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Abstract

Heterozygous mutations in BRCA I or BRCA2 have been found to be associated with enhanced
cellular radiosensitivity with impaired proliferative capacity after irradiation and could predispose
increased risk of radiation-induced mutagenesis and carcinogenesis (1,2). Deficient repair
mechanism exhibited by lymphocytes from breast cancer patients provides associated vulnerability
to genotoxicity of ionizing radiation. Other genes may also play a role in terms of clinical radiation
hypersensitivity needed in predicting response to radiotherapy. However, relaxation of cell cycle
checkpoints, production of micronuclei, and loss of proliferative capacity which have been
exhibited by impairment of irradiated cells lacking functional BRCAI and BRCA2, accentuate the
notion that heterozygous women may respond differently to radiation. The radioactive protein
truncation test (PTT), utilized as screening procedure to detect frameshift mutations, can be
employed to clarify radiosensitivity of individuals carrying a mutated BRCAI gene. It can,
therefore, be incorporated in the series of clinical assays used in standard screening protocols for
prospective nuclear facility workers.

INTRODUCTION "show significant positive trends in cancer
mortality with cumulative radiation dose"

Workers in nuclear facilities typically undergo particularly among older personnel despite that
medical screening prior to, and during employment, received radiation exposures were well below the
as part of routine personnel monitoring in their limits defined by current standards. Studies indicate
respective institutions. Information acquired therein that the magnitude of radiation-cancer risk estimate
is used as a contributory source of information on is contentiously 10-folds the estimate from an A-
the health effects of radiation to address concerns bomb survivor (6,7,8,9). While a great deal about
about adequacy of radiation protection standards. the human health effects of radiation exposure has
Existing complete database of nuclear staff, been learned over the last 50 years, there is much
including their quantitative radiation dose exposure more that is poorly understood including the large
estimates obtained through the substantial work and uncertainties about potential cancer and non-cancer
attention given by the health physics staff at these effects, extent of genetic and reproductive effects,
facilities, allow researchers to follow them over and the effects of interactions between ionizing
time for study purposes geared towards continually radiation and other physicochernical exposures.
establishing appropriate radiation exposure limits Increasing susceptibility with age is consistent with
for worker protection (3). studies that show declines with age in immune

system efficiency and in body's ability to correctly
Quantitative evidence from these epidemiological repair DNA damage (10,11,12) but this may be
researches provide basis for the current radiation aggravated by certain genetic inadequacies as in the
protection standards used by the International case of individuals carrying germline mutations in
Commission on Radiation Protection (4,5). radiosensitive tumor suppressor genes.
However, there is a progressively growing concern
on low-level occupational exposure of nuclear Like its other tumor suppressor gene cousins,
facility employees to ionizing radiation provoked BRCA I, interplays in various biochemical pathways
by the significant increases in cancer deaths related to prevent proliferation of cancer cells in the
to radiation they received on-the-job. Though presence of environmental mutagens and
radiation workers tend to be a particularly healthy carcinogens. Certain mutations in these genes may
group of people, several studies of nuclear workers impair their significant biological function to
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subdue tumor progression. In this paper, we tackle proliferative capacity. Moreover, heterozygous
the effect of having a heterozygous BRCAJ BRCA1 and BRCA2 mutations led to enhanced
mutation on radiosensitivity of an individual and radiosensitivity coupled with impaired proliferative
consider its application in screening radiation capacity after irradiation (2). An earlier study noted
workers. that hypersensitivity of human cancer cells

containing mutated BRCAI can be reversed by the
expression of forms of BRCAJ that are not growth

RADIOSENSITIVITY AND BRCA]12 suppressing and requires the ring finger of BRCA1
(BARD domain), its transactivation domain, and its

The BReast CAncer susceptibility gene, type I BRCT domain. However, unlike BRCA2, BRCA1
(BRCAI) is a large gene of 22 coding exons does not function in the repair of double-stranded
spanning more than 70 kb of genomic DNA. It is DNA breaks but instead with transcription-coupled
located at chromosome l7q2I and isolated in 1994. DNA repair (TCR). TCR ability correlated with
Exon II corresponds to 61% of the total coding radioresistance as cells containing BRCA1 showed
sequence of 5592 nucleotides (13,14,15). The increased TCR and radioresistance; whereas, cells
corresponding protein (Brcal), composed of 1863 without BRCA1 showed decreased TCR and
amino acids having a molecular weight of 220 kDa, radiosensitivity. This finding indicates physiologic
is a tumor suppressor that seems to be consistently significance to interaction of BRCAI with the basal
observed to have a role in DNA recombination transcription machinery (23). All of these suggest
and/or repair as well as in transcriptional regulation that BRCA112 germline mutations could possibly
(16,17). predispose to increased risk of radiation-induced

mutagenesis and carcinogenesis (I).
Like BRCAJ, BReast CAncer susceptibility gene,
type 2 (BRCA2) spans more than 70 kb of genomic
DNA. Located at chromosome ]3ql2-13 (17,18), PROTEIN TRUNCATION TEST
the coding sequence comprises 26 exons (10,254
nucleotides) with exons 10, I 1, and 27 being the 3 Cancer predisposing genes commonly exhibit
large ones (18, 19). The corresponding protein mutations that result to truncated protein products.
(Brca2) has 3418 amino acid residues (384 kDa) Approximately eighty-six percent (86%) of
and is also believed to be a tumor suppressor (I 7). detected BRCA I mutations (24) as well as 20 of the

first 21 (95%) reported BRCA2 mutations (I 7,18,25)
Linkage studies suggest that mutations in BRCA112 generate a truncated protein. Other recent detected
are responsible for -80% of families containing mutations described in the BIC online database
multiple cases of early-onset breast cancer and are strengthen this contention (26).
associated with increased risk of cancers at other
sites including the ovary, prostate, and pancreas Protein truncation test (PTT), also referred as the in
(19,20). Other breast cancer-related genes include: vitro synthesized protein assay (IVSP), exploits the
HRAS, KRAS, NRAS, P53, ERBB2, CCNDI, principle of in vitro protein synthesis. PTT has been
FGFR 1, PTEN, A TM, and E-cadherin (2 1). utilized in at least 25 studies to screen a portion or

the entire BRCA I and/or BRCA2 coding sequences.
Since Brcal and Brca2 are thought to be The general strategy utilized in these studies entails
significantly involved in correctly repairing DNA cDNA to be used as PCR template for the 22
damage, a study assessed the association of smaller exons containing 39% of the coding
heterozygous mutations in BRCA112 with cellular sequence, while exon I I is amplified from genomic
radiosensitivity through in vitro radiation DNA.
clonogenic survival assay on dermal fibroblasts
obtained from BRCA heterozygotes and radiation- In PTT, the coding region of a gene is screened for
induced chromatic break assay on lymphocytes presence of translation terminating mutations using
from BRCA heterozygotes. Results from both de novo protein synthesis from amplified copy.
assays suggested that cells having heterozygous This procedure includes three important steps. First
mutation in BRCAI or BRCA2 were more step involves isolation of genomic DNA and
radiosensitive than controls (1). This corroborates a amplification of the target gene coding sequences
former study by the same author suggesting that using PCR, or alternatively, isolation of RNA and
radiation-induced chromatid breaks can be used as amplification of the target sequence using RT-PCR.
predictor of breast cancer risk (22). The resulting PCR products (Figure 1) are used as

template for the in vitro synthesis of RNA, which is
Examination of the death pathways of human cells subsequently translated into protein. Final step
with various BRCA I and BRCA2 genotypes after involves the SDS-PAGE of the synthesized protein
exposure to gamma-rays indicated defective repair (Figure 2). Shorter protein products of mutated
of DNA double-strand breaks in irradiated cells alleles are easily distinguished from full length
lacking functional BRCAI and BRCA2. This protein products of normal alleles. A schematic
impairment resulted in cell cycle checkpoints diagram of PTT is shown in Figure 3 (27).
relaxation, micronuclei production, and loss of
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MEDICAL SCREENING PROTOCOL
AUGMENTATION

Increased risk of mutagenesis and carcinogenesis
due to radiation exposure, as manifested by
irradiated cells lacking functional BRCA 112,
intensifies the possibility that of women carrying a
heterozygous BRCA112 mutation will respond

FIGURE 1: PCR products (-3.5kbp) of genornic differently to radiation.
DNA at exon I I from Filipino early-onset and/or
familial breast cancer patients using BRCAJ The Agency for Toxic Substances and Disease
primers described elsewhere (28). Lane 1 (500 bp Registry (ATSDR) established seven criteria that
ladder); lanes 2 and I I (negative controls), lanes 3- have to be met before a medical monitoring
10, 12-15 (PCR products). program was recommended when persons were

exposed to a radionuclide released from the
Hanford nuclear facility making them significantly

C C C C C 1 2 3 4 5 6 7 8 9 10 11 Lenathfaa) at increased risk for disease. These include: (a)

1143 evidence of exposure at a sufficient level of risk is
031 1019

-885 documented, (b) well-defined population is at risk,
-768
-679 (c), scientific basis exists for an association

504 -479 between exposure and health effects, (d) health
effects are detectable and amenable to prevention/

-289 280 intervention, (e) medical screening requirements
should be satisfied, (f) accepted treatment/

-175 -138 intervention exists and a referral system is available,
and (g) logistics must be resolved prior to program

FIGURE 2: An example of PTT products implementation (29). Such criteria can be adapted
separated by SDS-PAGE and visualized by for medical monitoring programs in nuclear
autoradiography (28). Notice the truncated protein facilities. Detection of BRCA 112 germline
products in lanes 1-1 I corresponding to germline mutations using PTT coupled with direct DNA
BRCA I mutations at exon I 1. sequencing can be incorporated in the medical

screening to strengthen this criterion and serve as
basis for computation of various risks.

With the integration of BRCA I PTT and knowledge
on the risks of cancer lethality by radiation in the

rr ha" "a* working population (4 x 1 0-2 per Sv for low-dose

exposures), we suggest that dose limits for
prospective radiation workers having heterozygous

Gwwm* DMk BRCAI mutations should be significantly reduced
EX(- F-_ to take into account increased risk of radiation-

a 3 A A% 1 2 3 4 5
MM induced carcinogenesis associated with theseAim 7

TMMOROM CO" mutations ( 1,4).
PM

draw A recent study reported that no mutations were

ArM + detected in 22 cancer patients who developed
severe normal tissue reactions after radiotherapy)
that were tested for the majority of commonly

_ATS described types of BRCA112 mutations using PTT,
V direct DNA sequencing and exon 13 duplication

test. This may indicate that genes other than
BRCA112 probably account for most cases of

AUO. Im PCR Pmkft clinical radiation hypersensitivity but further
FM mutation screening on radiation-sensitive

individuals is still considered necessary (30). We
therefore recommend that corroborating studies be

&44s" oko II- 0 5 performed to specifically determine dose limits for
heterozygous yet highly competitive individuals
seeking a position in a nuclear facility.A-WQM POW

FIGURE 3: Schematic diagram of the protein
truncation test (27).

3



ACKNOWLEDGEMENTS Laboratory through 1990", International
Journal of Epidemiology, 28(3):428-436

We acknowledge the financial assistance given by (I 999).
the following funding agencies: Department of
Science and Technology - Grant-in-Aid (DOST- 10. Richardson, D.B. "Testing radiation
GIA), Gender and Development (GAD), Philippine exposures: who sets the standards?", M,4PW
Council for Advanced Science and Technology 2000 National Conference, Australia (2000).
Research and Development (PCASTRD), and
University of the Philippines - Office of the Vice H. Cohen, H.J. "Biology of aging as related to
Chancellor for Research and Development (UP- cancer", Cancer, 74(7 Suppl):2092-2100
OVCRD). (1994)

12. Miller, R.A. "The aging immune system:

REFERENCES primer and prospectus", Science,
273(5271):70-74 (1996).

1 . Buchholz, T.A., X.F. Wu, et al. "Evidence of 13. Hall, J.M., M.K. Lee, et al. "Linkage of early
haplotype insufficiency in human cells onset familial breast cancer to chromosome
containing a germline mutation in BRCA I or 17q2 I", Science, 250:1684-1689 (1990).
BRCA2", International Journal of Cancer,

97(5):557-561 (2002). 14. Miki, Y., J. Swensen, et al. "A strong

2. Foray, N, V. Randrianarison, et al. "Gamma- candidate for the breast and ovarian cancer
rays-induced death of human cells carrying susceptibility gene BRCA I", Science,

mutations of BRCAI or BRCA2", Oncogene, 266:66-71 (1994).

18(51):7334-7342 (1999). 15. Smith, T.M., M.K. Lee, et al. "Complete

3. Wing, S., C.M.West, et al. "Recording of genomic sequence and analysis of 117 kb of
external radiation exposures of Oak Ridge human DNA containing the gene BRCAF',
National Laboratory: implications for Genome Research, 6(11):1029-1049 (1996).

epidemiological studies", Journal of 16. Thomas, J.E., M. Smith, et al. "Subcellular
Exposure Analysis and Environmental localization and analysis of apparent 180-
Epidemiology, 4(l):83-93 (1994). kDa and 220-kDa proteins of the breast

4. International Commission on Radiological cancer susceptibility gene, BRCAl", Journal
Protection. 1990 Recommendations of the of Biological Chemistry, 271(45):28630-
International Commission on Radiological 28635(1996).

Protection, First Ed, Oxford, Pergamon Press 17. Tavtigian, S.V., J. Simard, et al. "The
(I 99 1). complete BRCA2 gene and mutations in

5 . Morgan, K.Z. "Changes in international chromosome l3q-1inked kindreds", Nature
radiation protection standards", American Genetics, 12(3):333-337 (1996).

Journal of Industrial Medicine, 25(2):301-7 18. Wooster, R., G. Bignell, et al. Identification
(1994). of the breast cancer susceptibility gene

6. Geiger, H.J., D. Rush, et al. Dead reckoning: BRCA2. Nature. 378(6559):789-792.
a critical review of the Department of Published erratum appears in Nature.
Energy's Epidemiologic Research, 379(6567):749. (1995)

Washington, DC, Physicians for Social 19. Wooster, R., Neuhausen, S.L., Mangion, J.,
Responsibility (1992). Quirk, Y., Ford, D., Collins, N., Nguyen, K.,

7. National Economic Council. Occupation Seal, S., Tran, T., Averill, D. et al. 1994.
Illness Compensation for Department of Localization of a breast cancer susceptibilty
Energy Contractor Personnel, Washington, gene, BRCA2, to chromosome 13ql2-13.
National Economic Council (2000). Science. 265(5181):2088-2090.

8. Ritz, B. "Radiation exposure and cancer 20. Gayther, S.A., B.A.J. Ponder. "Mutations of
mortality in uranium processing workers", the BRCAI and BRCA2 genes and the
Epidemiology, 10(5):531-538 (1999). possibilities for predictive testing",

Molecular Medicine Today, Apr 97, 168-174

9. Richardson, D.B., S. Wing. "Greater (1997).

sensitivity to ionizing radiation at older age: 21. Birnbaum, D., F. Eisinger, et al. "Atlas of
follow-up of workers at Oak Ridge National Genetics and Cytogenetics in Oncology and

4



Haernatology", France. Intemet: http://www.
infobiogen.fr/services/ch-romcancer/Tumors/
breastID5018.htmi (23 April 2000).

22. Buchholz, T.A., X.F. Wu. "Radiation-
induced chromatid breaks as a predictor of
breast cancer risk", International Journal of
Radiation Oncology, Biology, Physics,
49(2):533-537 (2001).

23. Abbott, D.W., M.E. Thompson, et al.
"BRCA I expression restores radiation
resistance in BRCAI-defective cancer cells
through enhancement of transcription-
coupled DNA repair", Journal of Biological
Chemistry, 274(26):18808-18812 (1999).

24. Shattuck-Eidens, D., M. McClure, et al. "A
collaborative survey of 80 mutations in the
BRCA I breast and ovarian cancer
susceptibility gene: implications for
presymptomatic testing and screening",
Journal of American Medical Association,
273(7):535-541 (1995).

25. Phelan, C.M., J.M. Lancaster, et al.
"Mutation analysis of the BRCA2 gene in 49
site-specific breast cancer families", Nature
Genetics, 13:120-122 (1996).

26. Breast Cancer Information Core (BIC)
database. NHGRI, USA. Internet:
http://www.nchgr.nih.gov/lntramuraI - resear
ch /Lab-transfer/Bic (26 March 2002).

27. Hogervorst, F.B.L. "The protein truncation
test", Promega Notes Magazine, No. 62.7
(1997).

28. Garvin, A.M. "A complete protein truncation
test for BRCAI and BRCA2", European
Journal of Human Genetics, 6(3):226-234
(1998).

29. Agency for Toxic Substances and Disease
Registry. Hanford medical monitoring
program: background consideration
document and ATSDR decision. Atlanta
(GA), US Department of Health and Human
Services (1997).

30. Leong, T., J. Whitty, et al. "Mutation
analysis of BRCAI and BRCA2 cancer
predisposition genes in radiation
hypersensitive cancer patients",
International Journal of Radiation Oncology,
Biology, Physics. 48(4):959-965 (2000).

5


