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Inherited mutations in the BRCA1 gene are known to
confer a predisposition to breast and ovarian cancer.
We have first characterized 19 sequence variants in the
BRCA1 gene during mutation screening by direct se-
quencing using DNA samples from breast/ovarian
cancer patients or obligate carriers. The frequencies of
these sequence variants were then compared with
those found in control populations of women. Among
the 10 sequence variants showing an estimated fre-
quency of the less common allele above 0.05, Q/R356,
L/P871, E/G1038, K/R1183 and S/G1613 result in a
change of amino acids, 2201C/T, 2430T/C and 4427C/T
are silent mutations and the two others, 4209–141C/A
and 5272+66A/G, are intronic polymorphisms. These
frequent polymorphisms, with the exception of
Q/R356, were in complete or significant pairwise link-
age disequilibrium as evaluated in our control popula-
tions. With one exception (L/P871), none of these
variants had statistically significant ( P <0.05) differ-
ences in allele frequency between breast/ovarian
cancer patients or obligate carriers and our control po-
pulations. Four rare sequence variants designated
710C→T, D693N, R841W and S1040N were found in
both unaffected and breast/ovarian cancer popula-
tions, while the missense mutations M1008I, E1219D,
R1347G, T1561I and M1628V were detected only once
in our patient population. When a functional test is
available, it will be important to determine the conse-
quence on the BRCA1 activity of these rare sequence
variants and missense mutations.

INTRODUCTION

Breast cancer is the most common malignancy in women, affecting
one in eight women and is their second leading cause of death from
cancer (1), whereas ovarian cancer, although less frequent, is the
leading cause of death from gynecologic malignancies in North

America. It is estimated that 5–10% of breast cancer cases may be
due to inherited autosomal dominant susceptibility genes (2,3).
Ovarian cancer is also known to have a familial component (4,5).
These predictions were confirmed by the mapping of BRCA1, which
is responsible for an autosomal dominant syndrome of increased
susceptibility to breast and/or ovarian cancer (6–13). Germline
mutations in BRCA1 are estimated to be responsible for ∼45% of
early onset familial breast cancer, for almost all families with
multiple cases of breast and ovarian cancer (9–12). Female BRCA1
mutation carriers are estimated to have an 87% lifetime risk of
developing breast cancer and a 44% risk of ovarian cancer in
breast/ovarian families (9–14). Moreover, BRCA1 carriers have a
4-fold increased risk of colon cancer, whereas male carriers face a
3-fold increased risk of prostate cancer (14).

Recently, the structure of the BRCA1 gene was elucidated (15).
The BRCA1 gene contains 5592 bp of coding sequence en-
compassed within 22 exons spread over more than ∼70 kb encoding
a protein of 1863 amino acids. The only recognized homology with
other known genes is limited to the NH2-terminus of the protein
which contains a RING finger motif similar to that found in other
proteins interacting with nucleic acid and/or forming protein
complexes (16), thus suggesting a role in the regulation of gene
transcription. The functional significance of this motif is supported
by the observation that it is highly conserved in the mouse homolog
gene (17,18) and by the detection of the two missense mutations
C61G and C64G in BRCA1 families (19–21).

BRCA1 is thought to act as a tumor suppressor gene, as strongly
suggested by the loss of the wild-type allele in breast tumors from
linked families (20,22–24). Although the 15 mutations in the
BRCA1 gene detected in breast or ovarian carcinomas were all
germline alterations (25–27), five somatic BRCA1 mutations
were recently found in sporadic ovarian tumors (28,29), thus
supporting its putative role as a tumor suppressor. It has been
recently reported that BRCA1 expression is decreased during the
transition from carcinoma in situ to invasive cancer, and that
inhibition of BRCA1 expression with antisense oligonucleotides
increased growth of normal and malignant mammary cells, thus
suggesting that BRCA1 may normally serve as a negative
regulator of mammary epithelial cell growth (30). There are also
data supporting the role of BRCA1 in growth regulatory function
in mouse mammary gland (18,31).
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Table 1. Sequence variants in BRCA1a

Nameb,c Nucleotide Frequencye Location Effect on Residue in

change Controls Patientsh Nucleotide Codon Exon coding mouse

sequence homologi

710C→T C→T 2/94f 1/216 710 197 9 Silent, Cys Cys

Q/R356d A or G 10/166g 20/346 1186 356 11 Gln or Arg Pro

D693N G→A 3/78f 25/364 2196 693 11 Asp→Asn Ala

2201C/T C or T 19/78f 111/352 2201 694 11 Silent, Ser Ser

2430T/C T or C 28/94f 46/144 2430 771 11 Silent, Leu Leu

R841W C→T 1/156g 1/302 2640 841 11 Arg→Trp Gln

L/P871d T or C 63/226f,g 90/214 2731 871 11 Leu or Pro Leu

M1008I G→A 0/88f 1/194 3143 1008 11 Met→Ile Ser

E/G1038 A or G 20/84f 80/234 3232 1038 11 Glu or Gly Glu

S1040N G→A 3/82f 7/242 3238 1040 11 Ser→Asn Gly

K/R1183d A or G 50/156g 57/182 3667 1183 11 Lys or Arg Arg

E1219D G→C 0/64f 1/144 3776 1219 11 Glu→Asp Glu

R1347G A→G 0/232f,g 1/144 4158 1347 11 Arg→Gly Met

4209–141C/A C or A 52/168g N.D. 4209–141 Intron 11 Non-coding

4427C/Td C or T 55/166g 72/238 4427 1436 13 Silent, Ser Pro

T1561I C→T 0/240f,g 1/308 4801 1561 16 Thr→Ile Thr

S/G1613d A or G 51/164g 113/356 4956 1613 16 Ser or Gly Ala

M1628V A→G 0/92f 1/376 5001 1628 16 Met→Val Val

5272+66A/G A or G 55/178g 60/156 5272+66 Intron 18 Non-coding

aSequence variants are listed in order of location from the 5′ to 3′ end of BRCA1.
bDesignation of sequence variant according to Beaudet and Tsui (54).
cNucleotides refer to the BRCA1 cDNA sequence in GenBank under accession number U-14680.
dQ/R356, 4427C/T, S/G1613, 4209–141C/A, 5272+66A/G, L/P871 and K/R1183 were previously designated PM1, PM2, PM3, PM4, PM5, PM6 and PM7, respectively
(15,25).
eFrequency of the least common allele on the number of chromosomes typed.
fQuébec population screening analysis performed by direct sequencing.
gUtah population screening analysis performed by ASO hybridization analysis.
hBreast/ovarian cancer patients or BRCA1 obligate carriers were screened by direct sequencing. The mutations M1008I, E1219D and M1628V were first detected
by dideoxy fingerprinting screening and therafter confirmed by direct sequencing.
iFrom (17,18).
N.D. Not determined.

The isolation of this tumor suppressor gene offered the
possibility for genetic testing of asymptomatic women in families
with a high incidence of breast and/or ovarian cancer (3,32).
Despite the fact that mutation screening for this gene is a
challenging task due to its structure, >70 distinct germline
mutations have already been found through a complete screen of
the BRCA1 gene (15,19–21,25–27,33–40). Frameshift, non-
sense, splice or regulatory mutations accounted for ∼85% of
BRCA1 mutations, while the remainder are due to missense
mutations. Until a functional test is available, general population
frequency analysis of sequence variants in the BRCA1 coding
region is useful to support the putative role of missense mutations.
Moreover, analysis of polymorphisms in the BRCA1 coding
sequence has been useful in detecting regulatory mutations
(15,19), to study the allele-specific expression in sporadic breast
tumors (30) and to determine the common origin of frequent
mutations (41). The present study was designed to compare the
allele frequency of 19 sequence variants in the BRCA1 gene
detected by our group in DNA samples from breast/ovarian
cancer patients or BRCA1 obligate carriers versus that seen in an
unselected population of women, thus avoiding bias related to a
strong family history of breast/ovarian cancer. We have also

studied whether the frequent polymorphisms are in pairwise
linkage disequilibrium in our control populations.

RESULTS AND DISCUSSION

The 19 sequence variants described in the present study (Table 1)
were first detected during screening by direct sequencing for
BRCA1 mutations using DNA samples from 200 patients with
breast and/or ovarian cancer or known obligate carriers by
haplotype analysis, drawn primarily from high-risk families as
well as from isolated patients with early-onset breast cancer as
described (15,33,34). Mutation screening was performed by
direct sequencing of PCR fragments covering the entire BRCA1
coding region and intron–exon junctions. The differences ob-
served in the number of patients tested for each sequence variant
are due to variability in sequencing gel quality which is frequently
associated with difficulty in determining the sequence of some
regions in the BRCA1 gene. The frequency of these sequence
variants found in the latter population was compared with that
observed in an unselected group of anonymous women from
Québec city and/or in marry-in-spousal controls from families
being studied for a variety of hereditary cancers in the Utah
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population by direct sequencing or ASO hybridization assay as
indicated in Table 1.

Frequent polymorphisms

Among the 10 sequence variants showing an estimated frequency
of the less common allele above 0.05, Q/R356, L/P871, E/G1038,
K/R1183 and S/G1613 result in a change of amino acids, while
2201C/T, 2430T/C and 4427C/T are silent mutations and the two
others, 4209–141C/A and 5272+66A/G are intronic polymorph-
isms (Table 1). With the exception of 4209–141C/A, these
frequent polymorphisms are due to C→T or A→G substitutions,
which is in agreement with the recognized excess of transition-
type mutations in vertebrate genomes thought to be the result of
hypermutability of the methylated dinucleotide CpG (42,43).
Eight of the other sequence variants indicated in Table 1 were also
caused by transition-type mutations.

The allele frequencies of the polymorphisms Q/R356,
4427C/T, S/G1613, 4209–141C/A, 5272+66A/G, L/P871 and
K/R1183, initially designated PM1, PM2, PM3, PM4, PM5, PM6
and PM7, respectively (15,25), were previously reported in our

Utah control population. In the present study, we extend our initial
characterization by providing their observed versus expected
heterozygosity and deviation from Hardy–Weinberg equilibrium
(Table 2) not only in control populations but also in a large
number of breast/ovarian cancer patients or BRCA1 obligate
carriers. The characteristics of the polymorphisms 2201C/T,
2430T/C and E/G1038 are also included in Table 2. The allele
frequencies of the polymorphisms 2201C/T, 2430T/C, E/G1038,
K/R1183 and S/G1613 found in our control populations are in
close agreement with those recently reported by King’s group, all
with frequencies of about q = 0.33 based on 42 control
chromosomes (19). However, King’s group reported a q = 0.18
for Q/R356 in their population sample compared with 0.06 in our
control Utah population (P = 0.01), whereas Merajver et al. (25)
observed this missense polymorphism in four out of 80 (0.05)
chromosomes. As far as we know, all three populations tested are
Caucasian individuals of Northern European origin. The recent
observation that the polymorphisms E/G1038, K/R1183 and
S/G1613 have similar q values in a control Japanese population
(37) argues against their recent origin in the populations studied.

Table 2. Characteristics of frequent polymorphisms in BRCA1a 

Name Population nb qc Heterozygosity P value

screened Observed Expectedd (HWE)e

Q/R356 Utah controlf 166 0.06 0.12 0.11 NS

Q/R356 Br/Ov patientsg 346 0.06 0.10 0.11 NS

2201C/T Québec control 100 0.27 0.34 0.39 NS

2201C/T Br/Ov patients 352 0.32 0.43 0.43 0.01

2430T/C Québec controlh 94 0.30 0.30 0.42 0.048

2430T/C Br/Ov patients 144 0.32 0.31 0.43 0.01

L/P871 Utah control 144 0.31 0.53 0.42 0.039

L/P871 Québec control 82 0.23 0.22 0.36 0.014

L/P871 Pooled controli 226 0.28 0.44 0.42 NS

L/P871 Br/Ov patients 214 0.42 0.45 0.49 NS

E/G1038 Québec control 84 0.24 0.29 0.36 NS

E/G1038 Br/Ov patients 234 0.34 0.34 0.45 0.009

K/R1183 Utah control 156 0.32 0.54 0.44 0.037

K/R1183 Br/Ov patients 182 0.32 0.27 0.44 0.0003

4209–141C/A Utah control 166 0.31 0.52 0.43 0.047

4427C/T Utah control 166 0.33 0.53 0.44 0.06

4427C/T Br/Ov patients 238 0.30 0.42 0.42 NS

S/G1613 Utah control 164 0.30 0.51 0.42 0.06

S/G1613 Br/Ov patients 356 0.33 0.43 0.44 NS

5272+66A/G Utah control 174 0.30 0.52 0.42 0.039

5272+66A/G Br/Ov patients 156 0.38 0.38 0.47 0.10

aSequence variants with a frequency of the less common variant (q) >5%.
bNumber of chromosomes typed.
cEstimated allele frequency of the less common variant.
dExpected heterozygosity = 2q(1–q).
eSignificance level of χ2 test of Hardy–Weinberg equilibrium at the specified locus.
fUtah control population screening analysis done by ASO hybridization.
gBreast/ovarian cancer patient (or BRCA1 obligate carriers) population screening done by direct sequencing.
hQuébec control population screening analysis done by direct sequencing.
iPooled control samples.
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Table 3. Pairwise linkage disequilibrium analysis between pairs of
polymorphisms in BRCA1a

Polymorphism pairsb n D r rmax %rmax

L/P871×2201C/T 54 0.11 0.78 0.78 1.00

L/P871×2430T/C 66 0.13 0.86 0.86 1.00

L/P871×E/G1038 58 0.12 0.73 0.95 0.77

2201C/T×2430T/C 56 0.12 0.78 0.89 0.86

2201C/T×E/G1038 48 0.13 0.82 0.82 1.00

2430T/C×E/G1038 64 0.12 0.71 0.80 0.89

Q/R356×L/P871 138 –0.013 –0.139 0.300

Q/R356×K/R1183 148 –0.013 –0.138 0.306

Q/R356×4209–141C/A 156 –0.012 –0.131 0.305

Q/R356×4427C/T 156 –0.012 –0.135 0.300

Q/R356×S/G1613 152 –0.012 –0.131 0.313

Q/R356×5272+66A/G 156 –0.012 –0.131 0.305

aThe polymorphisms L/P871, K/R1183, 4209–141C/A, 4427C/T, S/G1613 and
5272+66A/G are in complete linkage disequilibrium (r = 1.0) in the Utah po-
pulation sample of 64–78 chromosomes typed by ASO hybridization assay with
D values ranging from 0.06 to 0.10. Data for these loci were not indicated in the
table due to space limitation.
bThe analysis between the Q/R356 and the other indicated five polymorphisms
was typed by ASO hybridization assay in the control Utah population sample,
while the other data indicated in the table were obtained from the control Québec
city population sample typed by direct sequencing.

Differences in allele frequency of these frequent polymorphisms
between breast/ovarian cases and controls were assessed by χ2

analysis. With one exception, none of the variants had statistically
significant (P <0.05) differences in allele frequency between the
patients and the control population (pooled Utah/Québec samples
for L/P871). The single exception was L/P871, in which a frequency
of 0.42 of the T variant (Leu) was found in the 107 cases compared
with 0.28 in the 113 pooled control individuals (P <0.002). Because
the breast/ovarian (or BRCA1 obligate carriers) came from an
ill-defined set of samples ascertained from many different centers for
BRCA1 testing, this result could very well be due to population
artifact. However, it is of sufficient interest to warrant a follow-up
examination in a formal case control study.

Sequence alignment analysis of the mouse homolog of BRCA1
compared with the human BRCA1 protein revealed that the residues
Cys197, Ser694 and Leu771, which are the sites of the three silent
mutations 710C→T (described below), 2201C/G and 2430T/C,
respectively, are conserved in the mouse BRCA1 protein (Table 1)
(17,18). Moreover, the residues Leu871, Glu1038 and Arg1183,
which are frequently substituted in the polymorphisms L/P871,
E/G1038 and K/R1183, are also conserved in the mouse BRCA1
protein.

The polymorphisms L/P871, K/R1183, 4209–141C/A, 4427C/T,
S/G1613 and 5272+66A/G are in complete pairwise linkage
disequilibrium in a population sample of 64–78 chromosomes typed
by ASO hybridization assay in our Utah control population with D
values ranging from 0.06 to 0.10 and an r value of 1.0. As indicated
in Table 3, no significant linkage disequilibrium was observed
between Q/R356 and the latter six frequent polymorphisms. The
polymorphism L/P871 has also been typed by direct sequencing in
another unselected population of 48–66 chromosomes in parallel
with 2201C/T, 2430T/C and E/G1038. As indicated in Table 3, the

pairs of loci L/P871×2201C/T, L/P871×2430T/C and
2201C/T×E/G1038 had significant pairwise linkage disequilibrium
in which D = Dmax, which occurs when at least one haplotype
combination is not observed. Moreover, the pairs of loci
L/P871×E/G1038, 2201C/T×2430T/C and 2430T/C×E/G1038
were in highly significant (P<0.001 in all cases) but not complete
pairwise linkage disequilibrium (Table 3). These data thus indicate
that, with the exception of Q/R356 which is the most 5′
polymorphism, all these frequent polymorphisms are in complete or
highly significant pairwise linkage disequilibrium in our control
populations.

The polymorphism Q/R356 did not show evidence of linkage
disequilibrium with other polymorphisms tested. It should be
noted, however, that this polymorphism was comparatively rare,
with an estimated allele frequency of 0.06 of the Arg variant. Thus
the linkage disequilibrium assessment between this polymorph-
ism and the six other polymorphisms described above is based on
10 heterozygotes and no rare homozygotes. The evidence against
close pairwise linkage disequilibrium comes from the observa-
tion of five individuals who are homozygous for the common
variant at this locus and homozygous for the less common variant
at the other six tested loci, and from six individuals who are
heterozygous for Q/R356 and have the common homozygous
genotype for the other polymorphisms. Thus, there are at least
eight discordant haplotypes between Q/R356 and the other six
polymorphisms tested in these individuals. The absence of
detectable linkage disequilibrium between Q/R356 and the other
six common polymorphisms is based entirely on analysis of the
Utah control population. The Utah population consists largely of
descendants of relatively recent immigrants from Scandinavia
and England. Because of a large number of founders and
continuous inward and outward migration, the control population
studied has levels of inbreeding similar to other Northern
European populations (44). It is of interest that these six
polymorphisms, which are dispersed over a distance of ∼30 kb of
genomic DNA (Fig. 1) and are in complete linkage disequilib-
rium, all have allele frequencies of 0.28–0.33 of the less common
allele in our control population, and have borderline deviation
from Hardy–Weinberg equilibrium (P values 0.04–0.06). Al-
though one can postulate a number of different possibilities as to
how these polymorphisms arose, one scenario consistent with the
observed data is that the six polymorphisms arose through
relatively recent admixture between two populations each
non-polymorphic for different variants at these nucleotide
positions. If the Q/R356 mutation was present in both these
populations prior to admixture, then this polymorphism could be
in linkage equilibrium with respect to the other six polymorph-
isms. It is noteworthy that deviations from Hardy–Weinberg
equilibrium are due to an increase in the number of observed
heterozygotes compared with the expected; this is also consistent
with admixture. It should be stated that this hypothesis is only one
of many possibilities, each of which is essentially untestable
given the available data. It is likely that different molecular
mechanisms may be involved in creating/maintaining linkage
disequilibrium within these small intragenic regions than those
responsible over large physical distances.

Rare sequence variants and/or putative missense mutations 

The sequence variant 710C→T at nucleotide position 710 is due
to a change at the codon 197 (TGC) into TGT, both encoding a Cys
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Figure 1. Schematic representation of the BRCA1 gene showing the location of the 19 sequence variants analyzed. The sequence variants changing an amino acid
and which were not detected in the normal populations studied are indicated below the diagram. Exons are numbered above the diagram and are represented by boxes
in which the open boxes demarcate the coding regions, while black boxes represent the non-coding regions. Introns are represented by solid lines.

at the end of exon 9. This variant was found only once in 108
breast/ovarian cancer patients or obligate carriers (Table 1). This
variant was detected in two out of 94 control chromosomes from
anonymous women from Québec city. Although this synonymous
mutation changes the nucleotide at position –3 of the donor splice
site sequence, which is usually a C or A in the consensus sequence
for vertebrate genes, it is not predicted that this mutation gives rise
to aberrant splicing (45,46). This sequence variant was also
detected independently in the kindred 178 recently described (20).
No aberrant splicing was found by sequencing the cDNA sample
obtained from transformed lymphoblastoid cells from this patient
(F. Couch and B. Weber, pers. comm.). However, it cannot be ruled
out that this rare sequence variant does decrease the splicing
efficiency. Thereafter, this rare sequence variant was also found in
one out of 115 unselected cases of ovarian carcinoma (26).

The sequence variant S1040N resulting from a G→A transition
that converts codon 1040 (AGC) encoding Ser into AAC
encoding the polar residue Asn was detected in seven of the 121
cases in which this variant was sequenced. We have found this
rare sequence variant in three out of 82 control chromosomes
from anonymous women from Québec city (Table 1). This variant
was first reported as a missense mutation because this mutation
did segregate with the disease in family 14 and was absent in 120
control chromosomes (19). In support of our data indicating that
this mutation is rather a rare sequence variant, this alteration did
not segregate with the disease in family 62, and was found by
another group in three out of 232 control chromosomes (20).

We have also detected in our patient population the novel point
mutation D693N that is caused by a G→A transition converting
codon 693 (AGC) encoding the acidic residue Asp into AGT
encoding the polar residue Asn (Table 1). This sequence variant
was detected in three out of 78 control chromosomes from
anonymous women from Québec city, whereas it was detected in
25 chromosomes out of 364 chromosomes from breast/ovarian
cancer patients or obligate carriers. Moreover, S1040N and
D693N had no statistically significant differences in allele
frequency between breast/ovarian cancer patients or obligate
carriers and control populations as tested by G-test of indepen-
dence, Fisher’s exact test or normal approximation to Poisson
distribution.

The variant R841W was detected once in 151 cases tested for
this mutation which is caused by a conversion of codon 841
(CGG) encoding the basic residue Arg into TGG encoding the
non-polar amino acid Trp. This mutation was found in only one

out of 156 chromosomes from our Utah control population of
women. It will be essential to verify the consequence of these rare
sequence variants on the activity of BRCA1 when a functional test
is available, because it cannot be excluded that a significant
abnormality could potentially be identified in our control
populations.

The missense mutation R1347G caused by an A→G substitu-
tion at nucleotide 4158 changing codon 1347 (AGA) encoding
Arg, a basic residue, into GGA encoding the non-polar residue
Gly was first detected by us in the Utah kindred K2039 (34). This
Arg was not conserved in the mouse BRCA1 protein (17,18).
This mutation was not found in the 71 additional breast/ovarian
cancer patients or obligate carriers screened for this variant by
sequencing. This missense mutation was not found in 156
chromosomes from our Utah control population screened by
ASO hybridization assay as well as in another population of 76
chromosomes from our other Québec city control population
analyzed by direct sequencing. However, this alteration was
found in a patient who also had a severe frameshift mutation (34)
but it was not determined if both mutations were on the same
allele (M.-C. King, pers. comm.). Thus it cannot be excluded that
this patient was a compound heterozygote and that R1347G may
be a pathological allele.

The missense mutation T1561I is caused by a C→T transition
at nucleotide 4801 in exon 16 changing codon 1561 (ACC)
encoding the polar residue Thr, which is conserved in the mouse
BRCA1 protein, into ATC encoding the non-polar residue Ile.
This point mutation was found in only one individual out of the
154 cases tested by sequencing for this mutation. However, this
missense mutation was not found by direct sequencing in 90
control chromosomes from anonymous women from Québec city
and in 150 chromosomes from our Utah control population tested
by ASO analysis. However, this variant was originally found as
a germline mutation but was absent in a breast tumor from the
same patient (Roger Wiseman, pers. comm.). Because BRCA1 is
thought to act as a tumor suppressor gene, as strongly suggested
by the lost of the wild-type allele in breast tumors from linked
families (20,22–24), the latter observation could suggest the
benign effect of this missense mutation on its function. On the
other hand, it has been preliminarily reported that this mutation
was recently found in a breast cancer patient from the family
930681 (47). It will be important to determine the real reper-
cussion of these two missense mutations as well as of the R1347G
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mutation on the BRCA1 activity when a functional test is
available.

Three additional novel sequence variants were characterized in
our study (Table 1, Fig. 1). The M1008I missense mutation was
found in a patient who developed a breast cancer at the age of 41.
This mutation was not found in the 96 other cases tested for this
mutation (Table 1). Moreover, this conservative mutation due to
a G→A transition at nucleotide 3143 in exon 11 changing codon
1008 (ATG) encoding the non-polar Met into ATA encoding Ile,
another non-polar residue, was not found by direct sequencing in
88 control chromosomes. This Met is changed for a Ser in the
mouse BRCA1 protein. The E1219D substitution was detected in
a patient who developed a breast cancer at the age of 50 and she
has a sister who developed a breast cancer at the age of 45. This
missense mutation was not detected in the 71 additional cases
tested for this substitution (Table 1). This conservative mutation
results from a G→C transversion at nucleotide 3776, located in
exon 11, converting codon 1219 (GAG) encoding the acidic
residue Glu, which is conserved in the mouse BRCA1 protein,
into GAC encoding Asp, another acidic residue. The E1219D
mutation was not found in 64 control chromosomes. In fact, the
missense mutation M1628V was found in only one patient out of
the 187 breast/ovarian cancer patients (or BRCA1 obligate
carriers) tested for this substitution. This latter patient developed
a breast cancer at the age of 27. This point mutation was not found
in 92 control chromosomes by direct sequencing. The M1628V
mutation is also conservative and is due to an A→G transition at
nucleotide 5001 in exon 16 changing codon 1628 (ATG)
encoding the non-polar residue Met into GTG encoding Val,
which is also a non-polar residue. It is of interest to note that the
frequent polymorphism M1628T has been recently reported in
the Japanese population (37), thus suggesting that the functional
significance of the M1628V substitution could be minor, if any.
In agreement with a limited effect, if any, of this substitution,
there is a Val residue at this position in the mouse BRCA1 protein.

In conclusion, we have observed that nine of the 10 frequent
polymorphisms were in complete or significant pairwise linkage
disequilibrium in our control populations, while the polymorph-
ism Q/R356 did not show evidence of such a phenomenon with
these nine other variants. We have also observed that, with one
exception, L/P871, none of these frequent polymorphisms had
statistically significant differences in allele frequency between
control populations and breast/ovarian cancer patients (or BRCA1
obligate carriers). We have also provided information suggesting
that the point mutations 710C→T, D693N and S1040N are rare
sequence variants showing frequencies much higher in our
control populations than the estimated frequency of all BRCA1
mutations together in the general population (13). No statistically
significant difference in allele frequency of the rare sequence
variants D693N and S1040N was found between control
populations and breast/ovarian cancer patients (or BRCA1
obligate carriers). It cannot be excluded that a significant
abnormality could potentially be identified in our control
populations; it will be essential to verify the consequence on
BRCA1 activity when a functional test is available. This is
especially true for the point mutation R841W which was first
detected in only one patient, and thereafter in one woman from
our Utah control population. Furthermore, additional functional
studies will also be required to determine the significance of the
three conservative mutations M1008I, E1219D and M1628V as

well as of the two other non-conservative missense mutations
R1347G and T1561I.

MATERIALS AND METHODS

Patient samples 

The sequence variants described in the present study were
detected during screening for BRCA1 mutations using DNA
samples isolated from peripheral blood lymphocytes, or Epstein–
Barr virus-transformed lymphoblastoid cell lines or cDNA from
such cell lines from 200 patients with breast and/or ovarian cancer
or known carriers by haplotype analysis, drawn primarily from
high-risk families as well as from isolated patients with early-
onset breast cancer as described (15,33,34). All subjects signed
appropriate informed consent forms.

Control samples

The genomic DNA samples were isolated from an unselected
group of women from Québec city or marry-in-spousal controls
from families being studied for a variety of hereditary cancers in
the Utah population. The genomic DNA samples from anony-
mous unselected women from Québec city were purified from
whole blood collected from hemoglobin/hematocrit or complete
blood count leftover samples as previously described (48,49)
(kindly provided by Dr François Rousseau, St-François-D’Assise
Hospital). The Quebec city population consists almost exclusive-
ly of French-Canadians. The number of French immigrants to
Canada in the 17th century has been estimated to be 8000, but not
more than 3380 pioneers settled permanently in the St. Laurence
Valley. The molecular studies conducted so far indicate that both
populations are genetically diversified (44,50,51).

Detection of sequence variants by direct DNA sequencing

The sequence variants 710C→T, D693N, 2201C/T, 2430T/C,
L/P871, M1008I, E/G1038, S1040N, E1219D, R1347G, T1561I
and M1628V were screened in 32–54 anonymous control
individuals from a population of Québec. PCRs were performed
using the appropriate sets of primer as described (33), in a 50 µl
volume containing 10 mM Tris–HCl, pH 8.3, 50 mM KCl,
1.5 mM MgCl2, 50 µl dNTPs, 0.5 µM of each primer, 0.1% Triton
X-100, 2% dimethylsulfoxide (DMSO) and 100 ng of genomic
DNA. The reaction was first heated at 96�C for 5 min, followed
by an incubation at 94�C for 5 min during which time 1 U of Taq
polymerase (Perkin-Elmer) was added. The reactions were
carried out using a Perkin-Elmer Cetus thermal cycler with a
two-step temperature cycle consisting of 40 s of denaturation at
94�C and 30 s of annealing at 60�C; the elongation step was
considered to be the time taken by the thermal cycler to reach
94�C after the annealing step. After 35 cycles, a final extension
at 72�C for 10 min was performed. The primers were removed
by selective precipitation and the PCR products were then
subjected to a 35-cycle asymmetric amplification under the same
conditions, except for the use of 10 nM limiting primer. After
selective precipitation, the asymmetric PCR products were
sequenced directly. Single-stranded DNA produced by asymmet-
ric PCR was sequenced by the dideoxy method using the limiting
PCR primer or sequence-specific primers with the T7 sequencing
kit (Pharmacia LKB Biothechnologies). The single-stranded



841

Nucleic Acids Research, 1994, Vol. 22, No. 1Human Molecular Genetics, 1996, Vol. 5, No. 6841

DNA and the primers were mixed together in the annealing buffer
and denatured at 95�C for 5 min. The samples were then quickly
frozen on ice/water and the sequencing reactions were performed
following the protocol provided by the manufacturer using
[35S]dATP or [35S]dCTP as the labeled nucleotide.

All the sequence variants indicated in Table 1, with the
exception of 4209–141C/A, were also screened by direct
sequencing of PCR fragments covering the entire BRCA1 coding
region and intron–exon junctions as described (15,33,34) using
DNA samples from ∼200 patients with breast and/or ovarian
cancer or known carriers by haplotype analysis. The differences
observed in the number of patients tested for each sequence
variants are due to sequencing gel variability and difficulty in
sequencing some BRCA1 gene regions.

Allele-specific oligonucleotide hybridization assay

The sequence variants Q/R356, R841W, L/P871, K/R1183,
R1347G, 4209–141C/A, 4427C/T, S/G1613 and 5272+66A/G
were screened using DNA samples purified as previously
described (15) from at least 78 control individuals from our
control population of Utah (Table 1). Pairs of oligonucleotides
were designed for each sequence variant to include the variant
nucleotide in the middle, when possible. The PCR products were
generated as described (15) and quantified by electrophoresis on
2% agarose gels stained with ethidium bromide by comparison
with DNA standards. PCR product (10 µl) was added to 110 µl
of denaturating solution (0.067 M NaOH, 0.042 mM EDTA,
0.002% bromophenol blue) and incubated for 10 min at room
temperature. Samples (30 µl) were then blotted onto Hybond-N
membrane (Amersham) with a dot-blotting apparatus (Gibco-
BRL). The DNA was immobilized by UV cross-linking.
Pre-hybridization was performed at 45�C in 5× SSPE (0.75 M
NaCl, 0.05 M NaH2PO4.H2O, 0.005 M EDTA) and 2% SDS.
Wild-type and variant ASOs were end-labeled by incubation at
37�C for 10 min with 5 µCi [γ-32P]ATP, 100 ng of ASO, 10 U of
T4 polynucleotide kinase (Boehringer-Mannheim) and kinase
buffer. Twenty ng of labeled ASO was used in overnight
hybridization reaction in the same buffer used for pre-hybridiza-
tion. Each blot was washed twice in 5× saline sodium citrate and
0.1% SDS for 10 min at room temperature and then for 30 min
at progressively higher temperatures until non-specific signals
were eliminated. Blots were exposed to X-ray film for 40 min
without intensifying screen.

Statistical analysis

Hardy–Weinberg equilibrium was tested by χ2 analysis compar-
ing observed genotype frequencies with those expected under
Hardy–Weinberg equilibrium assuming the estimated allele
frequencies. Pairwise linkage disequilibrium between each pair
of the sequence variants indicated in Table 2 was assessed through
analysis of joint genotype distribution. The standard linkage
disequilibrium coefficient D = P11–p1q1 was calculated where P11
is the observed frequency of the 1–1 haplotype and p1q1 is the
corresponding expected frequency based on the estimated allele
frequencies calculated from the sample of individuals on whom
both polymorphisms were typed. Double heterozygotes whose
haplotype status could not be determined were excluded from the
analysis. These exclusions represented 3–20% of the data for the
individual analyses. The values of D were transformed into a
correlation coefficient, r, as in (52) by r = D/(p1p2q1q2)1/2 and

compared with the theoretical maxima based on the allele
frequencies Dmax and corresponding rmax where Dmax = min
(p1q2, p2q1) (53). The significance of the linkage disequilibria
coefficients was assessed by χ2 analysis.
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