Genetic hypersensitivity to ionizing radiation  ESA 22.3.2012

Minna Kankuri-Tammilehto1, PhD, MD; Eeva Salminen2, PhD, MD
1Dept. of Clinical Genetics, 2Dept. of Oncology and Radiotherapy
Turku University Hospital and STUK, Radiation and Nuclear Safety Authority
Helsinki, Finland

Abstract

 Exposure to medical radiation has increased over the past years significantly and it constitutes to a major part of exposure to radiation in high income countries. Genetic hypersensitivity to ionizing radiation has been observed in subjects carrying some genetic syndromes. On cellular level specific gene expression seems to correlate with cancer cell sensitivity to radiation. Eight syndromes with hereditary genetic sensitivity were identified. Additionally, genetic profiles with increased cancer cell sensitivity have been reported. Radiosensitive phenotypes are important in prediction of individual radiation sensitivity. In future the challenge is to manage the use of appropriate diagnostic imaging and to investigate the optimal fractionation of radiotherapy (RT) in patients with radiosensitive genotype and to apply the knowledge on cellular radiation sensitivity.  The ability to understand human genetic variation and radiation sensitivity leads toward personalized medicine in radiation applications in health care.
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Genetic effects of ionizing radiation

Ionizing radiation (IR) includes electromagnetic waves of very short wavelength (x-rays and gamma-rays) and high-energy particles (alpha particles, beta particles and neutrons) in which X-rays, gamma rays and neutrons have a great penetrating power. The proportional share of medical radiation due to computed tomography imaging has increased substantially in high income countries contributing to the biggest share in general medical radiation exposure (UNSCEAR 2008). Risks included in radiation are of concern among subjects with inherited sensitivity to radiation (Clarke and Southwood 1989)
Normally, the majority of mutations in cells occur spontaneously, and they occur through errors in DNA replication and repair. Ionizing radiation has both mutagenic and carcinogenic effects.  IR induces DNA double-strand breaks, which can result in loss or rearrangement of genomic material leading to cell death or carcinogenesis. Normally, the cellular mechanisms involved include DNA repair, cell cycle checkpoint arrest, and apoptosis, which together serve to limit the generation of mutations and the proliferation of damaged cells. No threshold for the mutagenic effect with IR has been identified. However, it has been observed that a larger dose of IR causes more mutations than a smaller one.
IR has a cumulative genetic effect in man. Children are more sensitive to radiation (Preston et al 2003) and to carcinogenic effects of ionizing radiation than adults (Kleinerman et al. 2009). Radiotherapy when used for benign diseases has increased the risk for certain IR related tumors, such as leukemia or thyroid cancer (Kleinerman et al. 2009). Therapeutic levels of IR  during the first months of pregnancy delivered to a  fetus can cause an increased risk of major anomalies. Exposure of gonads to IR at any time before conception may have a low risk of producing a pathogenic mutation to the offspring. However, previous cancer treatments including therapeutic IR on other regions and non pregnant women have not been reported to increase the risk for inherited genetic diseases in the offspring. Somatic mutations my cause adult onset disease such as cancer, but the tendency does not seem to be transferred to offspring. 
Hypersensitivity to ionizing radiation in certain inherited cancer predisposition syndromes

Several factors contribute to the development of cancer among persons with previous radiotherapy or certain inherited cancer predisposition syndromes. The factors include inactivation of tumor suppressor genes, alterations in DNA repair genes and immunodeficiency. Classical two-hit hypothesis describes that somatic mutations are needed before cancer predisposition occurs among subjects with inherited mutated tumor suppressor genes (Knudson 1991). Less than 10 % of tumors are associated with inherited cancer predisposition syndrome.
In Gorlin syndrome (nevoid basall cell carcinoma syndrome) tumors arise with homozygous inactivation of the gene in a two-step mechanism of tumorigenesis (Levanat et al. 1996) which implies that it normally functions as a tumor suppressor. In contrast, hemizygous germ-line mutations lead to multiple congenital anomalies typical in Gorlin syndrome. Epidemiologic studies have shown that children with retinoblastoma (Rb), neurofibromatosis type 1 (NF1), Li-Fraumeni syndrome (LFS), and nevoid basal cell carcinoma syndrome (NBCCS) are at substantial risk of developing IR-related second 
A radiation dose-response for bone and soft-tissue sarcomas has been observed in hereditary Rb patients. In patients with neurofibromatosis 1 radiotherapy should be avoided in the treatment of opticus glioma as the risk of IR-related cancer is clearly defined and opticus glioma usually behaves as a benign disorder (Kleinerman 2009).  High relative risks for second and third cancers have been observed in Li-Fraumeni syndrome family members, especially children, possibly related to radiation exposure. Children with Gorlin syndrome are very sensitive to IR and develop multiple basal cell cancers in the fields of radiotherapy. Severe reactions to standard doses of radiotherapy have been seen in ataxia teleangiectasia patients (Inskip 2007). Approximately 20 % of patients with Bloom’s syndrome develop neoplasms, and half of these before the age of 20 years. In the patients with Bloom’s syndrome ionizing radiation may require reduction of the dosage and / or the duration of the treatment. The use of computed tomography imaging  is contraindicated in the patients with Nijmegen breakage syndrome, instead, magnetic resonance imaging should be the imaging method of choice  (Bekiesińska-Figatowska et al. 2004).
How to take IR hypersensitivity into account  

The 5-year relative survival rate among children diagnosed with cancer has reached 80 % (Jemal 2008). IR-induced cancers are now more frequently recognized as radiotherapy has become common and survival after the cancer treatment has increased. Concern has been expressed about the risk of subsequent cancer after the radiotherapy (Inskip 2007). It is important to take into consideration patient’s hypersensitivity to radiation and what preventative methods are possible for patients at high risk for cancer.
The follow-up for those with Bloom’s syndrome could be cervical screening, regular oral examination by dentist and regular colonoscopy. The attenuated familial adenomatous polyposis (FAP) phenotype has been observed in some adult patients with Bloom’s syndrome (Lowy et al. 2001). Cancer is the most common cause of death in Bloom’s syndrome. In the patients with Li-Fraumeni syndrome magnetic resonance imaging for detecting breast cancer is advisable rather than routine mammography screening.
It is estimated that from 5 to 15 % of breast cancer cases are among those women who are heterozygous ATM mutation carriers (Thompson et al. 2005). Carrying heterozygous ATM gene causes a moderate risk to breast cancer (Thompson et al. 2005). This genotype may additionally increase risk for other cancers, such as ovarian, gastric and colorectal cancer, and therefore more research is needed (Thorstenson et al. 2003, Thompson et al. 2005). It is not clear whether mammographic screening is beneficial in ATM mutation carriers as radiation causes DNA damage (Li et al. 2010). Magnetic resonance imaging is a sensitive screening tool for women at high risk of breast cancer, such as BRCA1 and BRCA2 carriers, and it may be used in the follow-up for ATM mutation carriers (Kriege et al. 2004). Heterozygous BLM mutation carriers with certain mutations occurring among Ashkenazi Jewish and Japanese population seem to increase the risk for colorectal cancer, but more studies are needed to determine the magnitude and significance of that risk. 
More studies are needed on relation of IR hypersensitivity and cancer development
Some studies have investigated whether the fibroblast cells of xeroderma pigmentosum or Cockayne syndrome are sensitive for irradiation (Arlett et al. 2008). There is no convincing evidence that the patients with xeroderma pigmentosum would have hypersensitivity to ionizing radiation. Xeroderma pigmentosum is an autosomal recessive disorder with characterized hypersensitivity to UV light, pigmentation abnormalities in sun-exposed areas of the skin and very highly increased risk of UV-induced skin cancers because of the damage in nucleotide excision repair pathway. Cockayne syndrome cells seem to be sensitive to oxidizing agents, including ionizing radiation, and the exact mechanism of radiation induced DNA is the topic area in the research (Waards et al. 2004, Cramers et al. 2011).
RAPADILINO syndrome is an autosomal recessive disorder characterized by short stature, radial ray defects and other malformations, as well as infantile diarrhea, but not by a significant cancer risk. Four different mutations in the RECQL4 gene were found in the Finnish patients (Siitonen et al 2003). The tissue expression of Recql4 in mouse well agrees with the tissue symptoms of RAPADILINO. Also, Rothmund-Thomson syndrome is due to mutation in RECQL4 gene. Rothmund-Thomson syndrome patients are hypersensitive to IR, but it is not yet known whether RAPADILINO patients are hypersensitive to IR.
In countries of the European Union efforts are ongoing to improve the diagnostic of and treatment of rare diseases. A significant number of patients have a rare cancer predisposition or hypersensitivity to IR due to congenital genetic changes. Studies among the patients with inherited genetic predisposition syndrome can provide insights into the interaction between IR and changes leading to malignancies. Applying genomics is gaining increasing importance in cancer care (Kriege et al 2004, Feero and Guttmacher 2010). Understanding how multiple variants interact with each other and with radiation an dphenotypic risk modifiers should be considered when developing risk prediction models to inform intervention strategies (Travis, LB et al 2012). Better understanding of the exact cellular mechanism and genetic and epigenetic changes will also help other patients especially those who are exposed to high doses in interventional or diagnostic radiology or treated with radiotherapy. More research is needed about the hypersensitivity of those who are carriers of a disease gene linked with specific syndromes. In future, gene expression profiles may have a role in designing protocols for diagnostic imaging and treatment programmes taking into account individual genetically based radiation sensitivity.
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