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Abstract

In this study we examined loss of heterozygosity (LOH) on chromosome
13ql2-13 in 50 tumors from BRCA2 carriers in five families showing

strong evidence of linkage to BRCA2. In addition to high frequency of
LOH in female breast cancer, LOH was observed in tumors of the
prostate, ovary, cervix, colon, male breast, and ureter. All detected losses
involved the wild-type chromosome. These results suggest that BRCA2 is

a tumor suppressor gene and may be involved in the tumorigenesis of
several cancer types in addition to breast cancer.

Introduction

Segregation analyses have suggested that 5-10% of all breast

cancer may be due to inheritance of genes with high penetrance (1).
One of these breast cancer susceptibility genes, BRCA2, was recently
localized by linkage analysis to chromosome 13ql2-13. BRCA2 mu
tations may account for a substantial proportion of the high-risk breast

cancer families (2). Most of the genes known to be of importance in
the pathogenesis of human familial cancers are tumor suppressor
genes (3). Tumor suppressor genes are thought to be inactivated by a
"two-hit" mechanism, originally proposed by Knudson (4), to explain

the tumorigenesis of retinoblastoma. In hereditary cancer the first hit
would be a germline mutation in a specific cancer gene. The second
hit would be a mutation in or loss of the second copy of that gene in
the somatic cell. Recently reported results from LOH3 studies on

tumors from gene carriers have suggested that BRCA2 is a tumor
suppressor gene (5). In this study, we examined LOH in tumors from
members of five different families showing strong evidence of linkage
to the BRCA2 locus.4 Beside multiple cases of breast cancer in these

families, there have been frequent occurrences of malignancy in other
organs (Ref. 6; Table 1). To investigate the possible involvement of
the BRCA2 gene in the development of different tumor types, all
available tumor samples from the families were analyzed for LOH.

Materials and Methods

Cancer Patients from High-Kisk Breast Cancer Families. In this study

LOH analyses were performed on all available tumor samples from cancer
patients of five different high-risk breast cancer families. All the families

showed convincing evidence of linkage to the BRCA2 locus at chromosome
13q. The maximum Lod scores calculated for the families with markers at 13q
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are as follows: family 2, 1.9 with DI3S260: family 4, 1.8 with D13S267;
family 5, 3.2 with DI3S267; family 6, 2.3 with DÃŒ3S267;and family 7, 1.06
with D13S267. Clinical characteristics of the families have been reported
previously (6, 7). Information about affected organs and number of primary

tumors in each family are summarized in Table 1.
Tissue Samples. Blood was used if available; otherwise normal tissue was

obtained from formalin-fixed tissue embedded in paraffin. Tumor samples

were in all cases derived from paraffin blocks. By using a microscope, either
tumor cell-rich or normal cell-rich areas were marked on stained slides and the
corresponding areas then cut out from unstained 20-30-fj.m thick sections.

LOH Analyses. Peripheral blood and archive material was processed as
described (6, 8). DNA was amplified with PCR. The markers used were:
DI3S263, DI3S219. D13S220, D13S267, D13SI7I, DI3S260, afm238, and
DÃŒ3S217(9). PCR reactions were carried out in a volume of 25 fil containing
either 25 ng of DNA from blood or 1-2-jj.l aliquots of DNA prepared from

archive material, 0.5 units of DynaZyme polymerase (Finnzymes Oy), and the
1OX buffer supplied with the polymerase. Samples were subjected to 35 cycles
of amplification, consisting of 40 s at 94Â°C,40 s, at 55Â°C,and 30 s at 72Â°C,
followed by a final extension for 10 min at 72Â°C.The PCR products were

separated on 6.5% acrylamide sequencing gels. After contact blotting and
probing with nonradioactive probes (7, 10), autoradiographic results were
inspected visually. A deletion was scored if one alÃelewas absent or consid
erably weaker.

Results and Discussion

Tumor samples were available from 50 of the 58 tumors occurring
in cancer patients verified as BRCA2 carriers by haplotype analysis
(Table 1). LOH was detected in 28 of 33 breast tumors. Three of the
five breast tumors not showing LOH were from patients with bilateral
breast cancer, and in all three patients the tumor in the opposite breast
showed allelic loss. In addition to female breast cancer, seven prostate
tumors, six ovarian, one colon, one cervical, one male breast, and one
ureter tumor from BRCA2 carriers were analyzed for LOH. Of these
17 tumors, wild-type chromosome losses were detected in all except

1 ovary and 1 prostate tumor, which retained heterozygosity at all
informative markers (Table 2). Examples of alÃelelosses are shown in
Fig. 1 A and B. Tumor samples for LOH studies from family members
without suspected BRCA2 haplotype were available from three pros
tate, and two breast tumors. In all five tumors heterozygosity was
retained at all informative markers tested.

One of the breast tumors occurring in a BRCA2 carrier showed
partial deletion (Fig. 2), implying that BRCA2 is located telomeric to
D13S260. Deletions seen in other tumors always extended beyond the
chromosomal region of interest and did not provide information for
further narrowing down the localization of the gene.

The most likely explanation of the high frequency of loss of the
wild-type chromosome observed in the tumors of BRCA2 carriers

is a strong selection of tumor cells with both alÃelesof the BRCA2
gene being mutated. It suggests that BRCA2 is a tumor suppressor
gene. The reason why deletions at the BRCA2 locus were not found
in all tumors analyzed from the BRCA2 carriers could be that the
wild- type copy of the gene was inactivated by point mutations or
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Table 1 Affected ttrgans ami number of primary tumors in BRCA2 carriers from
five high-risk breast cancer families showing linkage to the BRCA2 locus

on chromosome liq

Family no.

Site of primarytumorBreastBilateral

breastBreast
andovaryOvaryMale

breastProstateColonCervicalUreterKidneyTestis2

4"6(1)"

4(1)1

213(1)

2(3)11571332(1)166(4)4112(2)73(2)12(2)

" In family 4. the kidney and the ureter tumors occurred in the same individual. This

same individual was also diagnosed with breast cancer.
' Numbers in parentheses, number of tumors occurring in family members not carrying

the suspected haplotype.

small internal deletions not detected by the markers used in the
study. Other possible interpretations are genomic imprinting or that
another tumor suppressor gene that is located close to the BRCA2
is the target of LOH. Genomic imprinting can be ruled out because
LOH observed in the 43 tumors of BRCA2 carriers involved alÃeles
inherited both from the mother and the father. Furthermore, LOH
breakpoints between RBI and BRCA2 seen in some of the samples
exclude the tumor suppressor gene RBI from being the target of the
deletion.

The results reported here, regarding LOH in breast cancer, are in
line with those recently published by Collins et al. (5) who found that
seven of eight breast tumors from BRCA2 carriers showed alÃeleloss
on the wild-type chromosome. Data on LOH in other tumor types

from BRCA2 carriers have not been reported previously. The losses
seen in the ovarian and male breast tumors support linkage data
suggesting the involvement of BRCA2 in the tumor development of
these two cancer types (2).4 Epidemiological studies have indicated a

link between breast and prostate cancer. (11-13) In 4 of the 5 families

analyzed here 16 males had developed prostate cancer (Table 1). Of
these 16 cases, 10 were BRCA2 carriers and 6 were noncarriers. The
deletion frequency seen in the prostate tumors from BRCA2 carriers
was 6 of 7 and the losses always involved the wild-type alÃeles.The
probability of obtaining these results if either chromosome was af-

Table 2 Deletion frequency at the BRCA2 locus on chromosome I3ql2-13 in tumors

from BRCA2 carriers

TumortypeBreast

cancerProstate
cancerOvarian
cancerCervical
cancerColon
cancerMale

breastcancerUreter
cancerDeletions

in tumors from
BRCA2carriers"28/33

(85%)6/7(86
%)5/6(83
%)1/1111/11/1

"The number of tumors manifesting deletion for at least three markers within the

BRCA2 region of the total number of tumors available for deletion analysis in each tumor
type.

X

W 189 194 192 188 157 154 190 156 151 272 193
T

AH IBS 194 19Ãœ lÃ¶Ã¶ 157 154 190 156 151 Â¿1Â¿ 1
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Fig. 1. A. LOH for marker D/.ÃŒS267in tumors from members of one of the families with incidence of prostate cancer in BRCA2 carriers (family 2). Samples 188, 157, 154, and
272 are from patients with prostate cancer. Other samples are from breast cancer cases. Samples 272 and 193 are from individuals not sharing the affected haplotype. All samples from
BRCA2 carriers that were informative showed loss of the wild-type alÃele.The sample marked CEPH (derived from individual 134702 in CEPH family 1347) was used for alÃelesize
determination (9). B. autoradiographs showing alleile loss for marker D1ÃŒS267in representative tumor samples from BRCA2 carriers in families 4 and 5. Samples 199, 198, and 118
were from individuals with prostate cancer; samples 205 and 195 were from individuals with ovarian cancer; patient 22 had both breast (TH) and ovarian (T,,) cancer; patient 197 had
bilateral breast cancer (T, and 7",,,left and right breast, respectively); samples 122 and 148 were from individuals with breast cancer. Sample 57 is from a male breast cancer case. N.

normal tissue; T, tumor. AO-ÃŒI
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Fig. 2. The figure shows a pari of chromosome 13q, relative position of the three
markers, and the distance between them (9). The autoradiographs show LOH results for
sample 216 where a partial deletion was found only to involve markers distal to D13S260.
The markers DI3S267ana DÃŒ3SI7Ishowed allelic loss, but heterozygosity was retained
at Dl3S2fiO. This implies that the target region (if the deletion is telomcric to D/3S2ftO.
thereby indicating that the BRCA2 gene is located distal to that marker. Recombinant
events described earlier localized the gene to 6-cM region between markers D13S267 and
DI3S289 (2). The data presented here shorten this region to 3 cM. N, normal tissue;
7. tumor.

fected at random is 1 in 64. The losses of wild-type alÃelesseen in

tumor of the prostate, colon, ureter, and cervix imply that BRCA2 may
be involved in the tumor development of these cancer types. BRCA2
carriers were seen to develop kidney and testical cancers in addition
to those included in this study (Table 1), but the LOH analyses of

these tumors were not possible because tumor material was not
available. From the number of different cancers seen in BRCA2
carriers and the consistent loss of the wild-type alÃelein the tumors, it

appears that certain mutations in the BRCA2 gene can influence
cancer development in several different organs in addition to the
breast.

Acknowledgments

The authors wish to thank A. Jonasdottir for laboratory assistance and
G. Eiriksdottir for reading the manuscript. We thank the Genetic Committee of
the University of Iceland, the Icelandic Cancer Registry, and the Oncology
Department of the University Hospital of Iceland for information regarding the
breast cancer families. We are also grateful to members of the families for
cooperation and to Professor J. Hallgrimsson and our colleagues at the
Department of Pathology for providing paraffin-preserved tissue samples.

References

1. Claus, E. B., Risch, N., and Thompson, W. D. Genetic analysis of breast cancer in the
Cancer and Steroid Hormone Study. Am. J. Hum. Genet.. 48: 232-241, 1991.

2. Wooster, R.. Neuhausen S. L., Mangion. J., Quirk, Y., Ford, D., Collins, N., Nguyen,
K., Seal, S., Tran, T., Averill, D., Fields, P., Marshall, G.. Narod, S., Lenoir, G. M.,
Lynch, H.. Feunteun, J., Devilee, P., Cornelisse, C. J., Menko, F. H., Daly, P. A.,
Ormiston, W., McManus, R., Pye, C., Lewis, C. M., Cannon-Albright, L. A., Peto, J.,

Ponder, B. A. J., Skolnick, M. H., Easton, D. F., Goldgar, D. E., and Stratton, M. R.
Localization of Breast cancer susceptibility gene. BRCA2, to chromosome 13ql2-13.
Science (Washington DC), 265: 2088-2090, 1994.

3. Knudson, A. G. All in the (cancer) family. Nat. Genet., 5: 103-104, 1993.

4. Knudson, A. G. Mutation and cancer: a statistical study of retinoblastoma. Proc. Nati.
Acad. Sci. USA, 68: 820-823, 1971.

5. Collins, N., McManus, R., Wooster, R., Mangion, J., Seal, S., Lakhani, S. R.,
Ormiston, W., Daly, P. A., Ford, D., Easton, D. F., and Stratton, M. R. Consistent loss
of the wild type alÃelein breast cancers from a family linked to the BKCA2 gene on
chromosome 13ql2-13. Oncogene, 10: 1673-1675, 1995.

6. Arason, A.. Barkardottir. R. B.. and Egilsson, V. Linkage analysis of chromosome
17q markers and breast-ovarian cancer in Icelandic families, and possible relationship
to prostatic cancer. Am. J. Hum. Genet., 52: 711-717, 1993.

7. Barkardottir, R. B., Arason, A., Egilsson. V., Gudmundsson, J., Jonasdollir, A.,
Johannesdottir. G. Chromosome 17q-linkage seems to be infrequent in Icelandic
families at risk of breast cancer. Acta Oncol., 34: 657-662, 1995.

8. Smith, S. A, Easton, D. F.. Evans, D. G. R., and Ponder, B. A. J. AlÃelelosses in the
region 17ql2-21 in familial breast and ovarian cancer involve the wild-type chro
mosome. Nat. Genet., 2: 128-131, 1992.

9. Gyapay, G., Morissette, J., Vignai, A., Dib, C., Fizames, C., Millasseau, P., Marc, S.,
Bernardi, G.. Lathrop, M., and Weissenbach, J. The 1993-94 GÃ©ncthonhuman
genetic linkage map. Nat. Genet., 7: 246-339, 1994.

10. Vignai, A., Gyapay, G., Hazan, J., Nguyen, S., Dupraz, C.. Cheron, N., Becuwe, N.,
Tranchant, M., and Weissenbach. J. Nonradioactive multiplex procedure for geno-
typing of microsatellite markers. K. W. Adolph (ed.). Methods in Molecular Genetics,
Vol. 1, Gene and Chromosome Analysis Part A., pp. 211- 221, San Diego, CA:

Academic Press, Inc., 1993.
11. Thissen, E. U. Concerning a familial association between breast cancer and both

prostatic and uterine malignancies. Cancer (Phila.), 34: 1102-1107, 1974.

12. Tulinius, H., Egilsson, V., Olafsdottir, G. H., and Sigvaldason, H. Risk of prostate,
ovarian, and endometrial cancer among relatives of breast cancer patients. Br. Med.
J., 305: 855-857, 1992.

13. Cannon, L., Bishop. D. T., Skolnick. M., Hunt, S., Lyon, J. L., and Smart, C. R.
Genetic epidemiology of prostate cancer in the Utah Mormon genealogy. Cancer
Surv., ;.â€¢47-69, 1982.

4832




