumours.  

• The rate of cell loss from tumours can be estimated by comparing the 
rate of cell production (from assessment of the labeling index or 
fraction of S phase cells by flow cytometry) with the rate of tumour 
growth.  

• The overall rate of cell production may be characterized by the 
potential doubling time of the tumour (Tpot), which is the expected 
doubling time of the tumour in the absence of cell loss.  
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Flow Cytometry (1) 

• Flow cytometry is a method that allows the separation and sorting of 
cells based on cellular fluorescence.  

• Cells can be stained with a fluorescent dye whose binding (to DNA) is 
proportional to DNA content, and flow cytometry then allows 
enumeration of cells containing different amounts of DNA.  

• Several fluorescent dyes are available which stain DNA, including 
ethidium bromide, propidium iodide, acridine orange, and Hoechst 
33342.  

• Most dyes require fixation of the cells to allow access of dye to the 
DNA, although selected DNA specific dyes (e.g., Hoechst 33342) can 
enter viable cells; the Hoechst dye allows isolation of viable cells 
according to DNA content.  
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Flow Cytometry (2) 

• Often, fluorescent reagents are applied concurrently or sequentially to 
allow for analysis or separation of cells on the basis of two or more 
criteria (such as the expression of a specific protein and DNA 
content).  

• Computer analysis of a fluorescent DNA distribution provides 
estimates of the proportion of cells with 2N DNA content (i.e., G1 and 
most nonproliferating cells), with 4N DNA content (G2 and mitotic 
cells), and with intermediate DNA content (S phase cells).  

• In tumours, the presence of aneuploidy (i.e. a G1-phase DNA content 
different from that of normal cells) and of variable DNA content 
among G1 cells complicates analysis of DNA distributions and the 
estimation of cell cycle parameters.  

• The proportion of S phase cells obtained from a DNA distribution is 
analogous to the thymidine labeling index and gives a broad 
indication of the proliferative rate.  
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Flow Cytometry (3) 

• Flow cytometry can be used to estimate cell cycle phase distribution, 
growth fraction, and kinetic properties of cell populations.  

• Precursors such as BrdUrd can be incorporated into newly 
synthesized DNA (like tritiated thymidine) and can be recognized 
using fluorescently-tagged monoclonal antibodies.  

• Analysis of BrdUrd staining and DNA content allows analysis of the 
tagged cells as they move through the cell cycle.  

• Several methods allow proliferating and nonproliferating cells to be 
distinguished by flow cytometry. A variety of antigens e.g., Ki-67 and 
PCNA, are expressed uniquely in cycling cells and can be recognized 
by fluorescently-labelled antibodies.  

• The Ki-67 antigen has been used most often as a marker for 
proliferating cells although its function remains poorly understood. 
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Flow Cytometry (4) 

• A number of estimates of the duration of S phase (Ts) and of 
potential doubling time (Tpot) in human tumours have been derived 
from PLM studies or BrdUrd (or IUrd) labeling and flow cytometry. 

•  Mean values for Ts tend to be in the range of 12 to 24 hours and 
values of the mean cell cycle time are in the range of 2 to 3 days, but 
the distribution of cell cycle times is broad, and both the PLM and 
BrdUrd techniques tend to give information about the faster 
proliferating cells in the population.  

• Tpot values (range of 4.5 to 20 days) are much longer than estimates 
of mean cycle time Tc, implying that many human tumours have a 
low growth fraction.  

• The growth fraction is usually in the range 5-30% for solid adult 
tumours but may be much higher for childhood tumours and adult 
tumours such a lymphoma or cancer of the testis.  
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Flow Cytometry (5) 

• The mean values of Tpot are also much lower than estimates of 
volume doubling time for common human tumours (typically 2 to 3 
months) because the rate of cell loss in many human tumours is in 
the range of 75 to 90 percent of the rate of cell production.  

• Not surprisingly, well-nourished cells close to blood vessels have a 
more rapid rate of cell proliferation than poorly nourished cells close 
to a region of necrosis.  

• Slowly proliferating cells at a distance from functional blood vessels 
may be resistant to radiation because of hypoxia and to cytotoxic 
chemotherapeutic drugs because of their low proliferative rate and 
limited drug access.  
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Stem Cells in Tumours (1) 

• Evidence for the monoclonal origin of human tumours is provided by 
the observation that a unique identifying feature (a clonal marker) 
may be found in all of the constituent cells.  

• Initial evidence accrued from analysis of X-linked genes or gene 
products in cells from tumours in women who are heterozygous at 
these genetic loci.  

• One of the X chromosomes becomes inactivated at random in all 
cells of females during early life.  

• The normal tissues of heterozygous females are therefore mosaics 
that contain approximately equal number of cells in which one or the 
other (but not both) of the two alleles of a gene on the X 
chromosomes are expressed.  
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Stem Cells in Tumours (2) 

• Cells in tumours arising in such mosaic individuals usually express 
only one allele of such genes—for example they express only one 
form (isoenzyme) of the X-linked glucose-6-phosphate 
dehydrogenase.  

• Other clonal markers include chromosomal rearrangements such as 
the Philadelphia chromosome in chronic myelogenous leukemia; 
uniquely rearranged immunoglobulins or T-cell receptors expressed 
by B-cell lymphomas or multiple myelomas and T-cell lymphomas; 
and molecular markers whose detection has been facilitated by the 
availability of gene sequencing.  

• The above techniques have demonstrated clonality in at least 95 
percent of the wide range of tumours that have been examined.  
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Stem Cells in Tumours (3) 

• Renewal tissues such as bone marrow and intestinal mucosa 
represent a hierarchy of cells produced by cell division and 
differentiation from a small number of stem or early precursor cells. 

• Most tumours arise in renewal tissues, and there is substantial 
evidence that many tumours contain a limited population of stem cells 
with the capacity to regenerate the tumour after treatment.  

• Other cells in the tumour population may have lost the capacity for 
cell proliferation (e.g., through differentiation) or have only limited 
potential for cell proliferation (analogous to morphologically 
recognizable late precursor cells in bone marrow, such as 
myelocytes).  

• Recent experiments have suggested that there is a population of 
cells in some human tumours that express distinct markers on their 
cell surface and have the properties of stem cells, including self-
renewal.  
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Stem Cells in Tumours (4) 

• A variety of cell surface markers have been reported to be associated 
with stem-like cells in tumours including CD44 (breast, colon, 
pancreas, prostate), CD133 (brain, colon, prostate, kidney), CD166 
(colon). 

• However, the specificity of these markers remains in doubt since in 
most cases they have only been shown to be capable of enriching 
the tumour cell population for stem-like cells.  

• The stem cell model has major implications for the treatment of 
human tumours since cure or long-term control requires the 
eradication of the stem cells.  

• If stem cells represent a small subpopulation within some tumours 
then short-term changes in tumour volume may not reflect the effects 
of treatment on stem cells.  
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Cell Proliferation in Normal Tissues 

• Cell proliferation in a variety of normal tissues has also been studied 
using thymidine labeling and flow cytometry.  

• Acute effects of radiation injury are observed in rapidly proliferating 
tissues, because radiation-damaged cells often die when they 
attempt mitosis.  

• Chemotherapy toxicities that are common to many drugs (e.g., 
myelosuppression, mucositis, hair loss, and sterility) are also 
observed in these tissues, reflecting the greater activity of most 
anticancer drugs against proliferating cells.  

• The cell kinetics of hemopoietic cells in the bone marrow and 
epithelial cells in the intestine are examples of renewal tissues where 
cell proliferation is an important determinant of anticancer therapy. 
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Bone Marrow (1) 

• Cells in bone marrow and blood have an orderly progression of 
differentiation from myeloblasts to polymorphonuclear granulocytes, 
from pronormoblasts to red blood cells, and from megakaryocytes to 
platelets.  

• The earlier bone-marrow precursor cells cannot be recognized 
morphologically, but can be enriched by flow cytometry using 
fluorescent markers to antigens that are expressed selectively on 
their surface.  

• For example, stem cells may be recognized by the expression of the 
CD34 antigen and the tyrosine kinase receptors known as c-kit and 
Flk-2/Flk-3.  
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Bone Marrow (2) 

• The stem cells may undergo self-renewal or may produce progeny 
that are early precursor cells for lymphocytes or for cells which under 
appropriate conditions in culture will form colonies containing cells of 
the granulocyte, erythroid, megakaryocyte, and monocyte series.  

• The growth factors that stimulate hemopoietic precursor cells to 
proliferate and differentiate into lineage specific cells include stem-
cell factor (Kit-ligand), Interleukin-1 (IL-1), IL-3, IL-6, granulocyte-
macrophage colony-stimulating factor (GM-CSF), granulocyte colony-
stimulating factor (G-CSF), and erythropoietin.  

• Granulocyte-macrophage colony-stimulating factor and G-CSF 
decrease the duration and extent of myelosuppression after 
chemotherapy, and erythropoietin is used to treat anemia and 
accompanying fatigue.  
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Bone Marrow (3) 

• Thymidine-labeling studies demonstrated that recognizable 
precursors of granulocytes and red cells are among the most rapidly 
proliferating cells in the human body, with a mean duration of S 
phase (Ts) and mean cell cycle time (Tc) of about 12 and 24 hours. 

•  Stem cells and other early precursor cells proliferate slowly under 
resting conditions, and their more rapidly proliferating progeny 
provide replacement for the normal loss of mature cells.  

• However, stem cells may proliferate rapidly following depletion of 
more mature functional cells (e.g., by cancer chemotherapy) or after 
bone-marrow ablation and transplantation.  
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Bone Marrow (4) 

• The pattern of proliferation and differentiation in the bone marrow 
provides an explanation for the decrease in mature granulocytes at 
10 to 14 days after cycle-active chemotherapy and their recovery by 
21 to 28 days.  

• The rapidly proliferating intermediate precursor cells are most likely to 
be killed by chemotherapy but changes in the numbers of cells in the 
peripheral blood are not seen immediately because the later maturing 
cells are nonproliferating and tend to be spared by chemotherapy. 

•  The bone marrow is generally regarded as the most critical tissue for 
radiation sensitivity following whole body irradiation due to the 
sensitivity of the stem cells and doses greater than 6-8 Gy are usually 
lethal without a bone marrow transplant. 
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Intestine 

• The villi of the small intestine are lined by a single layer of 
differentiated epithelial cells that do not proliferate, and cell death and 
shedding of cells into the lumen occurs at the top of the villi.  

• These cells are replaced by upward migration of cells lining the crypts 
at the base of the villi. Cell proliferation in the upper two thirds of the 
crypts is high but slower at their bases. Slowly proliferating cells in 
this region act as precursors for the entire crypt and surrounding villi. 

• Control of cell proliferation in the intestine is complex and proliferation 
of stem cells in the crypts is influenced by a number of growth factors  

• Some cycle dependent drugs and radiation may cause severe 
mucosal damage and diarrhea.  

• Following whole body exposure to radiation, damage to the intestine 
can be lethal within a few days if the dose is sufficiently high (>10 Gy 
for humans). 
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3.7 Cell Death Mechanisms 

Radiation Biology Handbook 



Cell Death Mechanisms (1) 

• Many types of cells do not show morphological evidence of radiation 
damage until they attempt to divide.  

• Following doses of less than about 10 Gy, lethally-damaged cells 
may undergo permanent growth arrest (senescence), interphase 
death or lysis during radiation-induced apoptosis, or cell lysis as a 
result of mitotic catastrophe (often after a number of abortive mitotic 
cycles).  

• A radiation survival curve based on colony-forming ability represents 
the total cell death within an irradiated cell population as a result of all 
types of cell death.  

• For the majority of normal and tumour cells, death secondary to 
mitotic catastrophe accounts for most of the cell kill following 
irradiation.  
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Cell Death Mechanisms (2) 

• In some radiosensitive cells, and the cancers that arise from them — 
notably lymphocytes, spermatocytes, thymocytes, and salivary gland 
epithelium—irradiation causes the cells to undergo an early (within a 
few hours) interphase death.  

• This death is associated with the biochemical and morphologic 
characteristics of apoptosis (i.e., cell membrane blebbing, the 
formation of nuclear apoptotic bodies, and specific DNA 
fragmentation patterns).  

• Depending on the type of cell, the intracellular target(s) for the 
induction of the apoptotic response may be either the cell membrane 
or the DNA or both.  
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Cell Death Mechanisms (3) 

• Why some cells undergo extensive radiation-induced apoptosis within 
a few hours after irradiation, while others do not, is unclear, but may 
relate to radiation-induced expression of proteins which trigger an 
apoptotic response.  

• For example, in hematopoietic cells, radiation can lead to 
upregulation of pro-apoptotic genes (such as fas, bax, and caspase-
3) and/or downregulation of anti-apoptotic genes, (such as bcl-2).  

• In endothelial cells ionizing radiation can initiate a sphingomyelin-
dependent signaling pathway within the cell membrane which can 
induce apoptosis in the absence of DNA damage.  
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Cell Death Mechanisms (4) 

• Ceramide is generated from sphingomyelin (SM) by the action of acid 
sphingomyelinase (ASM), or by de novo synthesis coordinated 
through the enzyme ceramide synthase.  

• In the radiation response, ceramide serves as a second messenger in 
initiating apoptosis, while some of its metabolites block apoptosis.  

• In certain cells, such as endothelial, lymphoid and hematopoietic 
cells, ceramide mediates apoptosis, while in others ceramide may 
serve only as a co-signal or play no role in the death response.  

• The ceramide-mediated apoptotic response to radiation can be 
inhibited by basic fibroblast growth factor. 
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Cell Death Mechanisms (5) 

• Altering the apoptotic response of tumour cells may be one strategy 
to sensitize tumours to radiotherapy.  

• Some tumours may evade radiation therapy-induced apoptosis by 
carrying p53 gene mutations or by lacking p53 expression or function; 
restoration of wild-type p53 function using gene therapy may 
potentiate radiation cell kill.  

• However, the induction of apoptosis following irradiation does not 
account for the therapeutic effect of radiation in solid epithelial 
tumours, as it does not correlate with eventual clonogenic cell 
survival as measured by colony-forming assays.  
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Cell Death Mechanisms (6) 

• The other modes of cell death (i.e. mitotic catastrophe and/or terminal 
growth arrest) account for this difference.  

• Most tumour cell lines have retained the capacity of normal cells to 
undergo accelerated senescence after irradiation, and although the 
cell-cycle-related p53 and p21Waf1 genes can act as positive 
regulators of treatment-induced senescence, they are not required for 
this response in tumour cells.  

• Senescent or terminal-arrested cells are metabolically active but do 
not proliferate and do not form colonies following irradiation.  

• They eventually die, days to weeks following irradiation, by necrosis. 
This may explain the relatively slow resolution, yet ultimate cure, of 
some tumours following radiotherapy.  
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Cell Death Mechanisms (7) 

• The random nature of the energy deposition events means that 
damage can occur in any molecule in a cell.  

• Biochemical processes, such as DNA, RNA, or protein synthesis, 
respiration, or other metabolism can be inhibited by irradiation but 
this usually requires doses in the order of 10 to 100 Gy.  

• DNA is a major target of ionizing radiation because of its biological 
importance to the cell and even relatively small amounts of DNA 
damage can lead to cell lethality.  

• Focal areas of DNA damage can arise because of the clustering of 
ionizations within a few nanometers of the DNA. These “local 
multiply-damaged sites” (LMDS) include combinations of single- or 
double-strand-breaks in the sugar-phosphate backbone of the 
molecule, alteration or loss of DNA bases, and formation of crosslinks 
(between the DNA strands or between DNA and chromosomal 
proteins).  
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Cell Death Mechanisms (8) 

• It has been estimated that approximately 105 ionization events can 
occur within the cell per Gy of absorbed radiation dose, leading to 
approximately 1000 to 3000 DNA-DNA or DNA-protein crosslinks, 
1000 damaged DNA bases, 500 to 1000 single-strand DNA breaks 
and 25 to 50 double-strand DNA breaks.  

• The vast majority of the ionization events do not cause DNA damage 
and most of the DNA lesions caused can be repaired by a variety of 
DNA repair pathways, probably acting together to repair clustered 
LMDS-associated lesions.  

• Nevertheless, a small number of DNA strand breaks may remain 
unrepaired (residual breaks). The results from assays of DNA double-
strand breaks suggest that clonogenic cell survival following radiation 
is correlated with the residual level of such breaks. 

• High-LET irradiation causes an increase in both the number and 
complexity of DNA-clustered lesions and is more difficult to repair.  
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Cell Death Mechanisms (9) 

• If a cell does survive and goes on to proliferate after irradiation, 
delayed chromosomal instability may sometimes be observed in its 
descendants.  

• One factor that seems to perpetuate the unstable phenotype in 
irradiated cells is the continued production of reactive oxygen 
species.  

• Such species or other factors may be released from an irradiated cell 
and cause damage to neighboring nonirradiated cells (e.g. bystander 
cells).  

• For example, transfer of media from irradiated unstable cell clones to 
a nonirradiated cell population has been reported to lead to cell death 
in some of the nonirradiated cells within 24 hours.  
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Cell Death Mechanisms (10) 

• Targeting of 10 to 30 percent of a cellular population with high-LET 
irradiation using a microbeam can lead to cell death in the 
nontargeted surrounding cells within the culture dish.  

• These data are consistent with clinical studies that have shown 
chromosomal changes in circulating peripheral lymphocytes in 
patients who received only localized radiotherapy.  

• Similarly the serum from people who have been exposed to whole 
body irradiation has been reported to be clastogenic for lymphocytes 
in culture.  

• This bystander effect of radiation has implications for assessment of 
radiation risk and for health risks associated with radiation exposure, 
as the total cell kill within an irradiated cell population may be greater 
than that calculated simply on the basis of the number of cells that 
were directly irradiated.  
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3.8 In vitro and in vivo assays for 
cell survival 
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In vitro and in vivo assays for cell survival (1) 

• Inhibition of the continued reproductive ability of cells is an important 
consequence of the molecular and cellular responses to radiation, as 
it occurs at relatively low doses (a few grays) and it is the major aim 
of clinical radiotherapy.  

• A tumour is controlled if its stem cells (i.e., clonogenic cells) are 
prevented from continued proliferation.  

• A cell that retains unlimited proliferative capacity after radiation 
treatment is regarded as having survived the treatment, while one 
that has lost the ability to generate a clone or colony is regarded as 
having been killed, even though it may undergo a few divisions or 
remain intact in the cell population for a substantial period.  

• Colony formation following irradiation is an important endpoint for 
radiobiologists and radiation oncologists, as it relates to a cell’s ability 
to repopulate normal or tumour tissues following exposure to ionizing 
radiation.  
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In vitro and in vivo assays for cell survival (2) 

• Cells grown in culture are irradiated and plated at low density in 
tissue-culture dishes. The cells are incubated for a number of days, 
and those that retain proliferative capacity divide and grow to form 
discrete colonies.  

• After incubation, the colonies are fixed and stained so that they can 
be counted easily. Cells that do not retain proliferative capacity 
following irradiation (i.e., are killed) may divide a few times but form 
only very small abortive colonies.  

• If a colony contains more than 50 cells (after > 6 division cycles), it is 
usually capable of continued growth.  

• The plating efficiency (PE) of the cell population is calculated by 
dividing the number of colonies formed by the number of cells plated. 
The ratio of the PE for the irradiated cells to the PE for control cells is 
calculated to give the fraction of cells surviving the treatment (cell 
survival). 
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In vitro and in vivo assays for cell survival (3) 

• Cells taken directly from animal or human tumours can also be grown 
in culture, allowing the in vitro assay method to be extended to the 
study of the radiation sensitivity of tumour cells treated in vivo. 

•  Untreated cells usually have a PE of 0.5 to 0.8 for cells passed for 
many generations and much lower for cells derived from 
spontaneous tumours.  

• The techniques described above have been used to obtain survival 
curves for a wide range of malignant and normal cell populations. In 
general, for low-LET radiation, these curves are plotted as cell 
survival on a log10 scale (y-axis) with dose on a linear scale (x-axis). 

•  Such semilogarithmic curves usually have a shoulder region at low 
doses but at higher doses, the curve either becomes steeper and 
straight so that survival decreases exponentially with dose or appears 
to be continually bending downward. 
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In vitro and in vivo assays for cell survival (4) 

• The difference in survival curves for x- or γ-rays (low-LET) and for 
fast-neutron (high-LET) irradiation is that, in general, both the slope 
and the shoulder of the survival curve are reduced for higher LET 
radiation.  

• The biological effectiveness of different types of radiation can be 
characterized by a parameter known as the relative biological 
effectiveness (RBE). The RBE is defined as the ratio of the dose of a 
standard type of radiation to that of the test radiation that gives the 
same biological effect.  

• The standard type of radiation was usually taken as 200- or 250-
kilovolt (peak) x rays, but now Cobalt 60 γ-ray energies are used 
mainly as the standard for comparison. Their RBE relative to 250-
kilovolt (peak) x rays is about 0.9.  

• Because the shoulder of the survival curve is reduced for high-LET 
radiation, the RBE varies with the dose or the survival level at which it 
is determined.  
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In vitro and in vivo assays for cell survival (5) 

• Many different mathematical models have been used to produce 
equations that can fit survival-curve data within the limits of 
experimental error.  

• The target-theory model of cell survival (SF) was based on the 
hypothesis that a number of critical targets had to be inactivated for 
cells to be killed: 

SF = N/N0 = 1 - (1-e-D/D0)n 

• N and N0 represent the number of surviving cells and the number of 
starting cells respectively, D represents the radiation dose; while the 
parameters (D0, n) represent the inverse slope and extrapolation 
number.  

• Because survival curves often have an initial slope this equation is 
often modified to add a single-hit component: 

SF = e-D/Ds (1 - (1-e-D/D0)n) 
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Survival Curves Defined by the Single-hit and 
Multi-target Models of Cell Killing 

Curve a: Single-hit (single-target) 
survival curve. 
  
Curve b: Multitarget survival 
curve. 
  
Curve c: Composite (two-
component) survival curve 
resulting from both multitarget and 
single-hit components. 
  
Also shown is how the parameters 
D0, n, and Dq can be derived from 
the survival curves (Tannock et 
al., 2005). 
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In vitro and in vivo assays for cell survival (6) 

• The linear-quadratic model of cell kill is based on the idea that 
multiple lesions, induced by radiation, interact in the cell to cause cell 
killing.  

• The lesions that interact could be caused by a single ionizing track, 
giving a direct dependence of cell killing on dose, or by two or more 
separate tracks, giving a dependence of lethality on higher powers of 
dose.  

• The assumption that two lesions must interact to cause cell killing 
gives an equation that can fit most experimental survival curves quite 
adequately, at least over the first few decades of survival. 

SF = N/N0 = exp -(αD+βD2) 

• The parameters α and β represent the probabilities that the lesions 
that interact to cause cell killing are produced by a single track or by 
two interacting tracks in the linear-quadratic equation.  
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Linear-quadratic Survival Curve 

Survival curve (solid line) as 
defined by the linear-
quadratic model of cell killing.  
 
The curves defined by the two 
components of the equation 
are shown separately as the 
dashed lines (Tannock et al., 
2005) 
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In vitro and in vivo assays for cell survival (7) 

• Such mathematical models are useful when comparing cellular 
radiosensitivity among a variety of cell types, or when the shape of 
the survival curve is altered following treatment with drugs or 
changes in the environment (e.g., hypoxia).  

• From these models, it has been observed that there is greater 
variation in the low-dose or shoulder region of the radiation survival 
curves obtained for mammalian cells, as compared to the variation in 
the slopes of the high-dose region of the curves.  
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In vitro and in vivo assays for cell survival (8) 

• Non-clonogenic assays have also been used to estimate the relative 
radiosensitivity of cells, although assays that measure short-term 
growth or programmed cell death/apoptosis often do not correlate 
with the longer-term clonogenic assay.  

• Assays for apoptosis may predict clonogenic survival within some 
cancer cell lines e.g., neuroblastoma, lymphoma, and testicular, as 
these cell types tend to die uniformly by apoptosis following 
irradiation.  

• Assays that evaluate cellular growth for a short period (e.g., 24 to 48 
h) following radiation include the MTT assay that determines cellular 
viability by colorimetric assessment of the reduction of a tetrazolium 
compound.  

• Such assays are of limited value for radiosensitivity studies because 
it is rarely possible to assess more than one decade of cell kill and 
they usually do not correlate with the clonogenic assay.  
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In vitro and in vivo assays for cell survival (9) 

• At present, clonogenic survival remains the ‘gold standard’ for 
determining the radiosensitivity of cells in vitro.  

• Methods have also been developed for assessing the ability of cells 
to form colonies in vivo.  

• One of these is the spleen-colony method, which has been used to 
assess both the radiation and drug sensitivity of bone marrow stem 
cells. In this assay bone marrow from treated animals is injected into 
irradiated hosts and colonies from surviving bone marrow stem cells 
can be then counted in the spleen.  

• Other colony-forming assays have been developed to study the 
radiation response of stem cells in situ in certain proliferative tissues, 
including skin, gastrointestinal tract, testis, cartilage, as well as 
kidney and certain tumours. 
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3.9 Repair of radiation damage 
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Repair of Radiation Damage (1) 

• The repair of cellular damage between radiation doses is the major 
mechanism underlying the clinical observation that a larger total dose 
can be tolerated when the radiation dose is fractionated.  

• The shoulder of the survival curve reflects the accumulation of 
sublethal damage that can be repaired.  

• When the interval between two fixed doses of radiation is varied, 
there is a rapid rise in survival as the interval is increased from zero 
(single dose) to 2-6 hours due to repair of sublethal damage (SLDR).  
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Repair of Radiation Damage (2) 

• Because cells that survive radiation tend to be synchronized in the 
more resistant phases of the cell cycle, their subsequent progression 
(inevitably into more sensitive phases) may lead to a small reduction 
in survival at 4-8 hrs before continued repair and repopulation 
increase survival at later times(12-24 hrs).  

• This pattern of SLDR has been demonstrated for a wide range of cell 
lines and the timing of the secondary fall and subsequent rise is 
somewhat variable depending on the cell kinetics.  
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Repair of Radiation Damage (3) 

•  The repair capacity of the cells of many tissues in vivo has been 
demonstrated using cell-survival and functional assays in vivo.  

• An increase in total dose is required to give the same level of 
biological damage when a single dose (D1) is split into two doses 
(total dose D2) with a time interval between them.  

• The difference in dose (D2-D1) is a measure of the repair by the cells 
in the tissue.  

• The capacity of different cell populations to undergo SLDR is 
reflected by the width of the shoulder on their survival curve (Dq) or 
the (D2-D1) value.  
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Repair of Radiation Damage (4) 

• Survival curves for normal bone marrow cells or cells derived from 
the radiosensitive disorders AT (ataxia telangiectasia) and NBS 
(Nijmegen Breakage Syndrome) (or cells which lack DNA-repair 
enzymes) have no shoulder and demonstrate little or no evidence of 
cellular repair.  

• Recent data suggest that AT and NBS cells may also have increased 
residual DNA double-strand breaks following irradiation, suggesting a 
defect in DNA DSB-repair.  

• Other cells (e.g., jejunal crypt cells) can demonstrate a large repair 
capacity (D2-D1 value of 4-6 Gy).  
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Repair of Radiation Damage (5) 

• To maximize SLDR capacity tissue or cells can be irradiated under 
low-dose rate conditions as in brachytherapy.  

• The effect of radiation on tissues and cells for the same dose differs 
widely for exposure over a short time (acute irradiation) and for 
continuous irradiation over an extended period of time (irradiation 
given at a low-dose rate).  

• Dose rates above about 1 Gy per minute can be regarded as acute 
(single-dose) treatment. As the total dose of x- or γ-rays is delivered 
at decreasing dose rates, the DNA damage in the cell (i.e., yield of 
chromosome aberrations and DNA-double strand breaks) 
progressively diminishes due to repair of the damage during the 
treatment.  

• As a result, the shape of the radiation survival curve changes from 
one exhibiting pronounced curvature at high dose rates to one 
approaching linearity at low-dose rates.  
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Repair of Radiation Damage (6) 

• Cell lines with a greater capacity to repair sublethal damage will 
demonstrate a large dose-sparing effect relative to those cells that 
have limited capacity to repair the damage.  

• Most of the effect of cellular repair occurs in the range of dose rates 
of 1.0 to 0.01 Gy per minute.  

• Below about 0.1 Gy per minute, the effects of cell cycle progression 
(redistribution and the G2 block) become apparent.  

• Below about 0.01 Gy per minute, the effects of cell repopulation will 
start to become evident as the radiation damage is not severe 
enough to trigger cell cycle arrest in other phases of the cell cycle.  

• At lower dose rates, the processes of repair and cellular repopulation 
within the cell culture predominate. 
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Repair of Radiation Damage (7) 

• Cell survival can also be increased by holding cells after irradiation 
under conditions of suboptimal growth such as low temperature, 
nutrient deprivation, or high cell density.  

• The latter conditions may reflect those experienced by G0/G1 
populations of cells in growth deprived regions of tumours.  

• The increased survival is due to the repair of potentially lethal 
damage (PLDR), which usually results in a change in the slope of the 
cell-survival curve.  

• Such repair may contribute to increased radiation survival observed 
in vivo for some transplantable cell lines when compared to the 
radiosensitivity of the same cells growing in vitro. 
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Adaptive Radiation Responses and Low-dose 
Hyper-radiosensitivity (1) 

• Following very low doses of radiation, mammalian cells may have an 
inducible radioprotective response that acts both in vitro and in vivo. 

• This so-called adaptive response appears to be triggered by a 
threshold level of radiation damage.  

• For example, some mammalian cells appear to be hypersensitive to 
doses of ionizing radiation in the range 0.01-0.3 Gy as compared with 
higher radiation doses.  

• Following doses of radiation above about 1 Gy, this hyper-
radiosensitivity (HRS) is not observed.  

• The exact mechanism responsible for this effect is unclear and it 
does not seem to occur in all cells.  
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Adaptive Radiation Responses and Low-dose 
Hyper-radiosensitivity (2) 

• An adaptive radiation response is observed in rodents for irradiated 
normal skin and kidney cells.  

• For example, the use of multiple radiation fractions of less than 1 Gy 
can decrease the total dose required for the same biological effect in 
vivo by a factor of 2 to 4 (relative to that required with fractions of 2 
Gy).  

• It has been argued that differences in the radiosensitivity of human 
tumour cells might be explained in part by the variation in the 
adaptive response observed for different human tumour cell lines. 

• However, a recent in vivo experimental study using ultrafractionated 
treatment of tumours, failed to demonstrate any evidence that HRS 
influenced sensitivity in vivo, although effects on tumour cell 
proliferation during treatment may have influenced the result. 
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Genomic and Proteomic Studies of Irradiated 
Cells (1) 

• Cellular damage following ionizing radiation can affect the expression 
of a number of genes involved in the response of cells to stress. 

•  Some early-response genes, such as the early growth response 
factor (EGR-1) and p21Waf1 cdk-inhibitor protein, contain radiation 
responsive regulatory domains in their promoter regions.  

• These sequences have been proposed for use in radiation-induced 
gene-therapy vectors to drive expression of suicide genes. Synthetic 
enhancers of gene expression designed for use with 1-5 Gy radiation 
utilize short motifs of sequence CC(A/T)6GG (i.e., radiation-
responsive CArG elements) derived from the EGR1 gene.  

• These tumour-targeting vectors might be used in clinical situations 
where the irradiation volume can be tightly controlled to spare normal 
tissues using conformal radiotherapy planning, and have shown early 
promise in animal models.  
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Genomic and Proteomic Studies of Irradiated 
Cells (2) 

• Irradiation can also modify intracellular signaling through modification 
of the activity of tyrosine kinases, MAP-kinases, SAP-kinases, and 
ras-associated proteins e.g. the activation of the c-abl pathway which 
phosphorylates Rad51, a DNA repair protein, at damage sites.  

• Other inducible genes include those encoding various cell cycle 
related proteins, and enzymes e.g., plasminogen activator.  

• Liberation of inflammatory cytokines such as TGF-β, tumour necrosis 
factor (TNF-α) and interleukin-1 (IL-1) by cells following radiation 
damage may lead to a continuing cascade of cytokine production, 
and may be responsible for the acute inflammation and late onset 
fibrosis observed in some irradiated tissues.  

• Studies using cDNA microarrays have found that radiation-induced 
gene expression can be cell-type specific.  
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Cell Cycle Sensitivity and DNA Damage 
Checkpoints (1) 

• Mammalian cells have evolved complex interrelated responses to 
DNA damage including cell cycle checkpoints, DNA repair, and 
apoptosis.  

• Cell cycle checkpoints are sites of cell cycle arrest in the G1, S, and 
G2 phases, that ensure successful and accurate DNA replication as 
well as repair prior to mitosis.  

• Two general types of cell cycle checkpoints exist. The mitotic spindle 
assembly checkpoint is responsible for ensuring that the mitotic 
spindle is correctly formed prior to division.  

• Additionally, there are DNA integrity checkpoints that delay the cell 
cycle in response to DNA damage or to defects in DNA replication 
(i.e., G1 to S, intra-S, and G2 to M checkpoints).  

• Delaying cell cycle progression could allow for the repair of DNA 
damage in cells prior to undergoing DNA replication or mitosis, and is 
thought to prevent genetic instability.  
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Cell Cycle Sensitivity and DNA Damage 
Checkpoints (2) 

• Early kinetic studies reported a rapid decrease in the mitotic index in 
an irradiated cell population, as both lethally damaged and surviving 
cells ceased to enter mitosis, while cells already in mitosis continued 
their cell cycle progression.  

• After a period of time, which depends on both the cell type and the 
radiation dose, surviving cells re-enter mitosis; this time is known as 
the mitotic delay.  

• Mitotic delay appears to be due largely to a block of cell cycle 
progression in G2 phase, although cells in G1 and S phases are also 
delayed in their progression, albeit to a lesser extent.  

• There is about 3-4 hours of G2 delay per 1 Gy in a diploid cell.  

• Cells may continue to experience delays in their progression through 
the next and subsequent cell cycles.  
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Cell Cycle Sensitivity and DNA Damage 
Checkpoints (3) 

• Cell populations can be partially synchronized by irradiation, resulting 
from variations in cell-cycle-phase radiosensitivity. 

• Many cell lines have a resistant period in late S phase and a sensitive 
period in G2 phase following irradiation in vitro. However, some cell 
lines show different patterns of sensitivity throughout the cell cycle. 

•  Some oncogene-transfected cells (e.g., overexpressing the ras 
oncogene) show increased resistance in the G2 phase, whereas 
other cells, including DNA repair-deficient cells, show similar 
sensitivity throughout all phases of the cell cycle. 

•  The pattern of radiosensitivity throughout the cell cycle can be 
different for the same tumour cells growing in vivo or in vitro, 
indicating the influence of cell-cell interactions on cell survival.  
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Cell Cycle Sensitivity and DNA Damage 
Checkpoints (4) 

• The ATM (ataxia telangiectasia mutated) protein plays a role in 
initiating checkpoint pathways in all three cell cycle phases.  

• G1 cell cycle arrest following irradiation depends on an intact ATM-
p53/Cdc25A-Rb pathway and decreased activity of cyclin D and E 
complexes.  

• This leads to continued hypophosphorylation of the Rb protein at the 
G1/S interface and blocking of the initiation of DNA replication.  

• Radiation-induced G1 arrest is abrogated in cells that lack functional 
p53, ATM, or Rb proteins. 

• Most data suggest that cells having altered p53 protein function (and 
an abrogated G1 checkpoint) acquire relative radioresistance in 
comparison with those cells having normal p53 protein function.   
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Cell Cycle Sensitivity and DNA Damage 
Checkpoints (5) 

• The radioresistant phenotype has been correlated with the level of 
expression of mutant p53 protein in transformed cells.  

• Acquired radioresistance may also result from the inactivation of 
normal p53 function by viral proteins such as the HPV-E6 protein, 
which can bind to and degrade the normal p53 protein.  

• Cells lacking ATM function exhibit a defective G2 checkpoint after 
irradiation.  

• DNA repair activity has been detected during the radiation-induced 
G2 delay and this checkpoint probably allows damaged 
chromosomes to be repaired prior to mitosis.  
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Cell Cycle Sensitivity and DNA Damage 
Checkpoints (6) 

• Tumour cells often exhibit an aberrant G1 cell cycle checkpoint while 
the G2 cell cycle checkpoint remains intact.  

• Drugs that abrogate the G2 checkpoint (i.e., caffeine, 
methylxanthines, UCN-01) lead to the induction of premature mitosis 
and mitotic catastrophe in the treated cells.  

• UCN-01 preferentially sensitizes p53-mutated, radioresistant tumour 
cells to ionizing radiation.  
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Molecular Repair of DNA Damage (1)  

• Data from a number of studies indicate that the base excision repair 
(BER) and DNA-dsb repair pathways are involved in repairing the 
majority of ionizing radiation-induced DNA damage.  

• For DNA-dsb repair, the main pathways of repair include homologous 
recombination (HR), which is operational during S and G2, and 
nonhomologous and joining (NHEJ), which is operational during G1. 

• There is no simple relationship between expression of DNA repair 
genes or proteins and the relative radiosensitivity among unselected 
normal or tumour cells.  

• However, in defined cell models, DNA repair capacity can influence 
cellular radiosensitivity as indicated by the extreme radiosensitivity of 
cells from some patients with DNA repair deficiency syndromes such 
as Ataxia Telangiectasia and the Nijmegen breakage syndrome.  
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Molecular Repair of DNA Damage (2)  

• Similarly, isogenic cells defective in the expression of the BRCA1 and 
BRCA2 proteins can have decreased HR-related repair of DNA-dsbs 
and decreased radiation cell survival.  

• A reduced capacity for repair of DNA double-strand breaks is also 
observed among x ray–sensitive mutant Chinese hamster ovary 
(CHO) cells and among radiosensitive fibroblasts derived from severe 
combined immunodeficient mice (SCID) in which deficient NHEJ was 
correlated to a lack of DNA-PKCS kinase expression.  

• Indeed, mouse cells made deficient for NHEJ (i.e., mouse knockouts 
for DNA-PKCS or Ku70 genes) have exquisite radiosensitivity and 
defective rejoining of DNA-DSBs.  
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Molecular Repair of DNA Damage (3)  

• The relationship between deficient DNA repair and radiosensitivity 
has led to strategies designed to radiosensitize tumour cells.  

• In human fibroblasts, small silencing RNAs (siRNA) have been used 
to decrease endogenous DNA-PKcs or ATM expression and result in 
a reduced capacity for repair of radiation-induced chromosome 
breaks and an increased yield of acentric chromosome fragments. 

•  These chromosomal rearrangements are associated with increased 
radiation cell killing.  

• Similarly, antisense RNA or specific pharmacological approaches 
have been used to ablate DNA repair protein expression with 
resulting radiosensitization.  

• Inhibitors of DNA repair may have clinical value if the repair of DNA-
dsbs in tumour tissues is reduced preferentially to that in normal 
tissues following irradiation (i.e., improve the therapeutic ratio).  
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Effects of Oncogenes and Tumour Suppressor 
Genes on Radiation Response (1)  

• Aberrant expression of oncogenes or tumour suppressor genes may 
increase the intrinsic radioresistance of human and rodent cells.  

• For example, increased radiation survival has been observed in 
selected cell lines following the transfection of a single oncogene, 
such as activated RAS, SRC, or RAF.  

• This has led to studies designed to radiosensitize tumour cells by the 
inhibition of oncogene function using inhibitors of intracellular 
signaling pathways or antisense techniques (or siRNA) to decrease 
oncogene overexpression.  

• When the ras oncogene undergoes mutation, it is permanently 
activated in the GTP-bound signaling state, providing proliferative 
signals in the absence of growth factor ligands, leading to altered cell 
growth, transformation, and radioresistance.  
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Effects of Oncogenes and Tumour Suppressor 
Genes on Radiation Response (2)  

• However, increased radioresistance is more commonly observed in 
cells transfected with an activated ras gene in combination with a 
nuclear cooperating oncogene, such as c-myc or mutant p53. 

•  Inhibitors of ras protein prenylation or function (farnesyl transferase 
inhibitors) have been reported to enhance radiation-induced 
cytotoxicity among preclinical models of human breast, lung, colon, 
and bladder cancer cells expressing mutated H or K-ras genes. 

• Improvements in ras-pathway specificity are required for future 
development of farnesyl transferase inhibitors, but early clinical 
studies have shown success with minimal toxicity using these drugs 
in combination with radiotherapy in the treatment of advanced lung, 
and head and neck cancers.  
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Effects of Oncogenes and Tumour Suppressor 
Genes on Radiation Response (3)  

• Downstream to ras, the raf-MEK-ERK and phosphatidylinositol-3 
kinase (PI-3K)-Akt/PKB pathways are two separate signaling 
pathways that have also been linked to tumour radioresistance.  

• Using antisense oligonucleotides against human RAF increased 
radiosensitivity in a human squamous cancer cell line and inhibitors 
of PI-3K signaling, such as LY294002 and wortmannin, enhanced the 
response to radiation in lung, bladder, colon, breast, HNSCC, and 
cervical cancer cells.  

• The target specificity of these agents remains a concern as they can 
also inhibit other important PI-3K related proteins (ATM, ATR, and 
DNA-PKcs) in normal tissues.  
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Effects of Oncogenes and Tumour Suppressor 
Genes on Radiation Response (4)  

• The tyrosine kinase activity of the epidermal growth factor receptor 
(EGFR) is increased following cellular exposure to ionizing radiation, 
and addition of exogenous EGF to cells in culture renders them 
relatively radioresistant.  

• Both EGFR and the related HER-2/neu receptor are overexpressed 
in a wide variety of epithelial tumours (head and neck squamous cell 
cancers (HNSCC), gliomas, breast, lung, colorectal, and prostate 
cancers), and this overexpression has been associated with poor 
clinical outcome following radiotherapy.  

• Targeting EGF and HER-2/neu receptor signaling using monoclonal 
antibodies or specific inhibitors of EGFR or HER-2 leads to 
radiosensitization in vitro and in vivo, and initial clinical studies are 
positive for inhibitors of EGFR in HNSCC.  
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3.10 Tumour biology and 
host/tumour interactions 
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Dose Response and Tumour Control 
Relationships (1)  

• The emphasis on the molecular and cellular effects of radiation 
treatment reflects the belief that the response of tumours can be 
understood in terms of the response of their constituent cells.  

• Tumour response to radiation treatment can be assessed by 
techniques that do not measure tumour cell survival directly.  

• Growth delay is determined by measuring the size of untreated and 
irradiated tumours as a function of time to generate growth curves. 
The dose-dependent delay in growth is the difference in time for 
treated and untreated tumours to grow to a defined size.  

• If groups of animals receive different radiation doses to their tumours, 
the percentage of controlled tumours can be plotted as a function of 
dose to give a dose control curve. 
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Two Assays for Tumour Response  

In (A), growth curves for groups of 
treated and untreated tumors are 
shown and the measurement of 
growth delay indicated. 
 
Growth delay is plotted as a function 
of radiation dose in (B).  
 
At large doses some of the tumors 
may not regrow and the percentage of 
controlled tumors can be plotted as a 
function of dose as in (C) (Tannock et 
al., 2005). 

Radiation Biology Handbook 



Dose Response and Tumour Control 
Relationships (2)  

• Intrinsic to tumour growth is the concept that tumours contain a 
fraction of cells that have unlimited proliferative capacity (i.e., tumour 
stem cells). To achieve tumour control, all the tumour stem cells must 
be killed.  

• For a simple model, which assumes that the response of a tumour to 
radiation depends on the individual responses of the cells within it, 
the dose of radiation required to control a tumour only depends on: 
(1) the radiation sensitivity of the stem cells and (2) their number. 

• From a knowledge of the survival curve for the cells in a tumour, it is 
possible to predict the expected level of survival following a given 
single radiation dose.  
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Dose Response and Tumour Control 
Relationships (3)  

• A simple calculation, using typical survival curve parameters for well-
oxygenated cells (D0 = 1.3 Gy, Dq = 2.1 Gy), indicates that a single 
radiation dose of 26 Gy might be expected to reduce the probability of 
survival of an individual cell to about 10-8.  

• For a tumour containing 108 stem cells, this dose would thus leave, 
on average, one surviving cell. (Note that a tumour containing 5x108-
109 total cells would be expected to have a volume of about 1 cm3). 

• Because of the random nature of radiation damage there will be 
statistical fluctuation around this value, which follows a Poisson 
distribution.  

• The probability (Pn) of a tumour having ‘n’ surviving cells when the 
average number of cells surviving is ‘a’ is given by:   

Pn = (ane-a)/n! 
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Dose Response and Tumour Control 
Relationships (4)  

• For tumour control, the important parameter is P0, the probability that 
a tumour will contain no surviving stem cells (i.e., n = 0).  

• From the above equation P0 = e-a, so for a = 1, as in the example 
above, the probability of control would be e-1 = 0.37. Different 
radiation doses will, of course, result in different values of a.  

• For example, for identical tumours each containing 108 cells, a dose 
that reduces the survival level to 10-9 will give a = 0.1 (i.e., 10 cells 
surviving in 100 tumours), with an expected probability of control of 
e0.1 = 0.90.  

• From such calculations, it is possible to construct a theoretical tumour 
control versus dose curve, which shows a sigmoid relationship.  
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% tumour control as a function of single-dose 
radiation treatments  

Theoretical curves for groups of tumours containing different numbers of stem 
cells are shown. The points on the curve labeled “108 cells” are calculated. The 
composite curve (dashed) is for a group containing equal proportions from the 
three individual groups (Tannock et al., 2005). 
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Dose Response and Tumour Control 
Relationships (5)  

• The microenvironment of the cells in the tumour can significantly 
affect their sensitivity to radiation, producing variations.  

• This is well documented for hypoxia but there may also be 
interactions of the cells with the extracellular matrix (ECM) and/or 
interactions with growth factors.  

• Interactions between the tumour cells and the ECM might also 
influence cellular signaling such as the EGFR/MEK/ERK pathway 
that can affect cellular sensitivity to radiation.  

• The role that such factors may play in tumour response is largely 
unexplored. However, radiation-induced apoptosis of microvascular 
endothelial cells in the tumour might play a role in its response to 
radiation treatment.  
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Dose Response and Tumour Control 
Relationships (6)  

• The terms radiosensitive and radioresistant have often been used to 
describe, respectively, tumours that regress rapidly or slowly after 
radiation treatment.  

• This can be misleading because the rate of regression may not 
correlate with the ability to cure a tumour with tolerable doses of 
radiation.  

• A better term to describe a tumour that regresses rapidly after 
treatment is radio-responsive.  

• A tumour which contains a large proportion of proliferating cells will 
tend to express radiation damage to its cells early, and will regress 
rapidly.  

• Although radioresponsive, the tumour may contain surviving stem 
cells which will be responsible for its recurrence. 
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The Oxygen Effect and Radiosensitivity (1) 

• Effects of radiation on cells are enhanced by oxygen.  

• Oxygen must be present in the cells at the time of or within a few 
milliseconds of the radiation exposure.  

• Cells irradiated in the presence of air are about 2.5-3 times more 
sensitive than cells irradiated under conditions of severe hypoxia.  

• At very low levels of oxygen the cells are resistant but, as the level  
increases, their sensitivity rises rapidly to almost maximal levels at O2 
concentrations above about 35 micromoles per liter (equivalent 
oxygen partial pressure 25 mm Hg).  

• The oxygen concentration at which the sensitizing effect is half 
maximum (Km value) varies among cell lines but is 5 to 17 µM per 
liter (3 to 10 mm Hg equivalent partial pressure).  
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The Oxygen Effect and Radiosensitivity (2) 

• The oxygen enhancement ratio (OER) is defined as the ratio of doses 
required to give the same biological effect in the absence or the 
presence of oxygen.  

• For doses of X- or γ-radiation greater than about 3 Gy, the OER for a 
wide range of cell lines in vitro and for most tissues in vivo is in the 
range 2.5 to 3.3.  

• For X- or γ-ray doses less than 3 Gy (i.e., in the shoulder region of 
the survival curve), the OER is reduced in a dose-dependent manner. 

• A reduction of the OER at low doses is clinically important because 
the individual treatments of a fractionated course of radiation are 
usually 2 Gy or less.  

• The OER is also dependent on the type of radiation, declining to a 
value of 1 for radiation with high LET values greater than about 200 
keV/µm. 
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Tumour Hypoxia (1) 

• The cells in a tumour are influenced both by the microenvironment of 
solid tumours, which is characterized by regions of nutrient 
deprivation, low extracellular pH, high interstitial fluid pressure (IFP), 
and hypoxia.  

• The oxygen concentration (pO2) in most normal tissues ranges 
between 10 and 80 mm of mercury, depending on the tissue type, 
whereas tumours often contain regions where the pO2 is less than 5 
mm of mercury.  

• These conditions in solid tumours are due primarily to the abnormal 
vasculature that develops during tumour angiogenesis.  

• The leakiness of tumour blood vessels and a lack of functional 
lymphatic vessels is believed to be responsible for the increased IFP 
in tumours.  
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Tumour Hypoxia (2) 

• A proportion of tumour cells may lie in hypoxic regions beyond the 
diffusion distance of oxygen where they are exposed to chronically 
low oxygen tensions.  

• Tumour cells may also be exposed to shorter (often fluctuating) 
periods of (acute) hypoxia due to intermittent flow in individual blood 
vessels.  

• Tumour hypoxia has been found to be heterogeneous both within and 
amongst tumours, even those of identical histopathological type, and 
it does not correlate simply with standard prognostic factors such as 
tumour size, stage, and grade.  

• Acute and chronic hypoxia can coexist in the same tumour and 
hypoxic regions in tumours are often diffusely distributed throughout 
the tumour and rarely concentrated only around a central core of 
necrosis.  
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Tumour Hypoxia (3) 

• Hypoxia can also affect the metastatic ability of some tumour cells. 
This is probably due to altered gene expression associated with 
exposure to hypoxia.  

• The expression of as much as 1.5 % of the genome may be modified 
by exposure to hypoxia.  

• Many of these genes are involved in cellular functions such as 
anaerobic respiration and include glycolytic enzymes and cell 
membrane proteins such as glucose transporters (e.g., GLUT-1) and 
enzymes that control carbonate levels (e.g., carbonic anhydrase IX, 
CA-IX).  

• Genes that modify the oxygen carrying capacity of blood (e.g., 
erythropoietin) or increase vascularity, such as the angiogenic growth 
factors like vascular endothelial growth factor (VEGF) are also 
upregulated, as are survival factors and invasive factors.  
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Tumour Hypoxia (4) 

• Many of the genes upregulated by hypoxia contain a hypoxia 
response element (HRE) in their promoter region that is responsive to 
the transcription factor, hypoxia-inducible factor 1 (HIF-1), a dimeric 
protein containing ‘α’ and ‘β’ subunits.  

• HIF-1α is unstable under oxic conditions but is stabilized and 
expressed at increased levels in cells exposed to hypoxia. It is often 
overexpressed in tumours.  

• HIF-1 may also act in concert with other transcription factors to 
modify the expression of genes.  

• Cells expressing activated oncogenes (such as Ras or src) 
demonstrate increased expression of angiogenic factors such as 
VEGF under hypoxic conditions, and there is also evidence that 
signaling pathways such as the PI-3K/AkT or MEK-ERK pathways 
can increase the expression of HIF-1 responsive genes. 
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Tumour Hypoxia (4) 

• Prolonged exposure to hypoxia can lead to cell death by apoptosis. 

• Cells that have a mutated p53 gene have been found to acquire 
genetic resistance to hypoxia-mediated apoptosis. This suggests that 
hypoxia may promote tumour progression by selecting for cells with 
p53 mutations.  

• Other studies suggest that the cells which are exposed to an hypoxic 
tumour environment are more likely to develop genomic instability 
and acquire mutant genotypes.  

• There is also evidence that exposure to hypoxia may reduce the 
functionality of DNA repair proteins, such as MSH-2, that are involved 
in mismatch repair.  

• These observations suggest that cells growing within hypoxic regions 
of tumours constitute an important target for cancer treatment.  
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Tumour Hypoxia (5) 

• Evidence that cells in the hypoxic regions of tumours are viable and 
capable of regrowing the tumour is provided by analysis of cell 
survival curves.  

• For most tumours the terminal slope of such curves is characteristic 
of that for hypoxia cells. The proportion of viable hypoxic cells in 
tumours can be estimated from the ratio (S air/Sanox) of the cell 
survivals (see Figure). 

• Most tumours treated in air-breathing animals contain a proportion of 
hypoxic cells, in the range 10 to 20%.  

• There will also be a substantial proportion of cells in tumours which 
are at intermediate oxygen levels. 
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Effect of a subpopulation of hypoxic cells on the 
survival curve obtained for an irradiated tumour  

Dose (Gy) 

The four curves are for: a well-
oxygenated population of cells 
(dotted line), two curves derived 
from tumours irradiated under air-
breathing conditions (H and L), 
and a curve for tumours irradiated 
under anoxic conditions. The 
hypoxic fraction can be estimated 
by taking the ratio of the survival 
obtained under air-breathing 
conditions (SAir) to that obtained 
under anoxic conditions (SAnox) at 
a dose level where the survival 
curves are parallel. For the H 
curve this value is about 0.06 
(6%) and for the L curve it is about 
0.12 (12%) (Hill et al, 1971). 
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Tumour Hypoxia (6) 

• The most commonly used method to measure pO2 in human tumours 
has been polarographic oxygen electrodes (usually the Eppendorf 
oxygen electrode).  

• These electrodes can measure microregional pO2 (in a volume 
estimated to be equivalent to about 500 cells) in multiple locations 
giving a distribution of values.  

• Measurements of tumour pO2 using this technology have revealed 
wide pO2 variations both within and between tumours.  

• The oxygen electrode has the disadvantage that it is invasive and it is 
difficult to distinguish between measurements made in viable versus 
nonviable tissue regions.  
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Tumour Hypoxia (7) 

• Studies with intrinsic markers of hypoxia (such as HIF-1a, GLUT-1, 
and CA-IX) have the advantage that they can be applied to existing 
tissue blocks for retrospective analysis of previous clinical studies. 

• Increased levels of these markers, most commonly pimonidazole and 
EF-5, have been associated with poorer treatment outcome in 
different tumour types.  

• Further studies are required to establish whether these extrinsic 
markers will be reliable predictors of tumour hypoxia and treatment 
outcome.  

• The correlations between measured pO2 values, and/or between 
extrinsic and intrinsic markers, have not been very consistent 
possible due to the large degree of heterogeneity in hypoxia 
observed in tumours. 
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Increasing Oxygen Delivery to Tumours (1) 

• The therapeutic ratio might be improved by techniques to reduce the 
influence of hypoxic cells on tumour response.  

• Clinical studies have demonstrated the negative effect of anemia on 
prognosis, and in many centres, blood transfusions are used to 
maintain patients at normal hemoglobin levels during treatment.  

• A small randomized study in patients with carcinoma of the cervix 
showed improvement of local control with blood transfusions. 

•  However, there is little evidence that erythropoietin can improve local 
control or disease-free survival following radiotherapy.  
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Increasing Oxygen Delivery to Tumours (2) 

• Experimental studies have suggested that low arterial oxygen 
tensions may also influence tumour response by affecting the level of 
hypoxia.  

• Carbon monoxide in cigarette smoke reduces the oxygen carrying 
and unloading capacity of the blood and may result in reduced 
tumour oxygenation.  

• Patients with head and neck cancer who continue to smoke during 
radiotherapy have been found to have decreased local control and 
survival after radiation treatment. 

• In earlier studies, oxygen delivery to tumour cells was increased by 
giving patients oxygen under hyperbaric conditions (200 to 300 kPa) 
during radiation treatment.  
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Increasing Oxygen Delivery to Tumours (3) 

• An increase in the dissolved oxygen concentration in blood plasma 
should result in greater diffusion of oxygen into the hypoxic regions. 

• Clinical studies with HPO as an adjuvant to radiation therapy have 
demonstrated significant improvement in local tumour control and 
survival for patients with cancers of the head and neck and cervix, but 
this has not been observed in the limited studies of tumours at other 
sites.  

• Other recent strategies for improving tumour oxygenation include the 
use of a combination of nicotinamide, which has been shown to 
increase tumour perfusion, and carbogen (95% O2 and 5% CO2) 
breathing.  
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Increasing Oxygen Delivery to Tumours (4) 

• This combination (called ARCON therapy) has been reported to 
improve outcome in head and neck cancers treated with radiation 
therapy.  

• Paradoxically, there is evidence in animal tumour models that 
treatment with anti-angiogenesis agents can improve oxygenation in 
some tumours, possibly due to regularization of the vasculature. 

• Studies combining such agents with radiation treatment of 
experimental tumours have indicated improved treatment response. 

• However, it remains uncertain whether these improved responses are 
due to improved oxygenation or to factors such as direct tumour cell 
kill induced by the anti-angiogenesis treatment.  

Radiation Biology Handbook 



3.11 Radiobiology of normal 
tissue damage 
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Radiobiology of Normal Tissue Damage (1) 

• Radiation treatment can cause loss of function in normal tissues.  

• In renewal tissues, such as bone marrow or the gastrointestinal tract, 
loss of function may be correlated with loss of proliferative activity of 
stem cells.  

• In other tissues, loss of function may occur through damage to more 
mature cells and/or through damage to supporting stroma and 
vasculature.  

• For example, head and neck irradiation can lead to altered 
swallowing or a dry mouth (xerostomia), while irradiation of pelvic 
structures may lead to nausea or a change in bladder and bowel 
function.  

• Whole body radiotherapy, which is sometimes given in addition to 
chemotherapy during bone marrow transplantation, can lead to 
nausea and vomiting, decreased blood counts, and altered humoural 
and cell-mediated immune responses. 
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Radiobiology of Normal Tissue Damage (2) 

• Traditionally the effects of radiation treatment on normal tissues has 
been divided, based largely on functional and histopathological 
endpoints, into early (or acute) responses, which occur within a few 
weeks of radiation treatment, and late responses that may take many 
months or years to develop.  

• Acute responses occur primarily in tissues with rapid cell renewal 
where cell division is required to maintain the function of the organ. 
These tissues consist of a ‘hierarchy’ of stem cells, proliferating, 
maturing cells and functional differentiated cells which are usually 
incapable of further division.  

• Because many cells express radiation damage during mitosis, there 
is early death and loss of proliferating, maturing cells killed by the 
radiation treatment.  

• The lack of cells to feed into the functional compartment leads to 
reduced tissue function.  
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Radiobiology of Normal Tissue Damage (3) 

• Late responses tend to occur in organs whose parenchymal cells 
divide infrequently (e.g., liver or kidney) or rarely (e.g., central 
nervous system or muscle) under normal conditions.  

• Depletion of the parenchymal cell population due to entry of cells into 
mitosis, with the resulting expression of radiation damage and cell 
death, will thus be slow.  

• In tissues such as liver or thyroid the cells may have no strict 
compartments and in such ‘flexible’ or ‘complex’ tissues, all cells 
including those in the functional compartment may divide to repair 
damage.  

• Damage to the connective tissue and vasculature of the organ may 
lead to progressive impairment of its circulation.  

Radiation Biology Handbook 



Radiobiology of Normal Tissue Damage (4) 

• If the damage to the circulation is severe enough, secondary 
parenchymal cell death may occur due to nutrient deprivation.  

• The loss of functional cells may induce other parenchymal cells to 
divide, causing further cell death as they express their radiation 
damage.  

• In flexible/complex tissues this may result in sudden onset of organ 
failure due to rapid loss of functional cells.  

• ‘Consequential’ late effects may also occur where severe early 
reactions have led, as a consequence, to impaired tissue recovery 
and/or development of infection. 
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Radiobiology of Normal Tissue Damage (5) 

• The radiosensitivity of the cells of a number of normal tissues can be 
determined directly using in situ assays.  

• Considerable variability in sensitivity is apparent and as with tumour 
cells, most of the difference appears to be in the shoulder region of 
the survival curve.  

• The crudest functional assay for normal tissue damage is the 
determination of the dose of radiation given either to the whole body 
or to a specific organ that will cause lethality in 50 percent of the 
treated animals within a specified time (LD50).  

• The relationship between the frequency of lethality and single 
radiation doses is usually sigmoidal in shape.  
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Radiobiology of Normal Tissue Damage (6) 

• Dose-response relationships for normal tissues are generally quite 
steep and well defined.  

• For study of the response of individual organs, one widely used 
approach is to define a level of functional deficit and to determine the 
percentage of irradiated animals that express at least this level of 
damage following different radiation doses.  

• Such results have been reported for specific functional deficits in 
many tissues (e.g. increased breathing rate in lung, reduced flexibility 
due to increased fibrosis in subcutaneous tissue, induction of paresis 
in forelimbs following spinal cord irradiation).  

• This approach also results in sigmoidal dose response curves.  
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Radiobiology of Normal Tissue Damage (7) 

• Increased cytokine and chemokine expression has been observed 
within hours after irradiation when there are no apparent functional or 
histopathological changes, and may recur and/or persist in cycles 
over many months.  

• This cyclic expression has been documented most clearly in lung and 
brain tissue.  

• Early increases in cytokine expression can occur after low doses of 
radiation (~1 Gy), but longer term changes have been observed after 
larger doses (5 to 25 Gy).  

• The cytokines involved include pro- and anti-inflammatory factors 
such as tumour necrosis factor (TNF-α), interleukin 1 (IL-1α and IL-
1β), and transforming growth factor (TGF-β).  
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Radiobiology of Normal Tissue Damage (8) 

• In specific tissues, increases in cytokine expression may include 
other growth factors that are associated with collagen deposition, 
fibrosis, inflammation, and aberrant vascular growth.  

• These inflammatory factors may induce production of damaging 
radicals such as reactive oxygen species independently of those 
caused directly by the radiation treatment.  

• The interplay between these various factors (cell killing, cytokine 
production, vascular damage) in producing the overall tissue damage 
remains poorly understood, and is likely to vary from one organ to 
another. 
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Acute tissue responses (1) 

• Acute radiation responses occur mainly in renewal tissues and have 
been related to death of critical cell populations such as the stem 
cells in the crypts of the small intestine, in the bone marrow, or in the 
basal layer of the skin.  

• Responses in these tissues depend on the cell kinetics of the 
particular tissue but usually occur within 3 months of the start of 
radiotherapy.  

• These responses are not usually limiting for fractionated radiotherapy 
because of the ability of the tissue to undergo rapid repopulation to 
regenerate the parenchymal cell population, and in the case of skin 
because with high energy beams the dose to the skin surface is less 
than that at a depth below the basal layer.  
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Acute tissue responses (2) 

• Radiation-induced cell death in normal tissues generally occurs when 
the cells attempt mitosis.  

• Thus the tissue tends to respond on a time scale similar to the normal 
rate of loss of functional cells in that tissue and the demand for 
proliferation of the supporting stem cells.  

• Radiation-induced apoptosis has also been detected in many cells 
and tissues, such as lymphoid, thymic, and hematopoietic cells, 
spermatogonia, and intestinal crypts.  

• In lymphoid and myeloid tissue a substantial fraction of the functional 
cells can die by apoptosis and, thus, this mode of death plays an 
important role in the temporal response of these tissues to irradiation.  

• In the crypts of the small bowel there is a small fraction of stem cells 
that die by apoptosis, but the majority dies a mitosis-linked death and 
the significance of radiation-induced apoptosis is unclear. 
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Acute tissue responses (3) 

• Endothelial cells in the vasculature supporting the crypts and villi of 
the small intestine of mice have also been reported to be prone to 
radiation-induced apoptosis, but these reports are controversial. 

• The endothelial cells were reported to be protected by treatment of 
the animal with basic fibroblast growth factor.  

• This treatment also protected the animals against radiation-induced 
gastrointestinal injury, suggesting that dysfunction of the vasculature 
can reduce the ability of the crypts to regenerate.  

• Radiation-induced apoptosis in endothelial cells occurs via activation 
of the ceramide pathway rather than as a direct result of DNA 
damage. Thus inhibition of this pathway might protect the 
gastrointestinal tract against radiation damage.  
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Skin (1) 

• Following irradiation of skin, there is early erythema within a few days 
of irradiation and this is believed to be related to the release of 5-
hydroxytryptamine by mast cells, increasing vascular permeability. 

• Similar mechanisms may lead to the early nausea and vomiting 
observed following irradiation of the intestine.  

• Expression of further acute skin reactions (erythema, moist 
desquamation and ulceration) depends on the relative rates of cell 
loss and cell proliferation of the basal cells in the epidermis (these 
cells mature and differentiate to produced the keratinized layers of 
the skin) and desquamation of the outer skin layers.  

• In human skin this desquamation occurs starting at about 2 to 3 
weeks into a course of fractionated radiation therapy.  
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Skin (2) 

• The extent of these skin reactions and the length of time for recovery 
depend on the dose received and the volume (area) of skin irradiated. 

• Early recovery depends on the number of surviving basal cells that 
are needed to repopulate the tissue.  

• Erythema in human skin occurs at single doses greater that about 6 
Gy. 

• Moist desquamation and ulceration occur after single doses of 20 to 
25 Gy.  

• Increased cytokine levels have also been observed in skin and 
plasma following large doses of irradiation, although their exact role 
in the observed radiation effects is unclear. 
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Oral mucosa 

• Oral mucosa has a similar cellular organization to skin, but the 
lifespan of the differentiated cells is shorter so there is more rapid 
response to irradiation.  

• The mucosal reactions in the mouth are a major factor limiting the 
daily and weekly dose accumulation during fractionated radiotherapy 
of Head-and-Neck Squamous Cell Carcinoma (HNSCC).  

• Many patients may develop spotted-confluent mucositis when doses 
of 60-70 Gy are delivered in 2 Gy fractions over 6-7 weeks.  

• Similar effects can occur in the oesophagus starting at about 2 weeks 
into fractionated radiotherapy. 
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Late tissue responses (1) 

• Late tissue responses occur in organs whose parenchymal cells 
normally divide infrequently and hence do not express mitosis-linked 
death until later times when called upon to divide.  

• Late responses also occur in tissues that manifest early reactions, 
such as skin/subcutaneous tissue and intestine.  

• The nature of these reactions (e.g. mucosal atrophy, vascular 
damage, chronic inflammation, subcutaneous fibrosis and intestinal 
stenosis) is quite different from the early reactions in these tissues. 

•  Late responses (usually regarded as those which occur more than 3 
months after treatment) usually limit the dose of radiation that can be 
delivered to a patient during radiotherapy.  
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Late tissue responses (2) 

• The nature and timing of late reactions depends on the tissue 
involved and can be expressed as diminished organ function, for 
example, radiation-induced nephropathy (symptoms of hypertension, 
increased creatinine and blood urea nitrogen levels). 

• One common late reaction is the slow development of tissue fibrosis 
that occurs in many tissues (e.g., subcutaneous tissue, muscle, lung, 
gastrointestinal tract), often a number of years after irradiation.  

• Radiation-induced fibrosis appears to be associated with the aberrant 
and prolonged expression of TGF-β following irradiation. This growth 
factor can stimulate proliferation of fibroblasts and their differentiation 
into fibrocytes that produce collagen.  

• TGF-β also plays a major role in wound healing and the development 
of late radiation reactions has similarities to the healing of chronic 
wounds.  
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Late tissue responses (3) 

• Apoptosis has also been observed within hours after irradiation of a 
number of late responding normal tissues in rodents, such as the 
salivary glands, pulmonary and brain endothelial cells and spinal 
cord.  

• For example, in rat spinal cord it has been reported that endothelial 
cell apoptosis following irradiation initiates the disruption of the 
blood/spinal cord barrier, which may be an early lesion leading on to 
the development of white matter necrosis and myelitis.  

• Apoptotic endpoints, however, have often not correlated with 
clonogenic survival or functional or histopathological endpoints, and 
the relevance of apoptosis in radiation-induced late normal tissue 
damage remains to be established.  
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The Lung (1) 

• The lung is an important site of late radiation damage and is one of 
the more radiosensitive organs in the body.  

• There are two types of reactions, pneumonitis that occurs 2 to 6 
months after irradiation, and fibrosis which usually occurs more than 
1 year after irradiation.  

• These reactions can cause increases in tissue density on lung scans, 
and increases in breathing rate if severe.  

• Measuring changes in breathing rate has been used extensively to 
assay the dose-response relationship for radiation-induced lung 
damage in rats and mice, particularly the development of 
pneumonitis.  

• Studies in rodents have documented that there is a rapid induction of 
inflammatory cytokines in lung after irradiations, but the relationship 
between this induction and the later development of functional 
symptoms is unclear.  
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The Lung (2) 

• Studies in lung cancer patients have related prolonged increases in 
TGF-β levels in plasma following radiotherapy to the likelihood of 
developing lung fibrosis.  

• In rodents, genetic factors can influence the development of 
pneumonitis and fibrosis following lung irradiation, although these 
factors do not affect the radiosensitivity of lung cells directly.  

• Genetic factors may help to explain interpatient differences in 
response to lung irradiation.  

• The dose required to cause a functional impairment in lung depends 
on the volume of (functional) lung irradiated, with small volumes 
being able to tolerate quite large doses.  

• This effect is due to the functional reserve of the lung, because 
imaging with CT scans or plane x ray films demonstrates severe 
damage in the irradiated region that will develop fibrosis.  
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The Lung (3) 

• Studies in rodents, using the dose required causing an increased 
breathing frequency in 50% of animals (ED50) as an endpoint, have 
defined a relationship between ED50 and volume irradiated which is 
not linear with dose. 

• The relationship indicates that the base of the lung is more sensitive 
than the apex.  

• The underlying mechanisms may relate to the functional reserve in 
different regions of the lung and/or to the extent of cytokine 
production following irradiation of different regions of the lung.  

• There is also (limited) evidence for regional effects following 
irradiation of human lung. 
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The Heart 

• The heart is often irradiated during thoracic irradiation.  

• Acute pericarditis can occur at times longer than 1 year after 
irradiation and is associated with chest pain and shortness of breath. 

• Severe cardiomyopathy is characterized by dense and diffuse fibrosis 
and in general is a later condition developing over many years.  

• The volume of heart irradiated plays an important role in the 
incidence of this complication and doses of 45-50 Gy (in 2 Gy 
fractions) to 50% of the heart will cause about 10% incidence.  

• There is some evidence that irradiation of different regions of the 
heart may cause different severity of symptoms.  

• Recent animal studies have suggested that heart irradiation may also 
impact on the severity of symptoms associated with lung irradiation 
both at early and late times. 
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The Kidney (1) 

• The kidney is another very radiosensitive late-responding organ. 

• Radiation damage to the kidney develops slowly and results in 
nephropathy with arterial hypertension, increased proteinurea 
(e.g.blood urea nitrogen and creatinine), and anaemia if both kidneys 
are treated with doses in the range of 30 Gy in 2 Gy fractions.  

• Again, because there is functional reserve, partial irradiation of 
kidney can be given to higher doses.  

• In contrast to many tissue there seems to be little regenerative 
response in kidney with the result that extending the treatment time 
does not allow for a larger dose to be tolerated.  

• Mechanisms of damage in the kidney may relate to damage to the 
individual tubules, but there is alsoevidence that disturbed function of 
the renin-angiotensin system is involved.  
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The Kidney (2) 

• Drugs which block increased activity of this system (ACE inhibitors of 
AT-II blockers) have been found to provide some protection in animal 
models.  

• The tolerance of kidney is a particular concern for total body 
irradiation prior to bone marrow transplantation, as is liver tolerance. 

• Liver has a large functional capacity so that its tolerance increases 
markedly if only part of the organ is exposed.  

• The cell turnover rate in liver is quite slow so that liver function does 
not deteriorate for a number of months.  

• But this process is progressive and if the whole liver is irradiated, 
doses greater than 30-35 Gy (2 Gy fractions) can lead to fatal 
hepatitis. 
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The Central Nervous System (CNS)  

• In the CNS, radiation reactions mostly occur at 6 months or later.  

• At the early times, demyelination may occur in the white matter 
leading to somnolence (brain irradiation) or parathesia (spinal cord 
irradiation), but these early effects are usually reversible and do not 
necessarily predict for the development of more serious late brain 
necrosis or myelopathy.  

• At later times (1-2 years), more permanent demyelination and 
necrosis of the white matter is seen but damage may also be 
observed in the grey matter associated with vascular lesions.  

• The risk of late effects is very dependent on dose per fraction with 
lower fraction sizes reducing the risk. However, repair of sublethal 
radiation damage in CNS is slow with a half life of about 4 hrs. This 
means that multiple fractions per day must be widely spaced to 
maximize repair. 
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Whole Body Irradiation (1) 

• The response of animals to single-dose whole-body irradiation can be 
divided into three separate syndromes (hematological, 
gastrointestinal, and neurovascular). 

• The neurovascular syndrome occurs following doses >20 Gy and 
usually results in rapid death (hours to days) due to cardiovascular 
and neurological dysfunction.  

• The gastrointestinal (GI) syndrome occurs after >(8 to 12) Gy and in 
rodents such doses result in death at about 1 week later, due to 
severe damage to the mucosal lining; this causes a loss of the 
protective barrier with consequent infection, loss of electrolytes and 
fluid imbalance.  

• Intensive nursing with antibiotics, fluid, and electrolyte replacement 
can prevent early death from this syndrome in humans, but these 
patients may die later due to damage to other organs.  

Radiation Biology Handbook 



Whole Body Irradiation (2) 

• The hematopoietic syndrome occurs at doses in the range of 2 to 8 
Gy in humans (3 to 10 Gy in rodents) and is caused by severe 
depletion of blood elements due to killing of precursor cells in the 
bone marrow.  

• This syndrome causes death in rodents (at the higher dose levels) 
between about 12 to 30 days after irradiation and somewhat later in 
larger animals, including humans.  

• Death can sometimes be prevented by bone marrow transplantation 
(BMT) and cytokine therapy (e.g., GM-CSF, G-CSF, stem cell factor) 
provided that the radiation dose is not too high (<10 Gy) when 
damage to other organs (e.g., gastrointestinal tract) may become 
lethal.  
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Whole Body Irradiation (3) 

• There are substantial differences in the doses required to induce 
death from the hematopoietic syndrome (i.e., LD50 value) between 
different species of animals, and even between different strains of the 
same species.  

• The LD50 value for humans has been estimated at 4 to 7 Gy 
depending on the available level of supportive care (excluding bone 
marrow transplantation). 

• Following doses greater than about 2 Gy, humans will develop early 
nausea and vomiting within hours of irradiation (prodromal 
syndrome), which may be controlled using 5-hydroxytryptamine 
antagonists.  

Radiation Biology Handbook 



Retreatment Tolerance 

• Although tissues may repair damage and regenerate after irradiation, 
previously-irradiated tissues may have a reduced tolerance for 
subsequent radiation treatments, indicating the presence of residual 
injury.  

• For early responding tissues there is almost complete recovery in a 
few months so that a second high dose of radiation can be tolerated. 

•  For late-responding tissues the extent of residual injury depends on 
the level of the initial damage and is tissue dependent. There is 
substantial recovery in skin, mucosa, spinal cord, and lung over a 
period of 3 to 6 months, but kidney, heart, and bladder show little 
evidence of recovery.  

• Clinical studies have demonstrated that retreatment to high doses 
with curative intent is possible depending on the tissues involved, but 
usually entails increased risk of normal tissue damage. 
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Volume Effects (1) 

• The volume of a normal organ that is irradiated often plays a 
significant role in its sensitivity to irradiation.  

• The effect of volume can be considered in the context of the 
‘functional subunits’ of an organ (e.g. in kidney, the tubules; in lung, 
the alveoli). 

• Also, the organ may have a ‘parallel’ functional structure (e.g. lung, 
kidney or liver), where the different function subunits perform the 
same function, or a ‘serial’ functional structure (e.g. spinal cord) in 
which the functional subunits must work together in series. 

• Thus, tolerance doses change markedly for lung, liver or kidney, if 
different volumes are irradiated, but if ~ 20 cm of the whole cross 
section of the spinal cord is irradiated to 50-55 Gy (2 Gy fractions) 
myelopathy may be observed, and the tolerance dose increases as 
the volume is reduced below about 5 cm.  
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Volume Effects (2) 

• For skin or mucosa, volume is important because depletion of basal 
stem cells over a larger area of the surface results in a greater 
requirement for the surviving basal cells to proliferate and migrate to 
effectively repopulate the whole area prior to desquamation.  

• If ulceration occurs, this may predispose to infection and the 
development of consequential late effects.  

• Modern radiotherapy using intensity modulation techniques (IMRT) 
can reduce the volume of normal tissue in the high dose volume, 
which can lead to reduced toxicity particularly in parallel organs. 

• However, the improved high dose distribution is often gained at the 
expensive of giving a lower dose to a larger volume of normal tissue. 
The impact of this is currently unknown but has raised concerns 
about possible second malignancies. 
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Therapeutic Ratio or Index (1) 

• The therapeutic ratio is ill-defined numerically, but the concept is that 
of a comparison between tumour control and normal tissue 
complications (see Figure).  

• Tumour-control curves tend to be shallower than those for normal 
tissue response because of greater heterogeneity.  

• The therapeutic ratio is often defined as the percentage of tumour 
cures that are obtained at a given level of normal tissue 
complications (i.e., by taking a vertical cut through the two curves at a 
dose that is clinically acceptable, e.g., at 5% complications after 5 
years, to give the TD5/5 value).  

• An approach more in keeping with the definition of other ratios, such 
as RBE and OER, is to define the therapeutic ratio in terms of the 
ratio of radiation doses Dn/Dt required to produce a given percentage 
of complications and tumour control (usually 50%).  
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Illustration of the Concept of a Therapeutic Ratio  

Illustration of the concept of a therapeutic ratio in terms of dose-response 
relationships for tumour control and normal tissue damage. See the 
previous and next slides for discussion of the two parts of the figure 
(Tannock et al., 2005). 
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Therapeutic Ratio or Index (2) 

• The curves shown in the Figure depict a situation in which the 
therapeutic ratio is favorable (A) because the tumour-control curve is 
displaced to the left of that for normal tissue damage.  

• The greater this displacement, the more radiocurable is the tumour. 

•  Because the tumour control curve is shallower than that for normal 
tissue damage, the therapeutic ratio tends to be favorable only for low 
and intermediate tumour-control levels.  

• If the two curves are close together (B) or the curve for tumour control 
is displaced to the right of that for complications, the therapeutic ratio 
is unfavorable because a high level of complications must be 
accepted to achieve even a minimal level of tumour control. 
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3.12 Time-dose-fractionation 
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Time-dose-fractionation (1) 

• It is generally accepted that for conventional radiation therapy the 
overall patient outcome is improved by fractionating radiation 
treatments.  

• Many of the underlying biological effects occurring during fractionated 
radiation treatment have been identified, and the improvement may 
be explained in terms of the biological response of tissue.  

• The most important biological factors influencing the responses of 
tumours and normal tissues to fractionated treatment are often called 
the “four Rs”: repair, repopulation, redistribution, and reoxygenation. 

•  In recent years ‘radiosensitivity’ has been added to make 5 R’s, in 
order to allow for the differing radiosensitivity among normal cells, 
and among tumour cells in different individuals. 
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Repair (1) 

• The shoulder on a survival curve after single radiation doses is 
indicative of the capacity of the cells to accumulate and repair 
radiation damage.  

• If multiple doses are given with sufficient time between the fractions 
for repair to occur (4 to 24 hrs), the effective survival curves is straight 
on a semilog plot and has a shallower slope. The effective slope 
becomes shallower as the fraction size is reduced (see next slide). 

• The single dose survival curve for most cells has a finite initial slope 
apparently due to a (single-hit) non-repairable damage component, so 
there is a limit to the effective slope of the survival curve.  

• At this limit, essentially all the repairable damage is being repaired 
between each fraction so that the cell killing is due almost entirely to 
non-repairable events.  
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The influence of fractionating the radiation 
treatment on the shape of cell survival curves  

When repair occurs between 
the fractions, the shoulder of 
the survival curve is repeated 
for every fraction. 
 
See previous slide for 
discussion (Tannock et al., 
2005). 
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Repair (2) 

• The fraction size at which this limit is reached is different for different 
cell populations depending on their repair capacity.  

• When the size of the individual dose fractions is such that the survival 
is represented by the curvilinear shoulder region of the survival curve, 
as for most dose fractions used clinically, then repair will be maximal 
when equal-sized dose fractions are given.  

• Half-times for repair range from 0.5 hours in mouse jejunum to 1 to 2 
hours in skin, lung, and kidney. Thus, repair will be complete in most 
normal tissues after an interfraction interval of 6 to 8 hours.  

• In the rodent spinal cord, it has been found that the effective repair 
halftime is greater than 2 hours (there are two components with the 
second having a halftime of 4 hrs), so repair is not complete even 
with an interfraction interval of 8 hours.  
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Repopulation (1) 

• In both tumours and normal tissues, proliferation of surviving cells 
may occur during the course of fractionated treatment.  

• Furthermore, as cellular damage and cell death occur during the 
course of the treatment, the tissue may respond with an increased 
rate of cell proliferation.  

• The effect of this repopulation or regeneration, will be to increase the 
number of clonogenic cells during the course of the treatment and 
reduce the overall response to irradiation.  

• This effect is most important in early-responding normal tissues (e.g., 
skin, gastrointestinal tract) or in tumours whose stem cells are 
capable of rapid proliferation; it will be of little consequence in late-
responding, slowly proliferating tissues e.g., kidney. 
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Repopulation (2) 

• Repopulation is important in reducing acute responses during 
prolonged treatments, such as those involving a period without 
irradiation (split-course treatment).  

• Repopulation is likely to be more important toward the end of a 
course of treatment, when sufficient damage has accumulated (and 
cell death occurred) to induce a regenerative response. This appears 
to be true for tumours as well as for normal tissues.  

• There is evidence that accelerated repopulation can occur in human 
tumours during the later part of a course of fractionated therapy.  
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Repopulation (3) 

• For head and neck s.c.c., accelerated repopulation becomes 
apparent at 3 to 4 weeks after the start of the treatment.  

• The data are consistent with an (accelerated) doubling time of about 
4 days for the clonogenic tumour cells, compared to a median volume 
doubling time of about 2 to 4 months for unperturbed tumour growth. 

• Repopulation of tumour cells during a conventional course of 
radiotherapy is believed to be an important factor influencing local 
tumour control in patients with head and neck or cervical cancer.  

• Local control is reduced by approximately 0.5 percent for each day 
that overall treatment time is prolonged.  

• Repopulation provides the biological rationale for accelerating 
fractionated radiation therapy. Overall treatment time would be 
expected to be less important for slower-growing tumours such as 
prostate or breast cancer.  
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Redistribution/recruitment (1) 

• Variation in the radiosensitivity of cells in different phases of the cell 
cycle results in the cells in the more resistant phases being more 
likely to survive a dose of radiation.  

• Two effects can make the cell population more sensitive to a 
subsequent dose of radiation.  

• Some of the cells will be blocked in the G2 phase of the cycle, which 
is usually a sensitive phase. Some of the surviving cells will 
redistribute into more sensitive parts of the cell cycle.  

• Both effects will tend to make the whole population more sensitive to 
fractionated treatment as compared with a single dose.  

• Because redistribution inevitably involves cell proliferation, the 
survival will also be influenced by repopulation, which reduces the 
effect of redistribution.  
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Redistribution/recruitment (2) 

• Not all cell lines show large differences in radiosensitivity between 
cells in different cell cycle phases, and the effect of redistribution will 
be correspondingly less for these types of cells.  

• In many normal tissues (and some tumours), stem cells can be in a 
resting phase (G0) but can be recruited into the cell cycle to 
repopulate the tissue.  

• Cells in cycle are slightly more sensitive to radiation than G0 cells, 
possibly because G0 cells may repair more potentially lethal damage. 

• Recruitment of resting cells into cycle during the course of 
fractionated treatment, may tend to increase the sensitivity of the 
whole population. 

• Neither recruitment nor redistribution would be expected to have 
much influence on late responses i.e. tissues in which the rate of 
proliferation is low.  

Radiation Biology Handbook 



Reoxygenation (1) 

• The response of tumours to large single doses of radiation is 
dominated by the presence of hypoxic cells within them, even if only 
a very small fraction of the tumour stem cells are hypoxic. 

• Immediately after a dose of radiation, the proportion of the surviving 
cells that is hypoxic will be elevated.  

• With time, some of the surviving hypoxic cells may gain access to 
oxygen and hence become ‘reoxygenated’ and more sensitive to a 
subsequent radiation treatment.  

• Reoxygenation can result in a substantial increase in the sensitivity of 
tumours during fractionated treatment.  

• Reoxygenation may result from increased or redistributed blood flow, 
reduced oxygen utilization by radiation-damaged cells, or rapid 
removal of radiation-damaged cells so that the hypoxic cells become 
closer to functional blood vessels. 
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Reoxygenation (2) 

• Measurements of the pO2 in human tumours (using Eppendorf 
oxygen electrodes) during fractionated radiotherapy have 
demonstrated improved oxygen status in some tumours, suggesting 
reoxygenation.  

• However, these measurements do not distinguish between surviving 
cells and those already inactivated by the treatment.  

• Although there is no direct evidence for reoxygenation of surviving 
hypoxic cells in human tumours, it is probable that it is a major reason 
why fractionating treatment leads to an improvement in therapeutic 
ratio (as compared to single large doses) in clinical radiotherapy. 

• Evidence that the oxygen status of tumours can predict treatment 
outcome following radiation therapy suggests that reoxygenation is 
inadequate to eliminate the effects of hypoxia on treatment response 
for at least some tumours in man (e.g. HNSCC, cervix carcinoma). 
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Time and Dose Relationships (1) 

• Repair and repopulation increase the total dose required to achieve a 
given level of biological damage (an isoeffect) in a course of 
fractionated radiation treatment.  

• Redistribution and reoxygenation would be expected to reduce the 
total dose required for the isoeffect.  

• Reoxygenation applies mostly to tumours (because they contain 
hypoxic cells), while repopulation and redistribution apply both to 
tumours and proliferating normal tissues.  

• Repair is an important factor in the response of nearly all tissues, 
more important than repopulation, certainly over the first few weeks of 
course of treatment.  

• As the fractionated treatment is prolonged to longer times, the 
contribution of repopulation becomes greater.  
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Time and Dose Relationships (2) 

• To obtain the maximum dose to a tumour while minimizing dose to 
surrounding normal tissue, the radiation oncologist will often use a 
number of overlapping radiation beams.  

• The dose at any given location will be calculated by summing the 
doses given by the various individual beams, and the dose 
distribution will be represented by a series of isodose curves (like 
contours on a map), joining points that are expected to receive equal 
percentages of the dose at a particular point (usually within the 
tumour). 

• These isodose lines must be viewed with caution because the same 
total dose may not give the same biological effect if the doses 
delivered by the individual beams are of unequal size and they are 
not given in close temporal sequence.   
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Time and Dose Relationships (3) 

• Equal-sized dose fractions allow for maximum repair; thus, if different 
beams are delivered on different days, the surrounding normal 
tissues that receive unequal contributions from different beams would 
have less optimal repair capacity than the tumour where the 
contributions from the different beams are equal.  

• The biological effect would then be different at different points on the 
same isodose line.  

• This provides the radiobiological rationale for treating all fields daily 
when multiple fields are used to treat a tumour.  
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Isoeffect Curves for Fractionated Treatments 
Plotted in 3 Different Formats  

(A) Line plotted by 
Strandqvist to define normal 
tissue tolerance and control 
of carcinoma of the skin and 
lip using the axes of total 
dose and overall treatment 
time. (B) Isoeffect curve for 
damage to pig skin plotted as 
total dose versus number of 
fractions. (C) Isoeffect curve 
for the crypt cells of the 
mouse intestine plotted as 
total dose versus fraction size 
using an inverted scale. The 
solid line is for fractions given 
3 hours apart and the broken 
line for fractions given 24 
hours apart (Tannock et al., 
2005). 
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Isoeffect Curves (1) 

• Different fractionation schedules that give the same level of biological 
effect can be presented in the form of an isoeffect curve (see 
previous slide).  

• Isoeffect curves are generated by plotting the total radiation dose to 
give a certain biological effect against the overall treatment time, 
fraction number, or fraction size.  

• Experimental studies performed mainly in rodents have established 
isoeffect curves for different normal tissues using endpoints of either 
early or late radiation damage.  
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Isoeffect Curves (2) 

• The isoeffect lines for late responses tend to be steeper than those 
for early responses (i.e. a larger increase in total dose is required to 
give the same level of late toxicity as the dose per fraction is reduced 
and the number of fractions increased).  

• This implies a greater capacity for the repair of damage in tissues 
where it is expressed late than for damage in tissues where it is 
expressed early after radiation treatment.  

• The observation that late-responding normal tissues demonstrate 
greater repair capacity than early responding normal tissues is a 
fundamental radiobiological principle underlying altered fractionation 
schedules using multiple daily fractions in clinical radiotherapy. 
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The Linear-quadratic Equation and Models for 
Isoeffect (1) 

• Most isoeffect relationship used clinically are based on the linear-
quadratic (LQ) equation.  

SF = N/N0 = exp -(αD+βD2) 

• In using the LQ model, it is assumed that each fraction has an equal 
effect, thus for a fractionated regime (n fractions of size d):  

SF = [exp -(αd+βd2)]n or -ln SF = n(αd+βd2) 

• It is further assumed that if different fractionation regimes (e.g., n1 
fractions of size d1 and n2 fractions of size d2) are isoeffective for a 
given tissue, they lead to the same surviving fraction (SF). Thus we 
have:  

Isoeffect (E) = -ln SF = n1(αd1+βd1
2) =  n2(αd2+βd2

2) 
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The Linear-quadratic Equation and Models for 
Isoeffect (2) 

• This can be simplified to give: 
  

n1d1/n2d2 =  (α+βd2)/(α+βd1)  = (α/β+d2)/(α/β+d1) 
 

• From this relationship and knowing the values of n1, d1, n2, and d2, 
the constant α/β can be determined for the particular tissue, and used 
in the equation to predict other isoeffective treatment schedules.  

• The parameter α/β has the units of dose (Gy) and is a measure of the 
underlying shape of the survival curve. α/β is also the dose at which 
equal damage is inflicted by the separate α and β components. 
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The Linear-quadratic Equation and Models for 
Isoeffect (3) 

• The parameter α defines the initial slope of the survival curve; the 
larger the value of α, the steeper the initial part of the curve.  

• The parameter β defines the curvature of the survival curve and a 
large value of β implies more curvature. Thus, a large value of α/β 
implies a steep curve with little curvature (i.e., a small shoulder to the 
survival curve) and a small value of α/β implies a shallow curve with 
greater curvature (i.e., a large shoulder to the survival curve). 

•  Because the size of the shoulder of the survival curve is a measure 
of the repair capacity of the cells, a small value of α/β is consistent 
with greater repair capacity and a steep isoeffect curve, whereas a 
large value of α/β is consistent with lesser repair capacity and a 
shallow isoeffect curve. 
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The Linear-quadratic Equation and Models for 
Isoeffect (4) 

• Derived α/β values for different normal tissues in rodents suggest that 
late-responding tissues have values in the range 2 to 4 Gy (i.e., 
consistent with a steep isoeffect curve). 

• Early-responding tissues have values in the range 8 to 12 Gy (i.e., 
consistent with a shallow isoeffect curve).  

• The limited data available for human tissues suggest values in the 
same ranges.  

• Most tumours appear to have α/β values similar to or greater than 
those for early-responding tissues. 

• Recent data suggest that certain slow growing tumours (e.g. prostate 
cancer) may have lower α/β  values between 1 and 3 Gy.  
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The Linear-quadratic Equation and Models for 
Isoeffect (5) 

• There is no consideration of the effect of treatment time in the basic 
version of the LQ model.  

• In practice, this is a limitation that applies to early normal tissue 
responses, which occur in proliferative tissues (and tumours). 

• In tissues that have slowly proliferating parenchymal cell populations, 
late responses to radiation are less influenced by the duration of 
fractionated treatment.  

• In the LQ model, it is also assumed that there is complete repair 
between the fractions, and predictions from the model may lead to 
serious overdosing when the interfraction interval is too short or 
where repair of sublethal damage is slow (e.g. as in spinal cord). 
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Altered Fractionation Schedules (1) 

• The higher capacity for repair of radiation damage in late-responding 
normal tissues (low α/β values) as compared with early-responding 
normal tissues and most tumours (high α/β values) can be exploited 
to obtain a therapeutic gain by reducing the fraction size below that 
used conventionally (from about 2 Gy to 1.5 Gy) and increasing the 
number of fractions.  

• The increase in dose that can be tolerated at the isoeffective level of 
late normal tissue damage should be greater than that required to 
maintain the same level of tumour control (i.e., the tumour would 
receive a larger biologically effective dose and hence the control rate 
should be higher).  

• The larger number of fractions required must be given more than 
once per day if the treatment time is not to be prolonged. Such a 
treatment protocol is termed ‘hyperfractionation’.  
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Altered Fractionation Schedules (2) 

• The intent of hyperfractionation is to reduce late effects while 
achieving the same or better tumour control and the same or slightly 
increased early effects.  

• The time interval between the fractions must be sufficiently long to 
allow time for complete repair to occur.  

• An increase in late morbidity would be expected when multiple 
fractions per day are given to fields that include the spinal cord, as 
has been observed in patients given three fractions per day; 
Continuous Hyperfractionated Accelerated Radiotherapy; (CHART 
regime- see below). 

• An increase in early normal tissue reactions would be expected with 
hyperfractionation because the larger α/β value for early-responding 
tissues implies a smaller change in the amount of repair as fraction 
size is reduced relative to that occurring in late-responding tissues.  
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Altered Fractionation Schedules (3) 

• The increase in dose that can be tolerated can be estimated, but 
such calculations are limited by the low reliability of available 
estimates of α/β for human tissues.  

• The rationale for hyperfractionation does not consider reoxygenation. 
Because there is no change in overall treatment time, it is assumed 
that reoxygenation will not be much different than for a conventional 
fractionation scheme.  

• Clinical trials evaluating a larger total dose delivered by 
hyperfractionation have reported an increase in local control with no 
difference in late normal tissue damage.  

• These results support the hypothesis that an increase of total dose 
can be achieved by hyperfractionation without increasing the 
probability of late complications. 
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Altered Fractionation Schedules (4) 

• Shortening of the overall treatment time might also improve the 
therapeutic ratio because it will reduce the time for repopulation to 
occur in the tumour during treatment.  

• A similar effect might be achieved by blocking growth factors or their 
receptors, which are required for tumour cell proliferation.  

• The tolerance of late-responding normal tissues should be little 
affected because cell proliferation is slow within them.  

• Reduced treatment time is achieved by giving more than one fraction 
per day with standard dose fractions of 1.8 to 2.5 Gy given 6 to 8 
hours apart to allow for repair, a strategy called ‘accelerated’ 
fractionation.  
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Altered Fractionation Schedules (5) 

• Randomized trials of accelerated fractionation compared to 
conventional fractionation for treatment of head and neck cancer 
have provided evidence supporting the importance of repopulation as 
a cause of treatment failure.  

• A combined hyperfractionated accelerated radiation therapy 
(CHART) study (3 fractions per day for 12 days) gave a reduced dose 
in the experimental arm of the study but maintained the same tumour 
control level, with a slight reduction in late morbidity.  

• A second study, which gave a similar total dose in both arms, 
reported increased tumour control in the accelerated fractionation 
arm, but there was also increased late toxicity.  

• This increased toxicity was likely due to the short (4hr) interfraction 
interval, which was probably not sufficient to allow for complete repair 
between the fractions so that severe early reactions may have led to 
consequential late effects.  
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3.13 Predictive assays 
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Predicting Tumour Response: Radiosensitivity (1) 

• Even tumours of the same size and histopathological type are likely 
to vary in their proportion of stem cells.  

• Thus, a dose-control curve for a group of human tumours will be a 
composite and the slope of the composite dose-control curve and will 
be less than that for the individual tumours.  

• Fractionation of the radiation treatment and heterogeneity in the 
radiosensitivity of tumour stem cells will also result in a decrease in 
the slope of the dose-control curve.  

• It is therefore desirable to seek a way of assigning the tumours to 
more homogeneous groups, so that patients with differences in 
prognosis can be identified. This is a major motivation for attempts to 
develop predictive assays of radiosensitivity.  
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Predicting Tumour Response: Radiosensitivity (2) 

• Studies of a wide range of cell lines derived from human tumours 
have shown intrinsic variations in radiation sensitivity.  

• Survival curves can vary considerably even for cells of similar 
histopathological types and it is the shoulder of the curves that varies 
most widely.  

• Even small differences in the shoulder region can be important 
because they are magnified during the multiple fractionated daily 
doses of 1.8 to 2 Gy given in clinical radiotherapy.  

• Consider a tumour for which survival following a dose of 2 Gy is 0.8. 
Assuming that each fraction of a multiple-dose treatment is equally 
effective, with no cell proliferation between dose fractions, the 
survival following thirty fractions of 2 Gy would be (0.8)30 = 10-3. In 
contrast, for a tumour in which the survival following 2 Gy is 0.6, 
survival after 30 fractions would be (0.6)30 = 2 x10-7.  
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Predicting Tumour Response: Radiosensitivity (3) 

• Estimates of the surviving fraction following a dose of 2 Gy for 
different human tumour cell lines growing in culture may be grouped 
according to histopathological type and compared with the likelihood 
that such tumours will be controlled by radiation treatment.  

• There is a trend toward higher levels of survival at 2 Gy for the cells 
from tumour groups expected to be less radiocurable.  

• The concept that tumour response for an individual patient can be 
predicted has been tested using the survival following 2 Gy of 
radiation (or another parameter that reflects radiosensitivity at 
clinically relevant low doses) to predict for the outcome of fractionated 
radiotherapy treatment.  
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Predicting Tumour Response: Radiosensitivity (4) 

• Using a soft-agar clonogenic assay for cells from primary human 
cervix Ca or HNSCC biopsies, it was found that patients with tumours 
containing radioresistant cells (SF2 > median) had significantly worse 
local control and survival than those with tumours containing 
radiosensitive cells (SF2 < median).  

• These results have been difficult to reproduce, and the widespread 
application of such assays is limited by technical problems.  

• Other potential limitations of such assays are: (1) they do not account 
for microenvironmental factors influencing radiosensitivity in vivo; (2) 
tumours may contain clonogenic subpopulations of different intrinsic 
radiosensitivity; (3) the assay may not be measuring the 
radiosensitivity of the stem cells in vivo. 
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Predicting Tumour Response: Radiosensitivity 
(5) 

• Other proposed measures of radiosensitivity (e.g DNA repair, 
micronucleus formation, levels of radiation induced apoptosis or 
reduced growth delay) have been similarly inefficient in predicting 
tumour response.  

• It is hoped that the genomics/proteomics revolution will provide better 
signatures of radiation sensitivity. 

Radiation Biology Handbook 



Predicting Tumour Response: Proliferation 

• The potential doubling time (Tpot) is a measure of the rate at which 
new tumour cells are added to the tumour cell population and, as 
discussed above, values vary quite widely for human tumours.  

• The median for HNSCC is in the range 4 to 5 days. The pretreatment 
Tpot has been suggested as a measure of the proliferative rate of the 
surviving tumour cells following radiotherapy and has been evaluated 
as a predictive assay.  

• A trend for an adverse treatment outcome associated with short Tpot 
has been reported in patients with head and neck cancer and cervical 
cancer, and Tpot was initially thought to predict for the repopulation 
potential of tumours during therapy.  

• However, subsequent studies have not confirmed its utility, and the 
development of better assays of tumour cell proliferation during 
therapy is required. 
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Predicting Tumour Response: Hypoxia (1) 

• Measurements of pO2 in human tumours using the Eppendorf oxygen 
electrode have revealed wide pO2 variations both within and between 
tumours.  

• Results from clinical studies in cervix Ca HNSCC and NSCLC treated 
by radiotherapy or radiotherapy and chemotherapy indicate that 
hypoxic tumours (median pO2 value ~5 to 10 mm Hg) have a worse 
prognosis both in terms of disease-free and overall survival.  

• Similar results have been obtained for soft tissue sarcoma in smaller 
studies.  

• The data suggest that the hypoxia measurements can predict for 
distant metastases as well as local failure.  
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Predicting Tumour Response: Hypoxia (2) 

• Studies with intrinsic or extrinsic markers of hypoxia have also 
reported that increased levels of these markers have been associated 
with poorer treatment outcome in different tumour types. 

• Further studies are required to establish whether these markers will 
be reliable predictors of treatment outcome.  

• The correlations between measured pO2 values, and/or between 
extrinsic and intrinsic markers have not been very consistent to date. 

•  Thus only measurements of tumour hypoxia using polarographic 
probes have demonstrated sufficient predictive power at present to 
be useful in planning cancer treatments, although such 
measurements have not been used clinically to modify treatment 
strategies.  
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Predicting normal tissue response (1) 

• Patients receiving identical radiation treatments may experience 
differing levels of normal tissue injury; thus predictive assays might 
be useful in identifying those patients at greater risk of experiencing 
the side effects of radiotherapy.  

• The enhanced radiosensitivity of patients with ataxia telangiectasia 
(AT) and Nijmegen breakage syndrome (NBS) supports a genetic 
contribution to individual variability in radiosensitivity.  

• Studies of breast cancer patients have also shown individual 
correlation of acute and late skin reactions in one treatment field with 
those in a different treatment field.  

• Several studies have quantitated the in vitro radiosensitivity of 
fibroblasts and peripheral lymphocytes as a potential predictive assay 
for normal tissue damage. These studies have shown variations in 
the radiosensitivity of fibroblasts from individual patients, but have 
been inconsistent in predicting late radiation fibrosis.  
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Predicting normal tissue response (2) 

• Large differences in radiosensitivity, such as those observed in AT 
patients, are sufficient to cause discernable differences in late normal 
tissue effects. 

• However, the differences in radiosensitivity of normal cells between 
most patients appear not be sufficient to override the effects of the 
other factors, such as cytokine induction and the response of the 
tissue stroma and vasculature.  

• Limited studies examining the expression of cytokines (e.g. TGF-β) 
following irradiation have also suggested that such measurements 
might be predictive for normal tissue toxicity in organs such as lung..  

• Current studies are investigating whether the evaluation of the 
expression of multiple genes in tumours using DNA microarrays or 
SNPs in specific genes might lead to better predictive assays. 
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3.14 Combined radiation and 
drug treatments 
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Therapeutic Ratio (or Index) (1) 

• Patients are treated frequently with drugs and radiation therapy. 

• When two or more agents are combined to give an improvement in 
the therapeutic index, this implies that the increase in toxicity to 
critical normal tissues is less than the increase in damage to tumour 
cells.  

• Because the dose limiting toxicity to normal tissues may vary for 
different drugs and for radiation, two agents may often be combined 
with only minimal reduction in doses as compared with those that 
would be used if either agent were given alone.  

• Additive effects against a tumour with less than additive toxicity for 
normal tissue may then lead to a therapeutic advantage.  
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Therapeutic Ratio (or Index) (2) 

• Mechanisms by which different agents may give therapeutic benefit 
when used in combination have been classified as follows:  

 (1) independent toxicity  

 (2) spatial cooperation, whereby disease that is missed by one 
 agent (e.g., local radiotherapy) may be treated by another (e.g., 
 chemotherapy)  

 (3) protection of normal tissues  

 (4) enhancement of tumour response. 

• The above mechanisms suggest guidelines for choosing drugs that 
might be given in combination.  
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Therapeutic Ratio (or Index) (3) 

• Most drugs exert dose-limiting toxicity for the bone marrow, but this is 
not the case for vincristine (dose-limiting neurotoxicity), cisplatin 
(nephrotoxicity), or bleomycin (mucositis and lung toxicity).  

• Thus many drugs can be given in combination with radiation without 
overlapping toxicity.  

• Exceptions include doxorubicin and irradiation of the heart and 
bleomycin and irradiation of the lung.  

• As new targeted drugs are introduced into cancer therapy, it will be 
important to assess their toxicity when combined with radiation, 
particularly for patients being given curative doses which generate 
normal tissue effects which are close to tolerance levels. 
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Synergy and Additivity: Isobologram Analysis (1) 

• Claims are made frequently that two agents are synergistic, implying 
that the two agents given together are more effective than would be 
expected from their individual activities.  

• Confusion has arisen because of disagreement as to what constitutes 
an expected level of effect (additivity) when two non-interacting 
agents are combined.  

• Usually there is a range of possible additivity, and an appropriate 
definition must take into account the dose-effect relationship for each 
agent used alone, rather than a simple summation or multiplication of 
individual effects.  

• The use of multiple agents may lead to an increase in the therapeutic 
index, but it is rare that a claim for synergy of effects against a single 
population of cells can be substantiated.  
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Synergy and Additivity: Isobologram Analysis (2) 

• The concepts of synergy and additivity between two agents can be 
understood by considering the level of cell survival after treatment of 
a single population of cells, either in a tumour or in a normal tissue. 

• Isobologram analysis provides a method for defining the range of 
additivity (see Figure).  

• Dose-response curves are first generated for each agent used alone. 

• These dose-response curves are then used to generate isoeffect 
plots (known as isobolograms). 

• These curves relate the dose of agent A to the dose of agent B that 
would be predicted, when used in combination, to give a constant 
level of biological effect (e.g., cell survival) for the assumptions of (1) 
independent damage and (2) overlapping damage.  
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Synergy and Additivity: Isobologram Analysis (3) 

• These curves define an envelope of additivity. 

• If, when the two agents are given together, the doses required to give 
the same level of biological effect lie within the envelope, the 
interaction is said to be additive.  

• If they lie between the lower isobologram and the axes (i.e., the 
combined effect is caused by lower doses of the two agents than 
predicted) the interaction is supra-additive or synergistic.  

• If the required doses of the two agents in combination lie above the 
envelope of additivity (i.e., the effect is caused by higher doses than 
predicted), the interaction is sub-additive or antagonistic.  
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Isobologram 

Isobologram relating to 
the doses of two agents 
that would be expected to 
give a constant level of 
biologic effect when used 
together. Assumptions 
about overlap or 
nonoverlap of damage 
lead to the generation of 
two isobologram curves (I 
and II) that describe an 
envelope of additive 
interaction. Experimental 
data falling outside this 
envelope may indicate 
synergistic or antagonistic 
interactions (Tannock et 
al., 2005). 
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Synergy and Additivity: Isobologram Analysis (4) 

• Demonstration that two or more agents have a supra-additive or 
synergistic interaction has been used as a rationale for their inclusion 
in clinical protocols.  

• This rationale is valid only if the interaction leads to a greater effect 
against the tumour as compared with that against limiting normal 
tissues i.e., if it leads to an improvement in therapeutic index.  

• It is theoretically possible that antagonistic agents (sub-additive 
interaction) could improve therapeutic index, provided that there was 
greater antagonism of toxic effects for normal tissues as compared to 
toxicity for the tumour, or they have non-overlapping toxicities. 
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Drugs and Radiation (1)  

• Many patients receive treatment with both drugs and radiation, and 
there is increasing evidence that concurrent treatment with radiation 
and drugs such as cisplatin leads to improvement in therapeutic 
index in a variety of cancer sites such as the head and neck and 
uterine cervix.  

• Mechanisms of interaction between drugs and radiation at the cellular 
level may be evaluated from cell survival curves for radiation 
obtained in the presence or absence of the drug.  

• Drugs may influence the radiation survival curve in at least three 
ways: (1) the curve may be displaced downward by the amount of cell 
kill caused by the drug alone; (2) the shoulder on the radiation 
survival curve may be lost, suggesting an inability to repair radiation 
damage in the presence of the drug; and (3) the slope of the 
exponential part of the radiation survival curve may be changed, 
indicating sensitization or protection by the drug.  
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Drugs and Radiation (2)  

• Most drugs influence survival curves according to the first two 
patterns; this corresponds to the limits of additivity, where sublethal 
damage may be independent or overlapping.  

• The third pattern, leading to a change in slope of the dose response 
curve, defines agents that are radiation sensitizers or protectors. 

• Sensitization of this type has been reported inconsistently for cisplatin 
and for prolonged exposure to 5-FU after radiation.  

• Cisplatin and radiation is a widely used combination treatment 
treatment for a variety of tumours including HNSCC or Cervix Ca. 

• Improvement in therapeutic index from use of drugs and radiation 
requires selective effects to increase damage to tumour cells as 
compared to those in normal tissues.  
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Drugs and Radiation (3)  

• One mechanism by which combined treatment with radiation and 
drugs leads to therapeutic advantage arises when radiation is used to 
provide effective treatment for sites of bulky disease (usually the 
primary tumour), and drugs are used to treat metastatic sites 
containing smaller numbers of cells.  

• This spatial cooperation requires no interaction of the two modalities 
but involves different dose-limiting toxicities.  

• The combined use of radiation and drugs might be used to obtain 
therapeutic advantage for treatment of a primary tumour if the 
combined effect of the treatment is greater on the tumour than the 
surrounding normal tissue.  

• Currently there is limited information available about the ability of 
drugs to increase the late effects of radiation on normal tissue, even 
though these late effects are most often dose limiting. 
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Drugs and Radiation (4)  

• Genetic instability in tumours often leads to the presence of 
subclones, which coexist in the tumour with different levels of 
sensitivity to drugs and to radiation.  

• When therapy is applied, any resistant cells that are present will have 
a selective survival advantage and will determine tumour response: 
thus, heterogeneity in therapeutic response may tend to make 
tumours more resistant to treatment than normal tissues.  

• Combined treatment with radiation and drugs might then lead to 
improved therapeutic index if radiation can eradicate small 
populations of drug-resistant cells, or if drugs can eliminate 
populations that are relatively resistant to radiation therapy.  

• This cooperative effect requires that mechanisms of resistance to the 
two therapeutic agents are independent.  
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Drugs and Radiation (5)  

• Mechanisms (other than hypoxia) that convey clinical resistance to 
radiotherapy remain poorly understood, but probably include 
enhanced ability to repair damage to DNA, increased levels of SH 
compounds such as glutathione (or of associated GST enzymes) that 
scavenge free radicals (especially in hypoxic cells), and decreased 
ability to undergo apoptosis.  

• These mechanisms may also convey resistance to some anticancer 
drugs, whereas many other mechanisms of drug resistance are 
unlikely to cause resistance to radiation.  

• Resistance to any given drug may be caused by multiple 
mechanisms so that a radiation-drug combination that provides 
therapeutic advantage for one tumour may not do so for another if 
different mechanisms of drug resistance are dominant.  

Radiation Biology Handbook 



Drugs and Radiation (6)  

• Effective use of combined treatment would be facilitated by rapid 
pretreatment assays that give insight into mechanisms of resistance 
prior to initiation of therapy.  

• Proliferation of surviving cells during a course of fractionated 
radiation (i.e., repopulation) acts to increase the total number of cells 
that must be killed.  

• Anti-cancer drugs given during the course of fractionated radiation 
(concurrent treatment) are in general more effective than 
combinations in which the treatments are given sequentially.  
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Drugs and Radiation (7)  

• Concurrent treatments might be expected to inhibit repopulation 
during fractionated radiotherapy.  

• Combined treatment may then convey therapeutic advantage if the 
rate of repopulation is greater for the tumour cells than it is for normal 
tissues within the radiation field.  

• Greater specificity would be expected for agents that inhibit 
specifically the proliferation of tumour cells. 

• This might be achieved through use of hormonal agents (tamoxifen, 
antiandrogens) used concurrently with radiation for treatment of 
breast or prostate cancer.  
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Drugs and Radiation (8)  

• Another possible strategy is to administer inhibitory growth factors 
(e.g. members of the TGF-β family) or agents that block receptors for 
stimulatory growth factors such as epidermal growth factor receptor 
(EGFR) if they are expressed selectively on tumour cells.  

• Promising results are being achieved in clinical trials with the 
monoclonal antibody cetuximab, which inhibits signaling from the 
EGFR used together with radiation therapy.  

• Repopulation during fractionated radiation therapy might also be 
influenced by prior treatment with neoadjuvant chemotherapy.  

• Such chemotherapy may cause tumour shrinkage, followed by 
improved nutrition of surviving cells, with consequent stimulation of 
cell proliferation.  
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Hypoxic Cell Sensitizers and Cytotoxins (1)  

• Another mechanism that has potential for exploitation through 
combined use of radiation and drugs depends on the presence of a 
hypoxic microenvironment within solid tumours.  

• A hypoxic environment conveys resistance to radiation because cell 
killing is dependent in part on the presence of oxygen.  

• One approach to reduce the influence of tumour hypoxia involves the 
use of drugs that mimic the radiosensitizing properties of oxygen. 

• These drugs, known as hypoxic-cell radiosensitizers, must diffuse to 
all parts of a tumour to be effective. 

• A family of compounds, the nitromidazoles, has been found to contain 
members that can sensitize hypoxic cells both in vitro and in animal 
tumours.   
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Hypoxic Cell Sensitizers and Cytotoxins (2)  

• The most extensively studied of these compounds is misonidazole, 
which can sensitize hypoxic cells in vitro in a dose-dependent fashion 
and does not sensitize oxygenated cells.  

• A large number of nitroimidazole sensitizers have been investigated, 
and nine have reached clinical evaluation.  

• Overall, results from the trials using misonidazole have been 
disappointing, possibly because the dose of misonidazole was limited 
by a dose-dependent peripheral neuropathy.  

• Studies using drugs that are less toxic, such as etanidazole and 
nimorazole, revealed conflicting results. Whereas nimorazole has 
been associated with improved tumour control in head and neck 
cancer, benefit was not demonstrated in two multicenter trials for 
head and neck cancer using etanidazole.  
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Hypoxic Cell Sensitizers and Cytotoxins (3)  

• Although most trials with nitroimidazoles have failed to demonstrate a 
significant benefit, a recent meta-analysis of results from over 7000 
patients included in fifty randomized trials indicated a small but 
significant improvement in local control and survival.  

• Most of the benefit was attributed to an improved response in patients 
with head and neck cancer.  

• The apparent lack of significant clinical benefit in most of the 
individual trials, may be because only tumours that are severely 
hypoxic benefit from such treatment, and prior measurements of the 
level of tumour hypoxia were not used to select patients entered into 
the trials. 
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Hypoxic Cell Sensitizers and Cytotoxins (4)  

• Another approach to reducing the influence of hypoxia on the 
radiation response of tumours is to use (bioreductive) drugs that are 
toxic under hypoxic conditions.  

• Complementary effects of radiation (against aerobic cells) and of drug 
(against hypoxic cells) might then increase the therapeutic ratio.  

• The principal bioreductive drug of current clinical interest is 
tirapazamine, a benzotriazine di-N-oxide.  

• Tirapazamine is cytotoxic to hypoxic cells because under hypoxia, it 
is metabolized to an oxidizing radical that produces DNA damage 
including double-strand breaks, probably by interacting with 
topoisomerases. In the presence of oxygen, the radical is converted 
(by oxidation) back to the parent compound.  

• The drug also interacts with the chemotherapeutic agent cisplatin to 
increase its toxicity.  
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Hypoxic Cell Sensitizers and Cytotoxins (5)  

• Tirapazamine is being evaluated in clinical trials and has shown 
efficacy in a phase III trial with cisplatin in non–small-cell carcinoma 
of the lung.  

• A clinical study in patients with cancers of the head and neck also 
demonstrated that tirapazamine, in combination with cisplatin and 
radiation therapy, was safe to administer, and resulted in 
disappearance of tumour hypoxia as assessed with F18 misonidazole 
positron emission tomography (PET) scans.  

• A variety of other drugs which are specifically toxic to hypoxic cells 
are currently at various stages of development and clinical study (e.g. 
AQ4N, which is a di-N-oxide prodrug that is reduced under  
conditions of low-oxygen tension to form the active species, AQ4, a 
DNA-affinic, topoisomerase II poison). 
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Radioprotection (1) 

• An alternative approach to improve the therapeutic ratio is to protect 
normal tissue selectively from radiation damage.  

• Many agents can protect against radiation damage to cells in culture. 

• These include agents that can scavenge radiation-produced radicals, 
such as dimethyl sulfoxide (DMSO) or the superoxide dismutase 
enzymes (SODs), and those that can donate a hydrogen atom back 
to a radical site created on a macromolecule such as DNA, including 
the nonprotein sulfhydryls, glutathione, and cysteine.  

• Because of the short lifetimes of radiation-induced radicals, these 
agents have to be present in the cell at the time of the irradiation. 

• They are equally effective for tumour and normal cells in vitro; thus 
specificity in vivo depends largely on preferential uptake of such 
agents into the normal tissue.  
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Radioprotection (2) 

• One agent that appears to fulfill this criterion is amifostine, a 
phosphorothioate compound that is converted into a sulfhydryl-
containing compound in vivo by the action of alkaline phosphatases. 

• Amifostine is localized selectively in normal tissues, probably 
because of poor penetration from tumour blood vessels and reduced 
levels of the activating enzyme, alkaline phosphatase, in tumour cells 
relative to the activity on the membranes of normal cells.  

• Amifostine was shown to protect a variety of normal tissues with 
variable, mostly small, protection of tumours in animal models. 

• Clinical studies in head and neck and lung cancers have shown 
substantial protection of normal tissue, including salivary gland, lung, 
and mucosa, without detectable change in tumour response.  
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Radioprotection (3) 

• Another strategy for radioprotection is the use of gene therapy with a 
viral vector designed to induce expression of manganese superoxide 
dismutase (MnSOD), which can block the action of reactive oxygen 
radicals.  

• This approach is being used in the esophagus and lung by 
administering the vector topically or as an inhalant.  

• It has been shown to provide protection for the lung and oral mucosa 
in rodents with no protection for the tumour growing in the lung. 

•  Presumably the viral vector can be effectively adsorbed through the 
mucosa or lung surface but cannot penetrate effectively into the 
tumour.  

• Clinical trials of this strategy are in progress.  
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Radioprotection (4) 

• A variation in this approach has suggested that the extent of 
subcutaneous fibrosis in patients may be reduced by direct injections 
of agents, such as SOD/-tocopherol into the fibrotic region.  

• A third developing approach is to block the development of late 
radiation effects with treatment given after the end of the radiation. 

•  The use of steroids after irradiation to prevent lung injury is an 
example, although this treatment appears to delay the development 
of symptoms rather than prevent them.  
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Radioprotection (5) 

• Studies in rodents have demonstrated that expression of 
angiotension converting enzyme (ACE) is increased in lung and 
kidney at late times after irradiation.  

• Agents which block ACE activity or agents which block directly the 
action of angiotensin II have been found to protect lung and kidney 
from the development of radiation induced fibrosis and nephropathy 
respectively.  

• Only in kidney has it been demonstrated clearly that reduced 
functional damage can be sustained after the end of the drug 
treatment.   

• Clinical studies are in progress investigating this approach. 
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Novel therapies (1) 

• Multiple new drugs designed to target specific biochemical 
(signalling) pathways or specific processes in tissue (such as 
angiogenesis) that may be important for tumour growth and 
development are currently being developed and tested in clinical 
studies.  

• While a number of such drugs are now used regularly for treatment of 
specific types of cancer, most of these drugs have not been yet been 
extensively tested in combination with radiation.  

• Partly this is because of the long times necessary to determine 
whether such agents will affect the development of the late toxicities 
which limit the doses delivered in curative radiation treatments. 

•  Furthermore few such drugs are tested for their toxicity to hypoxic 
cells despite our knowledge that most tumours contain a significant 
proportion of such cells.  
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Novel therapies (2) 

• One approach is the use of agents that are activated by radiation 
through the use of vectors that contain radiation-inducible promoters, 
directly driving production of the toxic molecule (e.g TNF-a) or driving 
expression of enzymes which can convert prodrugs into toxic species 
(GDEPT - gene-directed pro-drug therapy).  

• Such vectors should be activated only in the radiation field and would 
be expected to activate the prodrugs primarily in the irradiated 
volume.  

• One current problem with such approaches is to get distribution of the 
vector into all the cells in the tumour, although this problem may be 
partially overcome if the toxic species produced can diffuse to 
neighbour cells and create a toxic bystander effect.  

• Most of these strategies are currently at the experimental stage. 
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3.15 Clinical radiobiology of 
common cancers 
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Clinical Radiobiology of Common Cancers (1) 

• There have been many biomathematical modeling studies of the 
response of common cancers such as in head and neck, lung, breast, 
cervix and prostate, as well as laboratory studies of particular 
biological parameters.  

• In general, it has been shown that the dose-response slope for 
human cancer control is less steep than is the case for normal tissue 
complications, and this is due largely to greater amounts of 
heterogeneity that varies between institutional series.  

• Fractionation sensitivity (chararacterised by the reciprocal of the α/β 
ratio) is low for head and neck, lung and cervix tumours, higher for 
breast tumours, and very high for prostate tumours.  

• The α/β ratio of around 1.5 Gy for prostate tumours has prompted 
various clinical trials to explore the potential benefits of using high 
doses per fraction.  
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Clinical Radiobiology of Common Cancers (2) 

• Regarding tumour clonogen repopulation during treatment, there is 
usually a lag phase of several weeks before repopulation effects 
become evident, equivalent to around 0.6 Gy per day using 2 Gy 
fractions for head and neck and lung tumours, about half that for 
cervix tumours, and around zero for prostate tumours.  

• These differences are associated with the potential for repopulation, 
characterised by the potential doubling time of the tumour clonogens. 

• Studies of tumour hypoxia have shown the presence and variability of 
hypoxia among tumours of the head and neck, cervix and prostate. 

• This suggests that chemical modifiers of hypoxia could be used most 
efficaciously on the subset of patients that show high levels of tumour 
hypoxia. 
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3.16 Second cancers in 
radiotherapy patients 
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Second Cancers in Radiotherapy Patients (1) 

• High doses directed to the cancer also result in some normal cells 
receiving low doses in the margins of the radiation beam.  

• Low doses of radiation can induce mutations in cells that survive 
irradiation, and some of these mutated cells can lead to the 
production of second cancers.  

• Hence there is a small risk of inducing a second cancer when curing 
a primary cancer.  

• The issue of second cancers is becoming better recognised as 
treatments of primary cancers improve and patients survive longer, 
so that there is time available for development of any initiated 
malignancies.  

• Second or higher-order cancers now account for 1 in 6 incident 
cancers reported to the US National Cancer Institute’s Surveillance, 
Epidemiology, and End Results (SEER) Program.  
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Second Cancers in Radiotherapy Patients (2) 

• Second cancers can also arise in people who developed a primary 
cancer and were not irradiated, but who received other treatments 
such as surgery.  

• These are second primary cancers, and they arise more frequently in 
patients who have certain genetic syndromes that predispose them to 
the development of various malignancies.  

• Second cancers should be distinguished from secondary cancers, 
which are cancers that have arisen from malignant cells that have 
metastasised from existing primary cancers.  

• It should be noted that the terminology of second or secondary is not 
always consistent in the scientific literature and sometimes the terms 
are used interchangeably. 
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Second Cancers in Radiotherapy Patients (3) 

• The estimation of risk of radiation-induced cancer from radiotherapy 
of a first cancer can be derived from epidemiological studies of 
patients with common cancers that were cured with a similar 
probability when treated either with surgery or with radiotherapy, and 
these are mainly cancers of the cervix, prostate and testis.  

• The risk of leukaemia following radiation is considerably smaller than 
after chemotherapy, usually in the order of 2-fold.  

• Leukaemia risk is usually greatest about 5 to 9 years after 
radiotherapy exposure and then slowly declines.  

• Radiation-related leukaemia risk is a function of dose to the active 
bone marrow, dose rate, and percentage of exposed marrow.  
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Second Cancers in Radiotherapy Patients (4) 

• The excess risk of leukaemia per unit of radiation dose is 
considerably larger after low doses than after high doses due to cell 
killing at higher doses.  

• Thus, many studies in cancer patients have confirmed that high 
radiation doses to limited fields are associated with little or no 
increased risk of leukaemia.  

• In contrast, exposure of larger volumes of bone marrow to 
radiotherapy may result in higher risks as shown in testis cancer 
patients treated with past radiation treatments to chest, abdominal, 
and pelvic fields, and other low-dose total body irradiations.  

• Radiation has been associated with increased risks of acute myeloid 
leukemia (AML), chronic myelogenous leukaemia (CML), and acute 
lymphoblastic leukaemia (ALL). Only chronic lymphocytic leukemia 
(CLL) has not been linked with either prior radiotherapy or 
chemotherapy. 

Radiation Biology Handbook 



Second Cancers in Radiotherapy Patients (5) 

• Breast cancer has emerged as the most common solid tumour 
among female survivors of Hodgkin lymphoma after treatment. 

• Excess breast cancers, which are largely due to high-dose, large-field 
chest irradiation for Hodgkin lymphoma, are inversely correlated with 
age at treatment.  

• The highest risks are observed among women treated for Hodgkin 
lymphoma at age less than 30 years, a finding that parallels the 
known sensitivity of the breast to ionizing radiation in the young.  

• One large analytic, international investigation of Hodgkin lymphoma 
patients estimated long-term risk according to radiation dose to the 
area in the breast, where cancer was later diagnosed and that took 
into account chemotherapy- or radiotherapy-related ovarian damage.  
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Second Cancers in Radiotherapy Patients (6) 

• Statistical analyses were conducted to estimate the relative risk of 
breast cancer in terms of radiation dose to site of breast cancer and 
to the ovaries, cumulative dose of alkylating agent chemotherapy, 
and other risk factors.  

• A radiation dose to the breast of more than 4 Gy was followed by a 
significantly increased 3.2-fold risk of breast cancer compared with 
women who received lower doses to the breast without alkylating 
agents.  

• Risk of breast cancer increased with increasing radiation dose to 
reach 8-fold at >40 Gy, and excess radiotherapy-related breast 
cancers occurred for >25 years after exposure.  

• The smaller radiotherapy fields and lower doses now used to treat 
Hodgkin lymphoma should eventually result in lower risks of breast 
cancer. 
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Second Cancers in Radiotherapy Patients (7) 

• The interaction of chemotherapy with radiation or other risk factors in 
the development of solid tumours also needs consideration.  

• For example, smoking multiplies the risk of either alkylating agent-
associated or radiotherapy-associated lung cancer.  

• In contrast, the effect of chemotherapy and radiation on lung cancer 
risk after Hodgkin lymphoma seems additive, as does the effect of 
cyclophosphamide and radiation on excess bladder cancers after 
non–Hodgkin lymphoma.  

• Other relevant questions include the effect of the sequence and 
timing of exposures and interactions with other risk factors.  

• Further, it will be important to understand whether relations between 
cytotoxic drugs, radiation, and solid tumour risk represent either an 
independent carcinogenic effect or radiosensitization by the 
chemotherapeutic agent, possibly by drug interference with the repair 
of radiation-induced DNA damage. 
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Second Cancers in Radiotherapy Patients (8) 

• For cervix cancer, the data come from series of patients analysed 
from Scandinavia, USA, and Japan.  

• In the regions of the body receiving high doses, the relative risk (RR) 
averaged over all 3 series for induced bladder cancer in cervix cancer 
patients surviving radiotherapy was about 1.6 (i.e. 60% greater) 
compared to the incidence in cervix cancer patients treated using 
non-radiation methods, and about 3.3 compared to the incidence of 
primary cancers in the general population.  

• For induced rectal cancer the respective RR values were about 1.2 
and about 1.5, and for induced colon cancer were about 1.0 and 1.1.  

• There was a higher incidence of a second primary cancer in bladder 
and rectum than of a first primary cancer in these sites in the general 
population, and the use of radiotherapy increased the risk of a 
primary cancer in these sites. 
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Second Cancers in Radiotherapy Patients (9) 

• For one big series of prostate cancer patients, the risk of developing 
a radiation-induced second cancer was approximately only 0.3%.  

• Half of the 0.3% risk of the radiation-induced cancers was in the low-
dose regions such as for the lung.  

• The other half of the risk was in the high-dose regions where 
radiotherapy frequently induces atrophy associated with chronic 
inflammation, which is a well-known pre-cancerous lesion.  

• The most statistically significant increase in second cancers was in 
the bladder, where the RR was about 1.09 compared to the general 
population.  

• Overall there was no significant difference in bladder RR for prostate 
cancer patients receiving radiotherapy versus other forms of 
treatment, and no significant elevation of risk regarding radiation 
induced rectal and colon cancer.  
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Second Cancers in Radiotherapy Patients (10) 

• The accuracy of a calculated dose–response relationship for 
radiation-induced secondary cancer is limited by:  

 (1) the heterogeneity of the test population with respect to 
 tumour characteristics (volume, grade, etc.) and dose 
 distribution (total dose and dose per fraction) throughout the 
 involved tissues  

 (2) accuracy of scoring outcome  

 (3) length of follow-up  

 (4) validity of the degree of matching of the study to the 
 reference populations.  

• The study and reference populations must be comparable in all 
respects for the computed risk to be a close approximation to the true 
risk. In fact, homogeneous test and reference populations are rarely 
available. 
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Second Cancers in Radiotherapy Patients (11) 

• Increased tumorigenic radiosensitivity in genetically cancer-prone 
humans has been detected in cases of retinoblastoma, nevoid basal 
cell carcinoma (NBCC) syndrome, neurofibromatosis and Li-
Fraumeni syndrome receiving radiotherapy for primary malignant 
disease.  

• For these disorders, particularly for retinoblastoma and NBCC 
syndrome, there is evidence of increased risk of second, therapy-
related cancer.  

• There are also data showing that a number of cancer-prone genetic 
conditions are associated with chromosomal radiosensitivity, 
assessed in the G2 phase of the cell cycle.  

• In addition to A-T and NBS which show marked increases, certain 
disorders associated with tumour suppressor gene mutation are also 
somewhat increased in chromosomal sensitivity, e.g. Li-Fraumeni 
syndrome, retinoblastoma and NBCC syndrome.  
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Second Cancers in Radiotherapy Patients (12) 

• Radiosensitivity in a broad range of cancer-predisposing genetic 
disorders remains somewhat contentious, but recent work raises the 
possibility that a significant fraction (as much as 40%) of unselected 
breast cancer patients are also characterised by increased 
chromosomal radiosensitivity.  

• Hence the proportion of individuals in a population with increased 
susceptibility to cancer and to radiation-induced second cancer could 
be more extensive than currently thought.  

• Other factors that may influence response to radiation exposure 
include radiation-related genomic instability (destabilisation of the 
genome), epigenetic phenomena (microenvironmental changes 
affecting cellular responses), and bystander effects (irradiated cells 
sending injurious signals to unirradiated neighbouring cells). 

Radiation Biology Handbook 



Second Cancers in Radiotherapy Patients (13) 

• Intensity-modulated radiation therapy (IMRT) allows dose to be 
concentrated in the tumor volume while sparing normal tissues.  

• This in turn allows the possibility to increase the dose and hence to 
increase the chance of curing the tumour.  

• However, the downside to IMRT is the potential to increase the 
number of radiation-induced second cancers.  

• The reasons for this potential are more monitor units and, therefore, a 
larger total-body dose because of leakage radiation and, because 
IMRT involves more fields, a bigger volume of normal tissue is 
exposed to lower radiation doses.  
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Second Cancers in Radiotherapy Patients (14) 

• IMRT may double the incidence of solid cancers in long-term 
survivors.  

• This outcome may be acceptable in older patients if balanced by an 
improvement in local tumor control and reduced acute toxicity.  

• On the other hand, the incidence of second cancers is much higher in 
children, so that doubling it may not be acceptable.  

• IMRT represents a special case for children for three reasons.  

• First, children are more sensitive to radiation-induced cancer than are 
adults. Second, radiation scattered from the treatment volume is 
more important in the small body of the child. Third, the question of 
genetic susceptibility arises because many childhood cancers involve 
a germline mutation. 
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SUGGESTED PRACTICALS/ TUTORIALS 

(a) DNA Laboratory techniques. Practical demonstrations of some of the 
techniques from the above lectures e.g. comet assay, micronuclei, flow 
cytometry (DNA analysis), gel electrophoresis. 

(b) Survival curves in practice. Practical session on the shapes of 
survival curves, and their importance in various clinical scenarios. 

(c) Analysis of scoring of normal tissue damage. LENT/SOMA vs 
RTOG/EORTC scoring systems HNSCC, Cervix Ca 

(d) LQ model: BED, LQED; α/β ratio values. Fractionation calculations in 
practice. Physical dose distribution and biological response distribution. 
Combined brachy/teletherapy treatments; compensations for 
interruptions in treatment. Importance of treating all fields per day. 
Influence of radiation source decay with respect to repair half-time and 
dose effectiveness. Clinical impact of errors in dose delivery.  

(e) Critical reading of literature 
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