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ABSTRACT: Eukaryotic cells, from yeast to man, possess evolutionarily conserved mechanisms to accurately and efficiently repair the overwhelming majority of DNA damage, thereby ensuring genomic integrity. Important repair pathways include base excision repair, nucleotide excision repair, mismatch repair, non-homologous end-joining, and homologous recombination. Defects in DNA repair processes generally result in susceptibility to cancer and, often, abnormalities in multiple organ systems. While signal transduction pathways have been intensely studied, epigenetic changes occurring in response to DNA damage are rapidly increasing in importance. Effective radiation and chemotherapy sensitization could result from selective inhibition of DNA repair in tumor cells. DNA damage repair is a dynamic field of research where the fruits of basic research often have important clinical implications. KEYWORDS: DNA damage; DNA repair; radiation; non-homologous endjoining; homologous recombination



DNA: STRUCTURE AND FUNCTION The structure of the deoxyribonucleic acid (DNA) consisting of two long nucleotide chains organized in a double-stranded helix with hydrogen bonding between complimentary bases was initially described by Watson and Crick in 1953 (FIG. 1a).1 Subsequently, the genetic code was elucidated to reveal that DNA bases (adenine, cytosine, guanine, thymine) encode genes that are transcribed to messenger ribonucleic acid (RNA), which are subsequently translated into proteins. Therefore, the DNA sequence contains instructions that determine the timing and amount of protein expression in a given cell type.2 The overwhelming majority of human DNA consists of introns that do not code for protein. The remainder of DNA consists of exons, which code for expressed proteins and regulatory DNA. DNA forms a complex and
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FIGURE 1. Base excision repair.
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FIGURE 2. The histone octomer consists of H2A, H2B, H3 and H4 dimers that form a globular core, whereas the N-terminal tails protrude and are accessible for post-translational modification.



highly regulated protein–DNA structure called chromatin. The most basic unit of DNA packaging is the nucleosome, consisting of 146 nucleotide length doublestranded DNA wrapped around an octamer of four pairs of histones H2A, H2B, H3 and H4 (FIG. 2) and connected DNA linkers to form a structure described as “beads on a string.” The human genome consists of 2.9 × 109 nucelotide pairs that are tightly packaged in 22 paired autosomal chromosomes and 2 sex chromosomes.3



DNA DAMAGE REPAIR IS A HIGHLY EFFICIENT PROCESS DNA plays a vital role in maintaining genetic stability. As a result, the processes of DNA replication and the repair of DNA damage are highly regulated to maintain an acceptable mutation rate to ensure that genetic stability will not be disrupted. Some common threats to this stability include heat, spontaneous metabolic events (oxidative damage, hydrolytic attack, and uncontrolled methylation), spontaneous base loss, ultraviolet radiation, ionizing radiation, and reactive oxidative species and environmental chemicals (e.g., cigarette smoke), all of which may result in DNA damage.4, 5 For example, DNA damage such as base loss resulting from spontaneous hydrolysis of DNA glycosyl bonds occurs at a daily rate of 104 per cell.6 However, more than 99.9% of accidental base changes will be successfully repaired by DNA
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repair mechanisms.7 Still, the importance of DNA repair is highlighted by a number of diseases caused by an underlying deficit in specific repair processes. Although there are many mechanisms by which DNA is damaged and repaired, the remainder of this article will focus primarily on cell response to DNA damage from ionizing radiation, the prototypical DNA damaging agent. Ionizing radiation is widely utilized in medicine for imaging (via X-rays, computed tomography scans, nuclear medicine, and fluoroscopy) and cancer therapy.8 Ionizing radiation produces a wide array of DNA lesions, including DNA base damage (abasic sites or base modification), single-strand breaks, double-strand breaks, sugar damage, DNA–DNA cross-links and DNA–protein cross-links.9 Importantly, radiation damage occurs in clusters rather than as single events more typical of naturally occurring DNA damage.10 All organisms are exposed to low levels of naturally occurring ionizing radiation damage, predominantly resulting from radon gas.11 Model organisms such as yeast are useful for exploring evolutionarily conserved DNA repair processes. As a result of this basic research, DNA damage repair is currently under intense investigation as a potential target for improving the efficacy of cancer therapy.12 The standard international unit of ionizing radiation dose is the Gray (Gy). Every cell exposed to 1 Gy of ionizing radiation will sustain 1000–2000 damaged bases, 800–1000 sugar damages, 1000 single-strand breaks, approximately 40 doublestrand breaks, 30 DNA–DNA cross-links and 150 DNA–protein cross-links.9 The cell may have three general responses to this damage: Most frequently, the cell will successfully repair the damage and survive without any consequences. Alternatively, the damage is not repaired, and the cell will die by mitotic death, apoptosis, or permanent growth arrest. The final pathway is misrepair, in which the cell survives with genetic changes.13 DNA repair responses are highly complex and remain incompletely understood. More than130 known DNA repair genes have been identified from the human genome.14 A review of the function of each of these genes is beyond the scope of this paper. Instead, key genes will be highlighted to illustrate integral concepts of DNA damage response. When DNA damage occurs, a sensor protein must first detect the damaged site. This is followed by recruitment of a signaling protein, generally an upstream kinase. Finally, mediator/regulator proteins transmit the signal to effector proteins, which determine the cell’s fate and/or the outcome of DNA damage repair.5 Some known examples of DNA damage repair processes are illustrated in the following sections of this paper.



DIRECT REVERSAL OF BASE DAMAGE A common example of spontaneous base damage is alkylation (most commonly methylation) at specific base sites. Additionally, some chemotherapy agents, including nitrogen mustard and temozolomide add alkyl groups at the O6 position of guanine.15 If unrepaired, DNA alkylation damage may result in direct cellular toxicity, mutations, or gene silencing. Therefore, repair proteins, such as the MGMT gene product, O6-methylguanine-DNA methyltransferase, can repair alkylation damage without having to break the sugar phosphate chain. In patients with impaired MGMT, temozolomide and nitrogen mustards in combination with radiation therapy are significantly more effective than in patients with functioning MGMT.16
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BASE EXCISION REPAIR When a mutated base is encountered (most commonly, cytosine spontaneously deaminated to uracil), it is recognized and removed by the enzyme uracil DNA glycosylase, resulting in an abasic site (FIG. 1).7 The enzyme AP (apurinic/apyrimidinic) endonuclease recognizes the abasic site and in conjunction with phosphodiesterase cleaves the sugar phosphate chain. DNA polymerase ß fills in cytosine, using the complimentary strand as a template, and the nick is sealed by DNA ligase III. The ends of DNA are capped by telomeres, which have a unique structure, preventing them from being recognized as single-strand breaks.17 Variations of this general mechanism are used to repair up to 10 damaged bases, sugar backbone, and single-strand DNA breaks.



NUCLEOTIDE EXCISION REPAIR More complex types of DNA damage, such as pyrimidine dimers, are corrected by a separate repair pathway. Thymine dimers caused by ultraviolet (UV) irradiation are detected by the xeroderma pigmentosum (XP)C-associated enzyme complex, which recognizes the structural distortion to the double helix (FIG. 3).18 A nuclease cleaves the phosphodiester backbone on both sides of the thymine dimer and the oligonucleotide (roughly 30 nucleotides in length) is removed by a protein called DNA helicase. The gap is repaired by DNA polymerase and DNA ligase, using the complimentary strand as a template. Interestingly, separate pathways are used to repair damage to genes undergoing active gene expression and transcriptionally silent genes. Xeroderma pigmentosum is a condition with defective nucleotide excision repair. The xeroderma pigmentosum genes encode at least seven proteins (XPA through XPG) that play important roles in nucleotide excision repair.19 Patients with this condition are extremely sensitive to ultraviolet radiation and have a ~10,000-fold increased risk of UV-induced skin cancer and progressive neurologic complications.9 Cockayne’s syndrome (mutation in genes CSA or CSB), a condition with defective transcription-coupled repair, results in an increased risk of UV-induced skin cancer and other clinical symptoms, including mental retardation, growth retardation, and retinal degeneration.20



DOUBLE-STRAND BREAK REPAIR: RECOGNITION AND SIGNALING PATHWAYS Double-strand breaks (DSBs) may occur naturally through background ionizing radiation, reactive oxygen species, and replication errors (such as stalled replication forks at sites of DNA damage).21, 22 DSBs also occur in the context of normal physiology, including meiosis, where they initiate the process of meiotic recombination and in lymphocytes where VD(J) recombination and class switching are necessary for proper immune function.23, 24 DSBs pose a greater threat to genomic stability because the complementary strand cannot be used as a template for high-fidelity repair. In yeast, a single unrepaired double-strand break (of a genome of 1.5 × 107 base
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FIGURE 3. Nucleotide excision repair.
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FIGURE 4. Gamma-H2AX foci visualized 20 minutes after 8 Gy in PC-3 prostate cancer cells.



pairs) is readily detected by DNA damage-response mechanisms and may result in global cell response and cell death.25, 26 DSBs also are widely acknowledged as the critical lesions determining cytotoxicity after ionizing radiation (IR).9 There is a complex repair machinery to recognize and attempt to respond to double-strand breaks by repair, modified gene expression, or apoptosis. After induction of a double-strand break by IR, the Mre11/Rad50/NBS1 (MRN) complex is recruited by free DNA ends and triggers autophosphorylation of ATM (ataxia telangiectasia mutated protein) at Ser 1981, resulting in ATM dimer dissociation and activation (FIG. 1).27, 28 Methylation of lysine 79 of histone H3 by the enzyme DOT1 is a sentinel event,28 and the methylated H3 recruits the signaling protein 53BP1.28 ATM, and related proteins, ATR (ataxia telangiectasia– and Rad3–related) and DNA-PKcs (DNA-dependent protein kinase catalytic subunit), are kinases which may have important functions in DNA damage repair and checkpoint response by phosphorylating proteins on SerGlu and ThrGlu sites.13 ATM plays a central role in DNA damage response by amplifying the damage signal. One of many important targets of ATM is histone H2AX Serine 139. Minutes after IR, γ-H2AX foci may be detected at DNA DSB sites that can be detected by a phospho-specific antibody (FIG. 4).29,30 After ATM activation, related signal transduction pathways may result in DNA damage repair (allowing for cell survival if the damage is successfully repaired), cell cycle arrest (preventing cells with damaged DNA from replicating), or programmed cell death (removing cells by apoptosis) (FIG. 5).
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FIGURE 5. DNA damage-response signal transduction.
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The important and diverse roles of ATM in DNA damage signaling, cell cycle control, and maintaining genomic stability are illustrated by studying patients with ataxia telangiectasia (homozygous ATM mutations). Ataxia telangiectasia is associated with cerebellar ataxia, immune deficiency, severe radiation sensitivity, oculocutaneous telangiectasia, neurologic deficits, and increased risk of cancer, particularly lymphoma.31 Additionally, there is evidence of increased cancer risk and radiation sensitivity among ATM heterozygotes.32 The MRN complex is another upstream signaling mechanism of DNA damage (FIG. 5).33 Similar to mutations to ATM, NBS1 mutations result in the Nijmegen breakage syndrome associated with G1/S checkpoint defects, impaired upregulation of p53 after radiation, neurologic deterioration and radiosensitivity.34 A mutation in Mre11 results in the ataxia telangiectasia–like disorder.35



NON-HOMOLOGOUS END-JOINING If the cell attempts to repair the double-strand break, the primary mechanisms are non-homologous end-joining and homologous recombination. Non-homologous end-joining is the simpler, but more error-prone mechanism. The Ku70/80 complex senses and binds to DNA ends and recruits DNA-PKcs (FIG. 6).36 The DNA-PKcs stabilizes DNA ends by holding them in close proximity in a process called synapsis.37, 38 The endonuclease Artemis is activated by ATM and processes the DNA double-strand ends, allowing them to be rejoined by non-homologous end-joining.39 In the majority of cases, one or more nucleotides, particularly 5′ or 3′ overhangs, are trimmed from the ends by the Artemis/DNA–PKcs complex and/or the MRE11 exonuclease. The XRCC4 gene product binds to DNA ligase IV, which ligates the broken ends.40 This process is highly error-prone, and the deleted DNA will result in mutation unless the sequence is non-coding and non-essential. In species with relatively small genomes, including yeast, bacteria or Drosophila, non-homologous end-joining is an uncommon mode of double-strand break repair.7 However, in mammalian cells, where more than 90% of DNA is non-coding, non-homologous



FIGURE 6. Non-homologous end-joining.
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end-joining is a common approach to repairing DNA damage and is better tolerated. This process is well characterized, particularly in the context of VD(J) recombination, where the high mutation rate results in the evolutionary advantage of immunologic diversity capable of responding to a wide array of antigens.41 Since a sister chromatid is not needed for this repair pathway, non-homologous end-joining predominates in G1. Mutations in any of the key genes regulating non-homologous end-joining result in significant sensitivity to ionizing radiation.42 The phenotype of mice with a DNA–PKcs deficiency is that of severe combined immunodeficiency (SCID) syndrome due to impaired VD(J) recombination and radiation sensitivity.37 Deficiencies in Artemis also yield a SCID-like radiosensitive phenotype,43 and mutations in Ku70/80, XRCC4. and ligase IV demonstrate significant radiation hypersensitivity.9,44 However, deficits in non-homologous end-joining do not significantly increase the risk of carcinogenesis.



HOMOLOGOUS RECOMBINATION Homologous recombination is much more accurate and complex than nonhomologous end-joining. Here, we present a highly simplified description of the process. The double-strand breaks are initially sensed by the MRN complex and the ends are processed by Mre11 and RPA, among other proteins (FIG. 7).45 The mediator protein Rad52 plays a role in the search for a homologous DNA sequence. After end processing, the 3′ single strands and the homologous DNA are loaded to the recombinase machinery. The primary recombinase in eukaryotic cells is Rad51. Emerging data suggest that BRCA1 and BRCA2 also play important roles in homologous recombination.46,47 Crossed DNA strands or “Holliday junctions” further stabilize the joint molecule,46 and high-fidelity DNA synthesis occurs using the intact homologous DNA as a template (FIG. 7). After completion of synthesis, Rad54 allows for separation of the DNA strands and certain nucleases free Holliday junctions.46 Homologous recombination is favored in S and G2 phases because an intact sister chromatid is readily available to serve as a template. Interestingly, the S phase corresponds to the most radio-resistant phase of the cell cycle suggesting that doublestrand breaks are accurately and rapidly repaired by intact homologous recombination. In G1, homologous recombination is possible, but much less common, because the broken ends must be juxtaposed with homologous non-sister chromatid. While homologous recombination is considered more accurate than non-homologous end-joining in repairing homologous recombination, unregulated homologous recombination can play a role in carcinogenesis by means of a heterozygous mutated allele as a template for gene conversion. This process, described as loss of heterozygosity, is seen in the natural history of cancer from dysplasia to invasive cancer. For example, in patients with Bloom syndrome, the BLM helicase is mutated, resulting in excessive homologous recombination.48 These patients are growth-retarded and immune-deficient; they demonstrate impaired spermatogenesis and are susceptible to developing cancer.9 A related condition, Werner’s syndrome, also involves a mutated helicase and is associated with premature aging and cancer susceptibility.49 In general, cells with defective homologous recombination, but intact nonhomologous end-joining, are moderately radiosensitive, but demonstrate significant



253



FIGURE 7. Homologous recombination.
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cancer susceptibility. BRCA1 and BRCA2 are associated with an approximately 85% lifetime risk of breast cancer and a 10–40% lifetime risk of ovarian cancer.50 BRCA1 and 2 have additional functions unrelated to homologous recombination.51 The cancer susceptibility is partly related to defects in homologous recombination and partly due to using more error-prone pathways, such as single-strand annealing (a double-strand break repair mechanism that utilizes local homology of the 3′ single strand) to repair double-strand breaks.52 While BRCA1 and 2 cells are only moderately radiosensitive, they are extremely sensitive to drugs, such as cisplatin and mitomycin C. that work by DNA intra-strand cross-linkers.53 An unresolved issue is why BRCA1 and 2, genes expressed in most cell types, are associated primarily with an increase in breast and ovarian cancers. All mutants that interfere with non-homologous end-joining (either upstream signaling mutations such as ATM and NBS1 or downstream effector mutations such as XRCC4 or ligase IV) render cells markedly radiosensitive, whereas the effect of mutations affecting homologous recombination on radiosensitivity is less dramatic. It is possible that the clinically significant IR-induced double-strand breaks are too complex for effective homologous recombination. Armed with these data, it is tempting to speculate that non-homologous end-joining is the biologically most significant process for handing IR-induced double-strand breaks. However, this hypothesis remains to be verified by experimental data.



MISMATCH REPAIR During the process of DNA replication and homologous recombination, base– base mismatches, base insertion and deletions, may be introduced.54 For instance, single base-pair mismatches occurring during replication are occasionally not corrected by the “proofreading” function of DNA polymerase. Misrepairs may result from homologous recombination, while insertions and deletions may result from slippage of DNA polymerase during replication. Clinically, these small insertions and deletions are called microsatellite instability, because microsatellite regions consist of simple repetitive sequences that tend to induce DNA polymerase slippage during replication. Failure to remove these errors results in the patient’s susceptibility to accumulating spontaneous mutations. The MutS protein (consisting of MSH2 and MSH6) recognizes and binds to mismatched bases.55 Another protein, MLH1, contributes to excising the mismatched base. In addition to these specialized genes, mismatch repair overlaps significantly with enzymes involved with base excision repair and nucleotide excision repair to accomplish synthesis of correct bases and religation of DNA ends. Mutations to MSH2 and MLH1 are associated with hereditary non-polyposis colon cancer syndromes (Lynch I and II) that increase the risk of colorectal cancer, endometrial cancer, and other malignancies.56



EXPERIMENTAL METHODS FOR STUDYING DNA BREAKS Classical methods for studying DNA breaks include pulsed-field gel electrophoresis and the Comet assay.11 In pulsed-field gel electrophoresis, alternating di-
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rection of current while varying pulse time can separate large pieces of DNA, thereby identifying DNA breaks. The Comet assay or single-cell gel electrophoresis quantifies the amount of damaged DNA, which travels more rapidly in the “tail,” whereas the intact DNA forms the head. Running these assays at alkaline conditions will focus on single-strand breaks, whereas neutral conditions are used to study double-strand breaks. While these assays represented a significant advance over the sucrose gradient sedimentation, neutral filter elution and nucleoid sedimentation technique, these assays are all rather cumbersome. Quantifying gamma-H2AX after radiation represents a relatively convenient method for quantifying IR-induced DNA double-strand breaks (FIG. 4).57,58 By using the phosphospecific antibody to Serine 139 on H2AX, a linear correlation between dose, measured double-strand breaks by pulsed-field gel electophoresis, and H2AX foci have been demonstrated.59 Additionally, the H2AX foci are cleared over time, suggesting that DNA double-strand break repair can be followed in vitro.30 However, the identification of gamma-H2AX after forms of cell stress not associated with double-strand breaks (e.g., hypoxia and hydrogen peroxide) calls into question the specificity of gamma-H2AX as a reporter of double-strand breaks in certain circumstances.60 Other molecular methods for studying DNA damage repair have employed fluorescent antibody– and green fluorescence protein–based approaches for visualizing subnuclear repair foci at sites of DNA damage.61



CLUSTERED LESIONS: A CRITICAL ENDPOINT FOR CANCER THERAPY? It is hypothesized that multiply damaged sites, which are most commonly produced by ionizing radiation, may be particularly difficult to repair.10 Indeed, attempted repair of clustered base damage or abasic sites has been shown to result in double-strand breaks.62 Additionally, certain types of ionizing radiation, such as high-energy neutrons, produce a particularly high incidence of multiply damaged sites. Neutron radiation is associated with a particularly high rate of treatment-related complications, demonstrating the challenge of repairing these lesions.9 Doublestrand breaks are considered a subset of clustered lesions, but the mechanisms of repair and the biologic significance of these lesions remains an active area of investigation.63 These data raise the possibility that mechanisms for repairing physiologic double-strand breaks may not be those employed in the repair of IR-induced double strand breaks and multiply damaged sites. It may be interesting to characterize the types of DNA lesions found at sites of repair foci that persist several hours after double-strand break induction (gamma-H2AX or type III MRN foci), which may correspond to unrepaired or difficult-to-repair lesions.64 Emerging experimental data demonstrate that easily repaired lesions (e.g., abasic sites, base damage, endogenous double-strand breaks) are handled without activating ATM or ATR.5 In contrast, ATM is routinely activated by exogenous double-strand breaks, although a global DNA damage response (i.e., activation of checkpoint control or apoptosis) does not necessarily occur. However, full activation of ATR or ATM is observed when DNA repair is blocked experimentally.5
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