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The identification of intragenic rearrangements is im-
portant for a comprehensive understanding of muta-
tions that occur in some clinically important genes.
Single nucleotide polymorphism haplotypes obtained
from clinical sequence data have been used to identify
patients at high risk for rearrangement mutations.
Application of this method identified a novel 26-kb
deletion of BRCA1 exons 14 through 20 in patients
from multiple families with hereditary breast and
ovarian cancer. Clinical sequence data from 5911
anonymous patients were screened for genotypes
that were inconsistent with known pairs of canonical
haplotypes in BRCA1 that could be explained by
hemizygous deletions involving exon 16. Long-range
polymerase chain reaction demonstrated that two of
six samples identified by this search contained a de-
letion in the expected region encompassing exons 14
through 20. The breakpoint was fully characterized
by DNA sequencing and demonstrated that the dele-
tion resulted from Alu-mediated recombination. This
mutation was also identified twice in a set of 982
anonymous specimens that had negative clinical test
results , but uninformative haplotypes. Three addi-
tional occurrences of this mutation were found by
testing 10 other patients with the indicative geno-
type. An assay for this mutation was added to a
comprehensive clinical breast/ovarian cancer test
and eight more instances were found in 20,649
probands. This multiexon deletion has therefore
been detected in 15 different North American fam-
ilies with hereditary breast/ovarian cancer. In con-
clusion, this primarily computational approach is
highly effective and identifies specimens using ex-
isting data that are enriched for deletion mutations.
(J Mol Diagn 2005, 7:139–142)

Deleterious mutations in two tumor suppressor genes,
BRCA1 and BRCA2, confer high risk for breast and/or
ovarian cancer and are responsible for the majority of
hereditary families. Recently, comprehensive clinical
DNA sequencing revealed deleterious mutations in
BRCA1 or BRCA2 in 17.2% of 10,000 patients. Women
with a history of breast cancer or ovarian cancer had
deleterious mutation rates of 20% and 34%, respective-
ly.1 The discovery of large genomic rearrangements
within BRCA1 may partially explain the apparent discrep-
ancy between expected mutation frequency and practi-
cal clinical sensitivity because existing clinical protocols
using polymerase chain reaction (PCR)-based techniques
designed to scan coding regions generally cannot detect
these mutations.2,3 The population distributions of rear-
rangement mutations mirror those of point mutations where
some, such as the duplication of exon 13, are highly prev-
alent, whereas others appear restricted to certain ethnic
groups or limited to single families.3–5

Because both genes exhibit mutations distributed
throughout their coding regions, clinical genetic tests
have focused on mutation scanning encompassing their
entire open reading frames. This approach has gener-
ated substantial data on the genetic variation within the
coding regions of these genes (Breast Cancer Informa-
tion Core, http://research.nhgri.nih.gov/bic/). Analyses of
the common polymorphisms in BRCA1 have shown that
several prevalent haplotypes exist.6 Some canonical
haplotypes harbor increased incidence of mutations.7

Recently, haplotype pair analysis applied to clinical poly-
morphism data for BRCA1 identified patients at 50% risk
for carrying novel large deletion mutations.8 A subse-
quent study used this method to show a high percentage
of rearrangement mutations in northern Italian breast/
ovarian cancer families.9 An important advantage of this
primarily computational approach includes the potential
to identify undetected mutations using existing data. This
study confirms the utility of haplotype analysis for muta-
tion detection by finding a recurrent novel deletion in
BRCA1.
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Materials and Methods

Haplotype Analysis

A group of 5911 anonymous specimens from patients
with family histories of breast/ovarian cancer that had
previously tested negative by clinical full sequence test-
ing for BRCA1/BRCA2 were identified. Haplotypes were
assigned to this sample set using an automated program
using an expectation-maximization algorithm.10,11 The
common polymorphisms used to designate haplotypes
included: 18,202C-�T; 31,385delT; 34,268A-�G (Q356R);
35,278G-�A (D693N); 35,283C-�T (S694S); 35,512T-�C
(L771L); 35,813C-�T (P871L); 36,314A-�G (E1038G);
36,320G-�A (S1040N); 36,749A-�G (K1183R); 37,240A-�G
(R1347G); 46,278T-�C (S1436S); 57,655A-�G (S1613G);
57,774G-�A (M1652I). Unless otherwise indicated all nu-
meric base designations throughout this report conform
to GenBank accession L78833. The polymorphisms
above that reside in coding regions are also listed as
more commonly referenced, by codon-position and
amino acid change, in parentheses.

Nucleic Acid Biochemistry

Genomic DNA was isolated from peripheral blood mono-
nuclear cells using commercial kits (Qiagen, Valencia,
CA). PCR used a commercially available kit and followed
the manufacturer’s suggested protocols (LA Taq; Takara
Mirus Bio, Madison, WI). Specifically, cycling profiles in-
volved annealing temperatures of 62°C for 30 seconds
with 6-minute extensions (1 minute per kb) at 68°C. PCR
primers for these reactions annealed upstream from exon
13 (forward, 5�-GCAACCATTGCTGTTCCTTCTAAA) and
downstream from exon 21 (reverse, 5�-CGTGGGATCTT-
GCTTATAATACTCCA). DNA sequencing used commer-
cial reagents detected on automated instruments (Big
Dye primer and model 377; Applied Biosystems, Inc.,
Foster City, CA). For clinical testing, mutation-specific
PCR was developed using a technique previously report-
ed.4 Primers are designed around the recombination re-
gion such that a specific product is generated only in
samples with the mutation. To facilitate high-throughput
screening, fluorescently labeled primers were used and
results were visualized on automated instruments (model
377; Applied Biosystems, Inc.).

Specimens

Several specimen sets were used for these experiments.
Haplotype analysis was performed on the clinical geno-
type data for common polymorphisms found in 5911
anonymous specimens from breast/ovarian cancer fam-
ilies that were previously found to be negative for muta-
tions by clinical DNA sequencing. Another set consisting
of 982 anonymous genomic DNA samples were derived
from hereditary cancer patients with negative clinical test
results, but with single nucleotide polymorphism (SNP)
genotypes that suggest canonical haplotype pairs. From
a database of �20,000 breast cancer patients that had

previously received negative clinical tests results, 14 pa-
tients were identified with the genotypes that could indi-
cate the deletion mutation described here. Ten of these
patients submitted specimens for testing after they were
contacted through their physicians and offered the op-
portunity to participate in clinical research testing for the
deletion. After the initial characterization of this deletion,
an assay for this specific mutation was added to an
existing panel of recurrent rearrangement mutations as
part of a comprehensive clinical test for breast/ovarian
cancer risk (BRACAnalysis; Myriad Genetic Laboratories,
Inc., Salt Lake City, UT). A group of 20,649 patients that
were tested for this deletion of exons 14 to 20 in this way
are reported.

Results

The first objective of this project involved the identifica-
tion of patient specimens possessing genotypes that
could not be explained as a pair of known canonical
haplotypes for BRCA1 and might therefore represent de-
letion mutations. A group of 14 polymorphisms located in
or around BRCA1 exons 4 through 16, and that are rou-
tinely observed during clinical testing by DNA sequenc-
ing were used to assign haplotypes.6 By definition, none
of these polymorphisms are present on the consensus
allele (allele 1) and eight of these polymorphisms
(31,385delT; 35,283C-�T; 35,512T-�C; 35,813C-�T;
36,314A-�G; 36,749A-�G; 46,278T-�C; 57,655A-�G)
occur together on the most prevalent nonconsensus al-
lele (allele 2). A computer program assigned haplotypes
using SNP genotype data from 5911 clinical specimens.
The haplogroup containing allele 2 in non-African sam-
ples was detected with a frequency of 34% in agreement
with a previous report.7 An unusual genotype was iden-
tified in six of these specimens and selected for addi-
tional analysis. This genotype is best explained by a
haplotype pair consisting of allele 1 and allele 2 with the
exception that only G was detected at position 57,655,
the base contributed by allele 2, instead of the expected
A/G heterozygous polymorphism. If this genotype is ex-
plained by a genomic deletion, it must reside down-
stream from the SNP at position 46,278 in exon 13, be-
cause this SNP was heterozygous, and would involve
exon 16 because that SNP was missing. The consensus
allele would be affected by the deletion because its con-
tribution to the SNP in exon 16 was absent. Because
there was no information for SNPs downstream from exon
16 in this data set, it was impossible to predict a 3� limit
to a putative deletion.

The hypothesis that this genotype resulted from a de-
letion was confirmed by long-range PCR experiments. A
single forward primer was selected upstream from exon
13 where the heterozygous SNP of the suspect genotype
placed a 5� limit on any potential deletion. Because no
data were available regarding the 3� limit of potential
deletions, a series of primers were designed that walked
downstream from exons 16 through 24. On controls, none
of these primer pairs amplified fragments because the
annealing sites are too distant for amplification under the
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thermal cycling conditions used. However, a fragment
was generated in two of the six patient specimens with
the suspect genotype using primers that annealed at
exons 13 and 21 (Figure 1). Because a PCR fragment �5
kb long was generated by primers that should have been
spaced 31 kb apart, a deletion of �26 kb was suspected.
Restriction mapping of this PCR fragment confirmed a
26-kb deletion with breakpoints close to the 5� ends of
exons 14 and 21 (Figure 2). PCR-based DNA sequencing
provided for the complete characterization of the break-
point (Figure 3). The deletion involves 26,454 bp and

removes exons 14 through 20. The breakpoint region
contains 54 bp of identity between the two Alu sequences
that may have mediated a translocation. If transcripts
from this allele were stable and spliced according to the
remaining exons, the normal amino acid sequence would
stop at residue 1452. An additional 69 abnormal residues
from frame three of exons 20 to 24 would precede a new
stop codon. This deletion certainly represents a clinically
significant mutation because deleterious protein truncat-
ing mutations are known to occur 3� of codon 1452 and
the deleted region contains known deleterious missense
mutations.12,13 Also, both BRCT domains are removed by
the deletion.14

It is reasonable to conclude that these specimens
came from unrelated individuals because both patients
received comprehensive clinical tests (whole gene
BRCA1 and BRCA2 testing) that are normally adminis-
tered to the single most suitable patient in a hereditary
family. Although this conclusion cannot be tested formally
because the specimens are anonymous, this conclusion
reflects the ascribed use of this clinical test.

More specimens were tested for this mutation to pro-
vide further confirmation that it occurs in unrelated pa-
tients. First, two additional instances of the mutation were
detected in 982 anonymous specimens with familial can-
cer, negative comprehensive clinical tests, and genotype
data that conforms to canonical haplotype pairs (ho-
mozygous for allele 1 or heterozygous for the mutant
allele and allele 1). These results further support the
conclusion that this mutation occurs in unrelated patients.
Next, a large clinical data set of �20,000 specimens was
screened to identify patients with the suspicious geno-
type, allele 1 and allele 2 with the exception of only G at
position 57,655. Five deletion mutations were found in the
10 patients that elected to submit a specimen to be
assayed for the 14 to 20 deletion from a total of 14
patients identified with the appropriate genotype. The
result represents at least three additional families with the
14 to 20 deletion because this set of patients has some
overlap with the anonymous specimens used to identify
the mutation. Because this mutation was recurrent in this
laboratory’s patients, an assay for this mutation was
added to an existing test panel for prevalent rearrange-

Figure 1. Detection of a large deletion mutation in patients by PCR. A
fragment of �5 kb in length was produced in two (lanes 4 and 5) of six
patients (lanes 1 through 6) with an unusual BRCA1 haplotype. PCR primers
for these reactions annealed upstream from exon 13 (forward) and down-
stream from exon 21 (reverse). Lane 7 contains the PCR reaction from a
control specimen with no family history of cancer. The lanes containing PCR
product (lanes 1 to 7) are flanked on both sides by a HindIII digest of � DNA
as a size marker (left-hand column indicates marker fragment lengths in
kb).

Figure 2. Schematic diagram of relevant regions of the BRCA1 locus. BRCA1
structure is depicted to scale as a horizontal black line (introns) with
numbered gray boxes (exons 13 through 24). Distance is marked every 10
kb by vertical lines and the numbering conforms to GenBank accession no.
L78833. Vertical arrows indicate the locations for 2 of the 14 polymor-
phisms used to define haplotypes that are assayed during clinical testing in
exons 13 and 16 along with their base positions and the base change
(consensus -� polymorphism). The dashed line depicts the region of
BRCA1 encompassed by this deletion.

Figure 3. The sequence of the deletion breakpoint. Eighty bases centered
about the breakpoint in the patient are flanked vertically by the wild-type
sequences (numeric designations and sequence from GenBank accession no.
L78833). Horizontal lines denote the region of identity (54 bases) between
the sequences that have recombined.
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ment mutations in BRCA1 as a routine component of a
comprehensive clinical test for breast/ovarian cancer
risk. Eight more instances of the 14 to 20 deletion muta-
tion were detected in probands and another eight in-
stances in family members from the first 20,649 patients
after its introduction. Thus, the 14 to 20 deletion occurs in
0.039% of these patients and represents 0.31% of all
deleterious mutations reported in probands.

For the 21 patients that have been identified with this
mutation, the reported ancestries included 18 Western
European, 1 Irish, and 2 that were not specified. The
self-reported cancer incidence in these patients included
nine with breast cancers, one with bilateral breast can-
cer, one with ductal carcinoma in situ, one with breast and
ovarian cancer, two with ovarian cancers, and seven
unaffected.

Discussion

Herein, a novel recurrent mutation where BRCA1 exons
14 to 20 are deleted through Alu-mediated recombination
is described. This mutation is certainly deleterious be-
cause it truncates the protein and removes regions of the
gene known to encode important functional domains.
Also, 14 of 21 patients with the mutation are affected with
cancer. So far, its incidence has been restricted to pa-
tients that claim Western European ancestry, but the
patient populations examined here are biased toward this
group and additional evaluations of other patient popu-
lations could be useful in this respect. Because the
breakpoint for the mutation is solved, researchers with
access to additional samples can easily address this
question.

Only 7 of 16 specimens with the suspect haplotype
from the groups described here were shown to carry this
deletion mutation. It is possible that the genotypes for the
other nine specimens result from point mutations or re-
combination. However, it is also possible that these spec-
imens could harbor mutations that were not detected
because they extend beyond the regions examined here
by PCR. This question is currently being addressed in
these specimens with quantitative PCR approaches that
determine gene dosage in these specimens downstream
from exon 13.

This project corroborates previous conclusions that
haplotype analysis of clinical genotypes is useful to iden-
tify patients at increased risk for deletion mutations.8,11

BRCA1 is an especially suitable target for this approach
because it is represented by a small group of 10 preva-
lent haplotypes in which highly informative SNPs are
detected routinely in clinical tests. Of course, this ap-
proach may have application to other genes. This tech-
nique is attractive because it is primarily computational
and uses existing data to greatly refine specimen sets to
only those samples highly predisposed to contain dele-
tion mutations. Information is also provided regarding the
location of the deletion and equally important, regions
that are indeed diploid.
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