variants. Furthermore, probe cyclization
reactions depend on an intramolecular
reaction as opposed to reaction between
pairs of independent probe molecules as
in amplification by the polymerase chain
reaction. Thus, there should be fewer prob-
lems with nonspecific reactions resulting
from interactions between noncognate pairs
of probe segments with cyclizable probes.
The present probe design should permit the
simultaneous analysis of multiple gene se-
quences in a DNA sample.

_ In conclusion, the nucleic acid probe pre-
sented here permits highly specific detection
of nucleotide sequences and, although the
target is not amplified, highly sensitive detec-
tion is possible through efficient reduction of
nonspecific signal. Circularizable probes
should be applicable in a number of other
contexts, including the detection of specific
RNA molecules expressed in tissue sections as
T4 DNA ligase can assist in ligation reactions
involving RNA strands (8). Moreover, immo-
bilized padlock probes could be useful for pre-
parative purposes, such as trapping circular
target molecules from solution when screen-
ing gene libraries.
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Localization of a Breast Cancer Susceptibility
Gene, BRCA2, to Chromosome 13q12-13
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A small proportion of breast cancer, in particular those cases arising at a young age, is
due to the inheritance of dominant susceptibility genes conferring a high risk of the
disease. A genomic linkage search was performed with 15 high-risk breast cancer families
that were unlinked to the BRCAT locus on chromosome 17q21. This analysis localized a
second breast cancer susceptibility locus, BRCA2, to a 6-centimorgan interval on chro-
mosome 13q12-13. Preliminary evidence suggests that BRCA2 confers a high risk of
breast cancer but, unlike BRCA1, does not confer a substantially elevated risk of ovarian

cancer.

In 1990, a breast cancer susceptibility gene,
known as BRCAI, was localized to chromo-
some 17q (1). Subsequent studies demonstrat-
ed that BRCAI accounts for most families
with multiple cases of both early-onset breast
and ovarian cancer and about 45% of families
with breast cancer only, but few if any families
with both male and female breast cancer (2).
Several other genes can confer susceptibility
to breast cancer. Germline mutations in the
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p53 gene on chromosome 17p cause a wide
range of neoplasms including early-onset
breast cancer, sarcomas, brain tumors, leuke-
mias, and adrenocortical cancer (3). Certain
rare abnormalities of the androgen receptor
appear to be associated with breast cancer in
men (4), and epidemiological studies have
suggested that heterozygotes for the ataxia
telangiectasia gene, AT, on chromosome
11q are at elevated risk of breast cancer
(5). However, mutations in p53 and AT
can only be responsible for a small minor-
ity of breast cancer families that are un-
linked to BRCAI -(6).

To localize other genes that predispose
to breast cancer, we performed a genomic
linkage search using 15 families that had
multiple cases of early-onset breast cancer
and that were not linked to BRCAI. These
families were classified according to the
number of cases of female breast cancer,
male breast cancer, and ovarian cancer (Ta-
ble 1). In addition to a negative lod score
(logarithm of the likelihood ratio for link-
age) with markers flanking BRCALI, all but
one of the families used for this study had at
least one breast cancer case diagnosed be-
fore age 50 that did not share a BRCAI
haplotype with other breast cancer cases in
the family. The exception, CRC 136, had
an obligate sporadic case diagnosed at age
53. Families were genotyped with polymor-
phic microsatellite repeat markers (7, 8).
Typing of the markers DI13S260 and
D13S263 provided provisional evidence for
the presence of a susceptibility gene on
chromosome 13, which was subsequently
confirmed by analysis of additional poly-
morphisms in the region.
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Two-point lod scores were calculated The proximal part of chromosome 13 in  kinase genes that are related to the FMS
for a set of closely spaced markers on  which BRCA2 is situated commonly shows  proto-oncogene (13) and the FTEI gene,
chromosome 13q (Table 2) (9). Ten other  loss of heterozygosity (LOH) in sporadic =~ which may act as an effector of the v-fos
markers were typed to confirm the seg-  breast and ovarian cancers, suggesting that  oncogene and is a mammalian homolog of a
regation of haplotypes. The order of BRCA2 is inactivated during oncogenesis  yeast gene involved in protein import into
markers and intervals between them (in  (10). However, the tumor suppressor gene  mitochondria (14).
centimorgans) is 13cen-D13S283-(3)-  RBI is also located in this region and may Like BRCAI, BRCA2 appears to confer
D13S221-(2)-D13S120-(2)-D13S217-  account for the LOH observed. Indeed, so-  a high risk of early-onset breast cancer in
(5)-D13S289/D13S290-(3)-D13S260-(1)-  matic mutations in RBI have been reported ~ females; previous segregation analysis of the
D13S171-(2)-D13S267-(2)-D13S220/  in sporadic breast cancers (11). However, largest BRCA2-linked family (Utah 107)
D13S219-(5)-D13S218-(5)-D13S263-  the presence of numerous recombinants be-  indicated a risk of 87% by age 80 (15),
(8)-D13S155-(2)-D13S153-13qter (10).  tween RBI [the marker D13S153 is within ~ which is comparable to the BRCAI pen-
The maximum total multipoint lod score  the RBI gene (12)] and the disease in  etrance. However, other aspects of the
with markers D13S260 and D13S267 was  linked families indicates that BRCA2 isnot ~ BRCA2 phenotype may differ from the
9.58 at a location 5 cM proximal to  RBI. Other candidate genes within 13q11-  BRCAI phenotype. For example, in the two
D135S260. However, the admixture test 14 include members of a family of tyrosine  families showing the strongest evidence of
indicated significant evidence of hetero-
geneity (P = 0.001) with an estimated
proportion of 13q-linked families of 74%  Table 1. Breast cancer families used in the genome search for BRCA2. FBC, female breast cancer; MBC,
(95% CI 35 to 97%). Under the assump- male breast cancer; OvC, ovarian cancer.
tion of heterogeneity, the maximum total

lod score was 11.65 and the most likely _ Number Number of Number ~ Number  Lodscore  Number of
location for BRCA2 was coincident with Family of FBCs FBCs ugg o of MBCs of OvCs  at BRCAT* sporad;‘c
D13S260. Multipoint lod scores at age cases
D13S260 for each family are shown in  CRC 007 7 5 0 0 —-1.45 2
Table 2. The haplotypes confirmed coseg- ~ CRC 018 5 3 0 0 —-0.41 1
regation of chromosome 13q markers with ~ CRC 028 3 2 1 0 0.04 1
the disease (an example from CRC 186 is CRC 135 6 4 0 0 —0.49 1
. . CRC 136 6 4 0 0 —0.02 1
shown in Fig. 1). Two recombinants place  src 186 16 15 1 1 o6t 7
BRCA?2 telomeric to D13S289, in breast  |aRC 2932 15 10 0 0 —2.02 3
cancer cases diagnosed at ages 43 and 39  Leiden 49 4 4 1 4 -1.11 1
(in families JARC 2932 and CRC 186, Utah 107 38 25 3 6 -3.57 7
respectively). One recombinant in a bi-  Utah 1001 14 1 0 0 —0.48 2
lateral breast cancer case diagnosed at  Utan 1929 4 4 0 0 -o.4 1
. Utah 2027 4 4 0 0 —-1.14 1
ages 38 and 41 in Utah 107 places the ;7 5043 5 5 1 1 044 1
gene centromeric to D13S267. The dis-  (tah 2044 9 6 1 4 ~1.40 4
tance between these two markers is esti-  Utah 9018 5 5 0 0 -0.53 1

mated to be 6 cM (7), and these flanking G b e on 0175250 and D175579, whioh flank BRCAT i an interval of approximately 6 oM, or
markers place BRCAZ in a physical region closer flanking markers.  tMinimum number of cases affected with breast cancer under age 60 or ovarian cancer that
defined by 13q12-13. do not share a 17q haplotype.

Table 2. Two-point and multipoint lod scores for chromosome 13g markers in breast cancer families showing evidence against linkage to BRCAT.

Multipoint
Two-point lod scores at recombination fractions of 0.00 and 0.05 lod
score*
Family

D13S289 D13S260 D13S267 D13S219 D135263 D135260-

0.00 0.05 0.00 0.05 0.00 0.05 0.00 0.05 0.00 0.05 D138267
CRC 007 -1.23 -0.81 0.77 0.65 0.22 0.16 0.29 0.24 -0.30 -0.11 0.97
CRC 018 0.73 0.62 0.78 0.67 0.26 0.21 0.10 0.08 —0.48 -0.27 0.84
CRC 028 0.00 0.00 -0.02 0.00 0.26 0.21 0.02 0.01 -0.67 -0.41 0.15
CRC 135 0.43 0.36 0.15 0.12 0.14 0.12 —0.06 -0.04 -0.54 -0.32 0.29
CRC 136 -1.26 -0.84 -1.07 -0.75 -0.57 -0.42 -0.28 -0.10 -1.06 -0.71 —1.24
CRC 186 -0.30 0.03 1.84 1.60 2.35 2.08 1.00 0.84 4.08 3.67 3.70
IARC 2932 -0.03 0.10 1.33 1.22 0.80 0.67 1.62 1.38 -0.72 -0.17 1.93
Leiden 49 —0.65 -0.37 0.08 0.06 -0.21 -0.16 —0.65 -0.25 -0.75 -0.37 -0.44
Utah 107 0.24 1.11 1.84 211 —0.86 -0.23 0.24 0.20 1.26 1.66 3.48
Utah 1001 -0.81 -0.41 -3.25 -1.99 —1.63 —-0.96 -0.39 -0.17 -1.91 -1.02 -3.40
Utah 1929 —0.46 -0.33 -0.33 -0.26 -0.47 -0.37 -0.16 -0.14 -0.25 -0.19 -0.45
Utah 2027 0.39 0.34 0.14 0.13 -0.06 —0.05 0.19 0.16 0.69 0.59 -0.11
Utah 2043 0.93 0.81 0.85 0.74 -0.39 -0.27 -0.01 -0.02 -1.13 -0.52 0.86
Utah 2044 -0.59 -0.44 1.54 1.37 1.15 0.99 0.88 0.76 —-1.29 -0.72 2.1
Utah 9018 0.23 0.19 0.16 0.12 0.00 0.00 -0.11 -0.09 -0.86 -0.47 0.00

Total —-2.39 0.34 4.80 5.78 1.00 1.98 2.67 2.87 -3.95 0.65

*Multipoint lod scores were calculated at D13S260, the most likely position of BRCAZ2 in the heterogeneity analysis.
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Fig. 1. Pedigree of CRC 186. Half shading (right side), breast cancer; full shading,
bilateral breast cancer; half shading (bottom), ovarian cancer; quarter shading,
other cancer. Types of cancer: Br, breast; Ov, ovary; Pa, pancreas; La, larynx; St,
stomach; OM, ocular melanoma. The number after the cancer type is the age of

linkage to BRCA2 (multipoint lod score
greater than 3.0), there are 49 reported
cases of breast cancer, 39 under age 50, and
only 3 ovarian cancers (excluding 5 cases of
breast cancer and 4 of ovarian cancer in
Utah 107 that do not carry the linked hap-
lotype). This suggests that the risk of ovar-
ian cancer attributable to BRCAZ2 may be
lower than that for BRCAI, which confers
an estimated 63% risk by age 70 (16). There
may also be a difference in the risk of male
breast cancer. In the same two families,
there were four cases of male breast cancer
and three more cases in other families
showing some evidence of linkage to
BRCAZ2. By contrast, no male breast can-
cers have been observed in families showing
strong evidence of linkage to BRCAI.
Thus, the risk of breast cancer in men car-
rying BRCA2 mutations, though still small,
is probably greater than in men carrying
BRCAI mutations. However, the absolute
risk of male breast cancer is still small, and
many families where the risk of breast can-
cer is attributable to BRCA2 will be char-
acterized by female breast cancer only (for
example, JARC 2932).

Although in the majority of families in
our data set breast cancer can now be
attributed to BRCAl or BRCA2, it is
likely that these genes still do not account
for all breast cancer caused by high-risk
susceptibility genes (of the order of 5% of
all cases). Both the overall evidence for
genetic heterogeneity and inspection of
haplotypes in individual families indicate
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that an additional gene (or genes) confer-
ring susceptibility to breast cancer re-
mains to be discovered.
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