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Cellular Responses to Ionizing Radiation
Ionizing radiation (IR) is a type of radiation in which a single particle such as a photon, electron, or helium nucleus, carries enough energy to ionize an atom or molecule. If enough ionizations occur, it can result in damage to living tissue.  At the cellular level, DNA is the primary target of this onslaught.  IR can cause damage in the DNA double helix structure, be it altered bases, single strand breaks, or double strand breaks.  A Double-Strand-Break (DSB) is classified as an extremely dangerous lesion that poses one of the greatest threats to the informational integrity as well as the structural cohesion of the DNA.
After a cell is irradiated and DNA damage occurs, the cell may employ one of several different mechanisms to ensure the survival and integrity of the genome.  These mechanisms are DNA repair pathways.  Double strand breaks are repaired in one of two ways.  The first being Non-homologous end joining (NHEJ), and the second being Homologous recombinational repair (HRR).  If the cell cannot repair itself then it will undergo a mechanism of self destruction called apoptosis.
These mechanisms all act as a barrier to prevent DNA mutations.  If all these mechanisms fail to act, there is a great risk that these mutations will bring the onset of cancerous cells.  The diagram below outlines the different cellular responses after a cell has been exposed to ionizing radiation.
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Figure 1: DNA Damage and Response

Each mechanism takes the dominant role in different phases of the cell cycle.  Generally, the cell cycle is divided into 4 steps. They are G1, S, G2, and M phases (there is also Go phase shown in the diagram as “Cells that cease division”).  In G1 the cell increases in size, producing RNA and synthesizing proteins.  At the end of this stage, everything should be in place for the next phase DNA synthesis or the S phase.  For the production of two identical daughter cells, the complete DNA instructions must be duplicated, and this is accomplished in this phase.  The G2 phase involves the continuing growth of the cell and production of more proteins.  These 3 steps (G1, S, G2) are referred to as Interphase and amount to most of the cells life.  The last phase is termed Mitosis or M phase (which can be further divided into 4 stages), where all the energy is focused on the complex and orderly division into two identical daughter cells.
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Figure 2: The Cell Cycle

Non-Homologous End-Joining (NHEJ)

Non-Homologous End-Joining is an error-prone process to repair DSBs. This process is a robust but a low fidelity form for DSB repair. During NHEJ, adding, deleting as well as ligating nucleotides at the ends of a break helps to restore the covalent continuity to the broken chromosome. In other words, the broken ends are fused together regardless of the DNA sequence. It is worth mentioning that the diploid nature of the cell is not utilized.  NHEJ preserves global chromosomal integrity by modifying the broken ends to make it compatible prior to rejoining.  However, any information between the two DNA ends is lost. Thus, NHEJ is not a perfect process in preserving genetic information.  NHEJ appears to be the most dominant process in repairing DSBs in mammalian cells during G0, G1 and early S phases of the cell cycle.

Proteins Involved in NHEJ

When DSBs occur, a large number of proteins specifically glue to the DNA DSBs.  These proteins play the role of protecting the DNA lesion and signaling the presence of cell DNA damage so that it can activate the appropriate repair process and delay the cell growth until the damage has been repaired. Genetic studies have been useful in identifying several proteins involved in the DSB repair process by using radiosensitive mammalian cell lines. The main NHEJ proteins are:

· KU: A heterodimer of KU70 and KU80.  KU is abundant in the cell and is estimated at 5*105 molecules per cell.

· DNA-PKcs: DNA protein kinase is a multi-protein complex.  This protein is unique since it requires a broken DNA end in order to be active. 

· DNA ligase IV-XRCC4: A heterodimer protein that serves like a nick (ligation site) at the DNA DSB repair.

· GCN5: It is a histone acetyl-transferase. Its histones have lysines that make the nucleosomes bind less tightly to the DNA.

Mechanism of NHEJ

The biochemical configuration of broken DNA ends in DSBs can be very diverse and typically incompatible. Therefore, rejoining the broken DNA strands can not be achieved usually by a simple ligation step.  There are four steps involved in NHEJ; End-Binding, End-Alignment, End-Processing and Ligation. 
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Figure 3:  NHEJ Steps overview

a) End-Binding

In order to repair a DSB, DNA ends must be bound and tied so they can be protected from further degradation and kept at close proximity for rejoining. KU binds the DNA ends, aligns and prepares them for ligation, as well as protects them from degradation. Also, KU is responsible for recruiting DNA-PKcs to the DSB site activating its kinase function. Biochemical and physical studies have shown that both KU and DNA-PKcs do not associate in the absence of a DNA terminus. In most cases both KU and DNA-PKcs take physical positions adjacent to each other. Also, GCN5 plays a role in the binding of the DSB by making nucleosomes bind less tightly to the DNA and making the nucleosomes more mobile. At first, KU binds to the DNA end and binds GCN5 as well as DNA- PKcs. The GCN5 acetylates nucleosomes around the break end. As a result, the nucleosomes are more mobile and able to remove an obstruction to KU diffusion along the DNA end.    
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Figure 4: End-Binding process

KU allows activation of DNA-PKcs once it diffuses internally. The activation of DNA-PKcs would eventually phosphorylate GCN5 and deactivate it. Several studies have determined that there are end to end DNA associations with the KU atom alone, DNA-PKcs alone or both.

b) End-Alignment.

The end-alignment step can occur if there is terminal microhomology of 1-4 nucleotides between the two ends in general. This is an optional aspect since NHEJ occurs regardless of microhomology. The exact point of joining can occur at any base pair when the two broken DNA ends are brought into close proximity. There is a tendency for the joining to happen at 1 to 4 nucleotides that are complementary between the two ends.  For example, if the DNA sequence at one end is TTGGT* (asterisk represents the break terminus) and the other begins as *cggcc, then the sequence at the point of joining has a higher probability of being TTGGcc. Therefore, ‘T’ is removed from one end and ‘c’ is removed from the other end and the joining occurs at the two base pairs GG or gg, where the two ends shares these two nucleotides of microhomology.

c) End-Processing

End-Processing refers to the removal of DNA by nucleases (Several enzymes, such as endonucleases and exonucleases that hydrolyze nucleic acids) and the filling in of gaps by polymerases (Various enzymes that catalyze the formation of polynucleotides of DNA or RNA using strands of DNA or RNA as a template).  At points of microhomology, where the two ends undergo alignment, there are often either gaps that must be filled using polymerases or there is excess DNA beyond the point of alignment that must be removed by nucleases. At this step, the two DNA ends must be held close in proximity to prevent them from diffusing away from each other while processing DNA termini by nucleases and polymerases. In general, DNA breaks typically are not compatible due to the lack of microhomology of 1-4 nucleotides between the two ends.  Therefore, rejoining the broken ends is achieved by removing several nucleotides via nucleases and filling-in gaps of several nucleotides via polymerases. Typical mammalian cell polymerases are polβ, polε, polδ while FEN-1 and EXO1 are the nucleases.

d) Ligation

Ligation is the final step of restoring chromosomal integrity at DNA break sites. DNA-Ligase IV-XRCC4 is recruited in order to ligase the DNA-ends. This protein will act like a ligated nick on each strand at DSB points.

Homologous Recombinational Repair (HRR)

A second pathway for DNA repair after a Double Strand Break, is termed Homologous Recombinational Repair (HRR). This pathway occurs in the late S phase (Synthesis phase where DNA is replicated) or G2 (preparation for mitosis) phase of the cell cycle.  This will provide a perfect second copy of the sequence (sister chromatid) that was damaged.  The process of HRR is considered a minor pathway.  This is because finding a second copy of the damaged chromosome from the entire genome (especially during the G1 phase) is a slow and therefore rate limiting step.  This is considered an error-free pathway, in contrast to the NHEJ pathway discussed earlier.  The HRR pathway has been intensively studied in mammalian cells and many different mechanisms proposed.  The two more established mechanisms that will be discussed here are Single Strand Annealing (SSA) and Synthesis Dependent Strand Annealing (SDSA).  Whereas the latter involves utilizing a homologous or sister chromosome, the SSA pathway does not need a copy of itself to repair the DSB.  

1) Single Strand Annealing - Mechanism

The process of SSA is initiated when a double strand break is introduced between 2 repeated sequences oriented in the same direction.  This illustrated in the figure below.  The repeated sequences are shown as green boxes. Resection of the DSB 5’ ends is accomplished by an exonuclease complex, thus exposing the complementary regions (green boxes) of the 3’ ends on either side of the DSB.  These complementary strands are then annealed together, leaving 2 flaps (extra stretches of DNA) on each strand.  These flaps are removed by work of an endonuclease complex.  You are now left with one last step, sealing the gaps thus restoring the DNA back to two continuous strands.  This sealing or gap filling is performed by DNA ligases.  This enzyme catalyzes formation of a phosphodiester bond between the 5’ phosphate of one strand with the 3’ hydroxyl of the other.  The Double strand break is now repaired, but at the price of deletion of a stretch of DNA between the two repeated sequences.
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Figure 5: Single Strand Annealing
Single Strand Annealing –Genetic Requirements

SSA requires many different types of proteins to accomplish the task of DSB repair.  Some of the major proteins are listed below:

· RAD52: Considered to be a DNA binding protein responsible for the annealing process.

· Msh2,Msh3,RAD1/10: The mismatch repair proteins Msh2 and Msh3 along with the RAD1 and RAD10 are needed for SSA efficiency.  They appear to be needed to remove the non-homologous 3’ tails (the flaps described above) from the annealed intermediated.

2) Synthesis Dependent Strand Annealing - Mechanism

A second pathway of homologous recombinational repair is termed Synthesis Dependent Strand Annealing (SDSA).  This pathway utilizes information from the homologous or sister chromosome for accurate repair of the break.  Again, the process is initiated by an introduction of a double strand break into one of two homologous chromosomes.  A resection of the DSB 5’ ends to expose the 3’ends are accomplished by work of an exonuclease.  The next step, is a process that is referred to as strand invasion.  This is when the single stranded tail searches for a homologous sequence elsewhere in the genome.  When it locates the complementary region in the sister chromatid, it will proceed to “invade” it.  The 3’ ends will then serve as primers for synthesis of new DNA, while the sister chromatid will serve as the template.  After completion of the necessary new DNA synthesis, the new strands (in red) will then unwind from the template and will proceed to anneal with each other.  Again, any flaps that may be formed are removed by an endonuclease, and gaps are sealed with a DNA ligase.  The final product is a repaired chromosome, with information from its sister chromatid in the newly synthesized region.
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Figure 6: Synthesis-Dependent Strand Annealing

Synthesis Dependent Strand Annealing – Genetic Requirements

Many experiments in Synthesis dependent strand annealing have been conducted in order to pinpoint which protein complexes are involved in this mechanism.  They are as follows:

· Mre11/RAD50/NBS1: This exonuclease complex has been found to promote the process of strand invasion. They appear to be responsible for exposing the 3’ ends of the double strand break, thus preparing strand for invasion.

· RAD51/52/54/55/57/59: These group of genes are important for the actual strand invasion.  Among these, the most crucial appears to be the RAD51 gene.  It will form a complex with the broken single strand DNA, which then interacts with the homologous double strand DNA, thus completing the process of strand invasion.

Apoptosis

If a cell has damaged DNA from irradiation and cannot repair it, the cell will undergo a process called apoptosis.  Apoptosis is a genetically programmed method of cell suicide.  An organism uses apoptosis to remove DNA damaged, superfluous, or unwanted cells.  Cells that cannot properly repair the DNA damage and fail to undergo apoptosis become cancer cells.

Observation of cells that become apoptotic after irradiation have lead to attempts at classifying radiation induced apoptosis and relating them to stages of the cell cycle.  One such attempt is based roughly on the length of time from irradiation to cell death.  It defines three types of radiation induced apoptosis:  rapid-interphase apoptosis, postmitotic interphase apoptosis, and delayed aberrant mitotic apoptosis.

Rapid-interphase Apoptosis

Rapid-interphase apoptosis has been defined as cell death occurring immediately or within a few hours after irradiation.  This type of apoptosis was found to occur in radiosensitive mouse lymphoma cells at doses of 0.5 to 10 Gy.  It was found that a dose of 2.5 Gy causes 100% of the lymphoma cells to die by rapid-interphase apoptosis.  A 4 Gy dose was also found to cause 100% of the cells to undergo rapid-interphase apoptosis.  From 1.5 to 2.25 hours after irradiation, the normally moving lymphocytes became motionless.  At this point, membrane distortion and blebbing started to occur for about 10 to 20 minutes.  The cells then assumed a spherical shape and started to swell slowly for the next 4 to 6 hours and finally collapsed.
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Figure 7:  Rapid-interphase Apoptosis of a Mouse Lymphoma Cell

Postmitotic Interphase Apoptosis

In postmitotic interphase apoptosis, cells continue to divide after irradiation.  However, the cell and its offspring eventually die.  A radiation dose of 1 Gy was found to cause 87% of radiosensitive mouse lymphoma cells to undergo rapid-interphase apoptosis and 13% of the cells to undergo postmitotic interphase apoptosis.  Some of the 13% divided six times before commencing apoptosis.  However, most died after two, three, or five cell divisions.  Once the cells began apoptosis, the physical  changes observed were similar to cells experiencing rapid-interphase apoptosis.  Based on the observed 1 to 7 hour interval between final cell division and postmitotic interphase apoptosis, it was concluded that the cells were dying in the S phase (DNA synthesis phase) of the cell cycle.
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Figure 8:  Postmitotic Interphase Apoptosis
Delayed Aberrant Mitotic Apoptosis

The slowest form of apoptosis is classified as delayed aberrant mitotic apoptosis.  

This is when apoptosis occurs after a long delay in the cell cycle presumably at the G1-S boundary.  The delay could be caused by the expression of the p53 gene.  When human lymphoid cells were exposed to 4 Gy of radiation, 96.7% of the cells died by delayed aberrant mitotic apoptosis.  After irradiation, the cell cycle stopped and the cells started to swell to 1.5 to 2 times the normal size.  After about 16 to 28 hours most of the cells resumed the cycle and attempted to divide.  This attempted cell division was aberrant and produced offspring of different and abnormal sizes.  Over the next several hours, these offspring were found to fuse back to two cells and sometimes even to one cell.  After this, the cells behaviour became unpredictable undergoing rounds of membrane blebbing, cell distortion, further fragmentations, further fusions, formation of apoptotic bodies, and finally collapse of the cell fragments at different intervals.  Many of the fragments lasted up to 60 hours after irradiation. 
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Figure 9:  Delayed Aberrant Mitotic Apoptosis of a Human Lymphoid Cell

Mechanisms of Radiation Induced Apoptosis

Further studies of radiation induced apoptosis have lead to greater understanding of the molecular mechanisms involved.  Although the mechanisms for each type of radiation induced apoptosis is not exactly the same, the majority is quite similar.  Thus, a general model is proposed below.
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Figure 10:  Simplified Diagram of Radiation Induced Apoptosis Mechanisms

Cellular DNA damage resulting from irradiation will cause the expression of the p53 gene.  The cell will then attempt to repair the damage.  If the damage cannot be repaired, the p53 will affect Bcl-2 type proteins in the cell.  The mechanism by which the cell decides to commence apoptosis is based on a balance of signals.  Some Bcl-2 type  proteins are anti-apoptotic, while others are pro-apoptotic.  Bax is a Bcl-2 type protein which is pro-apoptotic.  The p53 gene will cause Bax to be expressed and a pro-apoptotic signal will be created.  Bax will then interact with the mitochondrial membrane by changing the electrical potential across the membrane.  This results in the opening of PT pores located in the membrane of the mitochondria.  Cellular fluids will then enter the mitochondria through these pores and cause the mitochondria to rupture.  The rupturing results in the release of more proteins such as cytochrome-c.  Cytochrome-c will bond with an Apaf-1 protein as well as with an enzyme called caspase-9 to form what is called an apoptosome.  Apoptosomes activate a chain of enzymes called effector caspases.

Expression of the p53 gene may also stimulate a death receptor called CD95 which is located at the cellular membrane.  This causes a death inducing signalling complex (DISC) to be formed in the cell at the CD95 receptor. The DISC activates an enzyme called caspase-8.  Caspase-8 will also activate effector caspases.  Some caspases are responsible for cleaving anti-apoptotic Bcl-2 proteins, which further strengthens the pro-apoptotic signal.

Another pathway for signalling the cell to undergo apoptosis is through the expression of enzymes called kinases.  Kinases are enzymes which transport phosphate groups and activate other kinases by phosphorylation.  Some mitogen activated protein kinases 
(MAPK) are anti-apoptotic, while stress induced protein kinases (SAPK) are pro-apoptotic.  Radiation can induce the production of ceramide in the membrane of the cell which leads to the activation of SAPK via activation of another kinase called MEKK1.  This activation of SAPK will therefore create a pro-apoptotic signal.  SAPK are found to activate effector caspases.  These effector caspases can activate more MEKK1 which then leads to the further activation of SAPK in a positive feedback fashion.  This positive feedback loop can result in a lot of SAPK being activated creating a strong pro-apoptotic signal.  The positive feedback loop will also activate a lot of effector caspases.

Caspases are enzymes which are responsible for the dismantling of proteins into amino acids.  Effector caspases are considered the executors of the apoptotic program.  They are directly responsible for the dismantling of several cellular structures such as the nuclear lamina and the cytoskeleton.  They are also responsible for the rearrangement of cellular components into apoptotic bodies.  After the formation of apoptotic bodies, the cell will shrink, fragment, and collapse.
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