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Abstract Background. Inherited mutations in the BRCAT
gene are associated with a high risk of breast and ovar-
ian cancer in some families. However, little is known
about the contribution of BRCA 1 mutations to breast can-
cer in the general population. We analyzed DNA samples
from women enrolled in a population-based study of ear-
ly-onset breast cancer to assess the spectrum and fre-
quency of germ-line BRCAT mutations in young women
with breast cancer.

Methods. We studied 80 women in whom breast can-
cer was diagnosed before the age of 35, and who were not
selected on the basis of family history. Genomic DNA was
studied for BRCA1 mutations by analysis involving single-
strand conformation polymorphisms and with allele-specif-
ic assays. Alterations were defined by DNA sequencing.

Results. Germ-line BRCA1 mutations were identified
in 6 of the 80 women. Four additional rare sequence vari-

ENETIC, hormonal, and environmental factors
each have a role in the etiology of breast cancer,'”
which is the most common malignant condition and
the second most common cause of cancer-related death
among American women.® Inherited mutations in p53,’
BRCAL?® and BRCA2° are known to confer a predis-
position to breast cancer, and heterozygotes for muta-
tions in the ataxia—telangiectasia gene may also be at
increased risk for breast cancer.'” Nevertheless, quanti-
tative information regarding the contribution of inher-
itance to the overall incidence of breast cancer in the
population has been largely inferential.®
The identification and cloning of the BRCAI gene of-
fer an opportunity to define further the role of genetic
factors in breast cancer. BRCAI was mapped to chro-
mosome 17q by linkage analysis of large families that
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ants of unknown functional importance were also identi-
fied. Two of the mutations and three of the rare sequence
variants were found among the 39 women who reported
no family history of breast or ovarian cancer. None of the
mutations and only one of the rare variants was identified
in a reference population of 73 unrelated subjects.

Conclusions. Alterations in BRCA1 were identified in
approximately 10 percent of this cohort of young women
with breast cancer. The risk of harboring a mutation was
not limited to women with family histories of breast or
ovarian cancer. These results represent a minimal esti-
mate of the frequency of BRCA1 mutations in this pop-
ulation. Comprehensive methods of identifying BRCA1
mutations and understanding their importance will be
needed before testing of women in the general population
can be undertaken. (N Engl J Med 1996;334:137-42.)
01996, Massachusetts Medical Society.

included multiple women with breast cancer, many of
whom had an unusually early age of onset of the dis-
ease.! The pattern of breast-cancer cases in families
whose disease is linked to the BRCAI region is most
consistent with an autosomal dominant mode of inher-
itance and high levels of penetrance, thus fitting the
predictions of genetic epidemiologic analyses.?® Studies
have also demonstrated clustering of cases of ovarian
cancer in some of these families.!! Women in selected
high-risk families who harbor a BRCA/ mutation ap-
pear to have at least an 80 percent lifetime risk of
breast cancer, as well as a substantial risk of ovarian
cancer.'? In addition, obligate carriers of mutant BRCA]
alleles may have an increased risk of both prostate and
colon cancers.!>!*

The BRCAI gene is encoded by 5592 nucleotides dis-
tributed over a genomic region of approximately 100
kb."” The 22 coding exons of the gene encode a protein
of 1863 amino acids. The protein contains a putative
RING finger (zinc-binding) domain near the amino ter-
minal, suggesting that BRCAI may regulate transcrip-
tion. One recent study suggests that BRCA may inhib-
it the growth of breast epithelial cells.!®

A recent collaborative survey describing 80 germ-line
mutations summarizes the spectrum and frequency of
BRCAI mutations identified to date, primarily in high-

Downloaded from www.nejm.org on November 25, 2009 . For personal use only. No other uses without permission.
Copyright © 1996 Massachusetts Medical Society. All rights reserved.



138 THE NEW ENGLAND JOURNAL OF MEDICINE

Jan. 18, 1996

risk families.” All classes of muta-
tions are represented — missense
mutations, nonsense mutations, dele-
tions, Insertions, and intronic muta-
tions. Over 75 percent of the report-
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ed mutations result in the production
of a truncated protein. Mutations oc-
cur throughout the coding sequence,
although several common mutations

Analysis of single-
strand conformation
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have been found in multiple unrelat-
ed families.”? There remain a few
families whose disease is linked to
the BRCAI region in which mutations
have not yet been found,’®*? implying
the existence of mutations in regula-
tory sequences.

Molecular studies of germ-line
BRCAI mutations have focused to
date on women from high-risk fami-
lies. Although family studies have
proved invaluable for mapping and
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cloning of the gene, observations in
such families regarding the nature
and penetrance of BRCAI mutations
may not reflect the full spectrum of
alterations present in the general pop-
ulation. Epidemiologic studies sug-
gest that mutations in highly pene-
trant dominant genes such as BRCAI
may account for a substantial propor-
tion of very-early-onset breast cancer
in the general population,® although
this prediction has not been directly
tested at the molecular level. In order
to test this hypothesis, we analyzed DNA samples from
women who were enrolled in a population-based study of

Table 1. Characteristics of 214 Women in Whom Breast Cancer
Was Diagnosed before the Age of 35 and of the Subgroup of 80
Women Tested for BRCAT Mutations.*

WOMEN TESTED FOR
BRCAI MUTATIONS

ALL WOMEN WITH
BREAST CANCER BEFORE

CHARACTERISTIC AGE 35 (N=214) (N =2380)
number (percent)
Age at diagnosis
21-30 yr 71 (33) 26 (32)
31-34 yr 143 (67) 54 (68)
Family history of breast cancerf
None 142 (66) 51 (64)
Motbher, sisters, or both 30 (14) 14 (18)
Aunts or grandmothers only 42 (20) 15 (19)
Family history of ovarian cancerf
None 201 (94) 76 (95)
Mother, sisters, or both 5(Q2) 2(2)
Aunts or grandmothers only 8 4) 2(2)
Extent of disease at diagnosis
In situ 23 (11) 15 (19)
Local 106 (50) 37 (46)
Regional or distant 85 (40) 28 (35)
Vital status
Alive 164 (77) 75 (94)
Dead 50 (23) 5(6)

*Because of rounding not all categories total 100 percent.
‘Family-history data as reported at the time of the original interview.

Figure 1. Strategy Used to Screen for BRCA1 Mutations.

Genomic DNA from a subgroup of 80 women enrolled in a large, population-based
study of early-onset breast cancer was analyzed for mutations in the BRCAT gene.
The screening included single-strand conformation polymorphism analysis and hy-
bridization with allele-specific oligonucleotides. The PCR products that yielded vari-
ant patterns on single-strand conformation polymorphism analysis or that were pos-
itive for a mutation on allele-specific assay were sequenced directly to ascertain the
position and type of sequence variation. The analysis of sequence data permitted
each alteration to be assigned to one of the following categories: mutations that af-
fect the structure and function of the gene, rare sequence variants of unknown func-
tional consequence, and polymorphisms that are common in the general population,

irrespective of breast-cancer status.

carly-onset breast cancer. We assessed the frequency and
type of BRCAI mutations in women who were given a di-
agnosis of breast cancer before the age of 35 and who
were not selected on the basis of family history.

METHODS
Patient Population

The 80 patients in the study were a subgroup of women from a
large population-based study of early-onset breast cancer.?! All white
women born after 1944 who were given a diagnosis of a first invasive
or in situ breast cancer between January 1, 1983, and April 30, 1990,
and were residents of King, Pierce, or Snohomish County in Washing-
ton State were eligible for the original study. The patients were iden-
tified through the Cancer Surveillance System of western Washington,
a population-based cancer registry that participates in the Surveillance,
Epidemiology, and End Results Program.

Of the 1011 women eligible to participate in the original popula-
tion-based study, 845 (84 percent) were successfully interviewed; 747
of these women had invasive breast cancer, and 98 had carcinoma in
situ. Information regarding potential risk factors for breast cancer
was obtained through a structured face-to-face interview. Information
on family history (up to the date of diagnosis of the patient’s breast
cancer) was elicited by asking each patient to identify all first- and
second-degree female blood relatives. For each relative identified, the
interviewer then asked the year of birth, vital status, year of death (if
applicable), history and type of cancer (if any), and the laterality of
the cancer if it was breast cancer.

In 1991, blood samples were obtained from 439 of the 845 inter-
viewed women (52 percent); 141 others died before blood samples
could be taken, 82 could not be located, 143 were not approached,
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Table 2. Definite BRCA1 Mutations Identified in Six Women with Early-Onset Breast Cancer.

AGE MosT RECENT
PATIENT AT DIAGNOSIS NUCLEOTIDE FAMILY HISTORY OF BREAST FamiLy HISTORY OF OTHER UPDATE OF
No. (YR)* CHANGE CONSEQUENCE OR OVARIAN CANCER MALIGNANT CONDITIONS FamiLy HISTORY
7 27 4-bp deletion at nu- Premature termination ~ Paternal cousin: breast cancer ~ Paternal aunt: endometrial cancer at age 64 4/95
cleotide 3875 at amino acid 1262 in her 50s Paternal half-brother: melanoma at age 45
29 31 T -G at nucleotide ~ Cys61Gly (within zinc- Mother: breast cancer at age None reported 10/94
300 in exon 5 binding motif) 49
30 317 12-bp insertion in Unknown None reported None reported 10/94
intron 20
51 32 Insertion of C at nu- Premature termination ~ Paternal aunt: breast cancer at ~ Maternal uncle: leukemia at age 80 12/92
cleotide 5382 at amino acid 1829 age 40
Paternal aunt: breast cancer at
age 60
70 34 C-T at nucleotide ~ Premature termination ~ None reported Paternal aunt: malignant condition (primary 10/94
4302 in exon 12 at amino acid 1395 site unknown) at age 45
(Gln) Paternal grandmother: malignant condition
(primary site unknown) at age 49
Father: colon cancer at age 55
72 34 4-bp deletion at nu- Premature termination ~ Maternal aunt: ovarian cancer ~ Mother: non-Hodgkin’s lymphoma at 4/92
cleotide 4184 at amino acid 1364 at age 50 age 50

Maternal cousin: ovarian can-
cer at age 32
Paternal aunt: bilateral breast

Maternal half-aunt: leukemia at age 57
Paternal grandfather: stomach cancer, age
unknown

cancer, postmenopausal

*All six of the women with definite mutations had invasive carcinoma at the time of the initial diagnosis.

fPatient 30 also had a history of cervical cancer, which was diagnosed when she was 26.

and 40 refused to give a blood sample. Of the 214 women in whom
breast cancer was diagnosed before the age of 35, 80 provided blood
samples that were available for this analysis. Genomic DNA was pre-
pared either directly from blood samples or from lymphoblastoid lines
immortalized with Epstein—Barr virus.??

Renewed contact and follow-up of previously interviewed women
were initiated in order to obtain updated information on their female
relatives and cancer histories of their male relatives. As of August 29,
1995, updated information had been obtained from 73 of the 80 sub-
jects included in the study (91 percent).

Analysis of Single-Strand Conformation Polymorphisms

Forty-eight primer pairs'®? were used to amplify the BRCAI cod-
ing sequence, intron—exon boundaries, and the promoter region from
genomic DNA of each of the 80 study subjects. The reaction mixtures
used for the polymerase chain reaction (PCR) and the conditions
of the analysis involving single-strand conformation polymorphisms
(SSCP) have been described previously."?

To characterize the frequency in the general population of each rare
allele identified in study patients, we used DNA samples from a refer-
ence population of 73 unrelated subjects provided by the Centre d’Etude
du Polymorphisme Humain (CEPH). These subjects are the maternal
and paternal grandparents of the CEPH families, and their samples
are routinely used in genetic-mapping studies. Although these subjects
were not part of any population-based study and there is therefore lit-
tle information on them regarding epidemiologic risk factors, they are
not suspected of having any inherited predisposition to malignant con-
ditions.

Screening with Allele-Specific Oligonucleotides

Hybridization assays were performed with oligonucleotide probes
corresponding to mutations in exon segments 2, 11Pi, 20, and splice-
donor and splice-acceptor sites in intron 5.2 Genomic DNA from all
80 patients was amplified with the primers for the corresponding exon
segment. The PCR products were then denatured and applied to a
GeneScreen nylon filter with a 96-well dot blot apparatus. Hybridiza-
tion with mutant or normal oligonucleotides was performed as previ-
ously described.?® All mutations were confirmed by forward and re-
verse (bidirectional) sequencing of the PCR product.

DNA Sequencing

For each variant pattern identified by SSCP analysis, the putative
mutant allele was eluted from the gel and fragments were reamplified
with the original primer pair. In each case the corresponding frag-

ment of DNA was also amplified for direct sequencing with 100 ng of
genomic DNA as the template. All PCR products were bidirectionally
sequenced with the Applied Biosystems 7aqg DyeDeoxy terminator cy-
cle-sequencing kit according to the manufacturer’s instructions. Sam-
ples were analyzed with an Applied Biosystems 373A sequencer.

RESULTS
Patients’ Characteristics

Table 1 summarizes the characteristics of all 214 wom-
en from the population-based study in whom breast
cancer was diagnosed before the age of 35 and of the
subgroup of 80 women for whom DNA samples were
available for analysis of BRCAI mutations. The family
histories of the subgroup were similar to those of the
group as a whole. The subgroup had a higher propor-
tion of women with in situ carcinoma than the group as
a whole (19 percent vs. 11 percent), and the women in
the subgroup were more likely to have survived their
breast cancer (94 percent vs. 77 percent). These differ-
ences in the stage of cancer and survival presumably re-
flect the lag between diagnosis and the drawing of
blood from women whose cancer was diagnosed early
in the course of the study. One recent report suggests
that the survival of women with breast cancer who har-
bor mutant BRCAI alleles may be longer than that of
unselected women with breast cancer.?* If this observa-
tion is correct, it is possible that our sample of 80 wom-
en may have a bias that slightly overestimates the pro-
portion of cases that involve BRCAI.

Characterization of Alterations in the Germ-Line BRCA1
Sequence

Figure 1 shows the strategy we used to screen for mu-
tations in the germ-line BRCAI sequence. The alter-
ations we found fall into three categories: definite mu-
tations, each of which either has been associated with
breast cancer in previous studies of high-risk families or
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Figure 2. Three BRCA1 Mutations Identified by Single-Strand
Conformation Polymorphism Analysis.

Each autoradiograph of single-strand conformation polymor-
phism gels shows the normal patterns of migration of denatured
PCR products and the mobility shift produced by a mutant allele
in the corresponding genomic segment. In each panel, the lane
showing the mutant allele (corresponding to a germ-line muta-
tion) is marked by an asterisk. Panel A shows a T-to-G point mu-
tation in exon 5 at the first position of codon 61 (Patient 29);
Panel B, an insertion of 12 base pairs in intron 20 (Patient 30);
and Panel C, a C-to-T nonsense mutation at nucleotide 4302 in
exon 12 (Patient 70).

Jan. 18, 1996

is predicted to result in protein truncation; rare se-
quence variants of unknown functional consequence;
and polymorphisms that are common in the general
population, irrespective of breast-cancer status. Each
category is discussed separately below.

Definite BRCA1 Mutations

The six definite BRCAI mutations identified in the
study population and the characteristics of the women in
whom such mutations were found are shown in Table 2.

Four of the mutations result in premature termina-
tion codons and, hence, a truncated protein product
(Patients 7, 51, 70, and 72 in Table 2). Three of these
four mutations have been described previously in fami-
lies whose disease is linked to the BRCAI region."” The
nonsense mutation in exon 12 (Patient 70 in Table 2) is
novel but qualitatively similar to others already de-
scribed. The aberrant pattern produced by this muta-
tion on SSCP analysis is shown in Figure 2.

One missense mutation and one large intronic inser-
tion were also identified. The change from cysteine to
glycine at amino acid 61 within the zinc-binding motif
of the BRCALI protein (Patient 29 in Table 2 and Fig. 2)
has been reported in at least two high-risk families'” and
has been seen as a somatic mutation in an ovarian tu-
mor.” The insertion of 12 base pairs (bp) in intron 20 in
Patient 30, who had a history of breast and cervical can-
cer, represents a tandem reduplication of the sequence
3'GTNTTCCACTCC3' that begins 48 bp downstream
of the 3’ boundary of exon 20. This variant is easily de-
tected by SSCP analysis (Fig. 2) and was not present in
any of the 73 subjects in the control population. This
mutation has also been identified in a woman with both
breast and ovarian cancer who had five maternal rela-
tives with breast cancer.?® This alteration may affect
RNA processing, but RNA was not available to test the
effect of the mutation.

The family histories of the six women with BRCAI
mutations are diverse; four of them reported family his-
tories of breast or ovarian cancer. Of the two others,
Patient 70 had a paternal aunt and a paternal grand-
mother with unidentified malignant conditions but had
no sisters or maternal aunts, and Patient 30 had no sis-
ters but had two maternal and five paternal aunts, none
of whom had a history of cancer (Table 2).

Rare BRCA1 Sequence Variants

Four rare BRCAI sequence variants were identified
(Table 3). Such rare variants occur very infrequently in
the general population and have not yet been associated
with breast cancer in high-risk families. They may con-
fer amino acid changes on the BRCAI protein or have
the potential to alter RNA processing, but the function-
al consequence of these changes remains unknown.

Two of the rare sequence variants are single-base
substitutions, each producing an amino acid change.
The missense change in exon 2 results in the substitu-
tion of threonine for methionine at amino acid 18 (Pa-
tient 76 in Table 3), which may affect the conformation
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Table 3. Rare BRCA1 Sequence Variants Identified by Analysis of Single-Strand Conformation Polymorphisms in Four Women with
Early-Onset Breast Cancer.

AGE MosT RECENT
PATIENT AT DIAGNoOSIS FAMILY HISTORY OF BREAST FAMILY HISTORY OF OTHER UPDATE OF ALLELE
No. (YR) NUCLEOTIDE CHANGE CONSEQUENCE OR OVARIAN CANCER MALIGNANT CONDITIONS FAMILY HISTORY FREQUENCIES*
37 32 A -G at nucleotide 4158  Argl1347Gly Paternal aunt: breast cancer, Paternal aunt: gastrointestinal 8/92 Patients: 1 in 80
age unknown tumor, age unknown Controls: 1 in 73
Maternal grandmother:
breast cancer at age 63
65 33 C T at nucleotide 49 of  Noncoding None reported None reported 9/94 Patients: 1 in 80
exon 4f exon Controls: 0 in 73
71 34 C -G at nucleotide 1088  Noncoding ~ None reported Paternal grandmother: gastroin- 12/94 Patients: 1 in 80
bp upstream of exon 1 region testinal tumor at age 59 Controls: 0 in 73
76 34 T - C at nucleotide 172 Met18Thr None reported None reported 5/94 Patients: 1 in 80

of exon 2

Controls: 0 in 73

*The control subjects consisted of 73 unrelated subjects for whom DNA samples were provided by the Centre d’Etude du Polymorphisme Humain.

7The GenBank accession number for exon 4 of BRCA/ is U15595.

of the protein, since a polar hydrophilic residue replaces
a residue that is nonpolar and hydrophobic. This alter-
ation was not seen in any of the 73 subjects in the refer-
ence population, nor has it been identified in high-risk
families. In contrast, the A-to-G missense change at nu-
cleotide 4158 (Patient 37 in Table 3) was also found in
one person in the control group. This substitution has
been seen previously in a patient with an insertion else-
where in the gene,'” suggesting that it represents a rare
neutral polymorphism rather than a true mutation.
The other two rare sequence variants were found in
noncoding regions, and neither was found in the control
group. The single-base substitution in exon 4 found in
Patient 65 is unlikely to be of functional consequence,
given its location within this noncoding exon. The C-to-
G change 1088 bp upstream of the site of the initiation
of BRCAI transcription (Patient 71 in Table 3) is nota-
ble because it lies within exon 1B of another gene, /A1-
3B, which encodes a putative B-box coiled-coil pro-
tein.”” Fewer than 300 bp separate the first exons of
BRCAI and IAI-3B, raising the possibility of coordi-
nate regulation of the expression of these two genes.?®

Common Polymorphisms

Eight common polymorphisms of BRCAI were iden-
tified in the patient population, corresponding to se-
quence changes in exons 11 (five polymorphisms) and
16 and introns 8 and 16 (data not shown). All alterations
within the coding sequences were single-base substitu-
tions, and each polymorphism had an allele frequency
of at least 7.5 percent in the study population. These se-
quence alterations, which have been noted by other in-
vestigators in control subjects and patients, are not as-
sociated with the penetrant phenotypes seen in families
whose disease is linked to the BRCAI region.'”""

DISCUSSION

The identification of six BRCAI mutations, as well as
several sequence variants with potential functional im-
portance, in this cohort of 80 young women with breast
cancer supports the prediction that the BRCAI gene has
a moderate role in the pathogenesis of breast cancer in
this age group.® The technical limitations of the avail-

able assays may result in a slight underestimate of the
true frequency of BRCAI mutations in this cohort. For
instance, the sensitivity of SSCP analysis, which was the
cornerstone of our screening strategy, is approximately
70 to 80 percent under the assay conditions we used.?*3
In addition, some noncoding mutations affecting gene
expression or RNA processing may not have been de-
tected because complementary DNA was not available
for screening. Several of the rare sequence variants we
identified may be associated with an increased likeli-
hood of cancer, but we cannot consider them to be def-
inite mutations on the basis of sequence information
alone. Such uncertainties illustrate some of the current
difficulties in interpreting the results of sequence-based
screening for mutations, particularly outside the context
of studies of families whose disease is linked to the
BRCAI region. Nevertheless, the results of family stud-
ies in which methods and reagents similar to ours were
used suggest that the bulk of BRCA! mutations in this
patient population should have been detected.!>!7-20
Five of the six mutations we identified have been
seen previously in high-risk families and include three
of the most common mutations identified to date (those
in Patients 29, 51, and 72)."7% We did not detect the
2-bp deletion in exon 2 (185delAG) that has been seen
in multiple families of Ashkenazi Jewish descent and is
estimated to occur at a frequency of approximately
1 percent in this population.’! The absence of this mu-
tation in our study population is not surprising, given

Table 4. Distribution of BRCA7 Mutations and Rare Sequence
Variants According to the Family History of Breast and Ovarian
Cancer among 80 Women with Early-Onset Breast Cancer.

SEQUENCE
FAMILY HISTORY WOMEN MUTATIONS VARIANTS
number (percent)
Breast or ovarian cancer or both in =1 19 (24) 1 0
Ist-degree relatives
Breast or ovarian cancer or both in =1 22 (28) 3 1
2nd-degree relatives but no 1st-
degree relatives
No family history of breast or ovarian 39 (49) 2 3

cancer
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that Jewish women constituted only 1.2 percent of the
study subjects who were under 35 years of age in the
original population-based study.

One of the most important findings of this study is
that BRCAI mutations are not limited to women with
strong family histories of breast or ovarian cancer (or
both). The distribution of mutations among the study
subjects according to the family history of breast and
ovarian cancer is shown in Table 4. The absence of cor-
relation between the family history and the genetic risk
attributable to BRCAI may reflect variations in family
structure, incompletely penetrant alleles, the potential
influence of additional modifier genes, and differences
in patient recall. These observations illustrate the diffi-
culty of making predictions about the presence or ab-
sence of BRCAI mutations on the basis of a woman’s
family history.

Our results illustrate several of the technical and sci-
entific reasons why screening for BRCAI mutations is
relevant but cannot yet be applied to the general pop-
ulation. Similar conclusions are drawn in the accompa-
nying paper by FitzGerald and coworkers, who used
different strategies to screen young women from the pop-
ulation at large for BRCAI mutations.*? Using currently
available mutation assays, including direct DNA se-
quencing, we are not yet able to detect all alleles that in-
crease the likelihood of disease, nor can we interpret
their meaning. In addition, our data suggest that family
history is not a good indicator of which women carry
mutant BRCA alleles. Further insight into the structure
and function of the BRCAI gene and its protein product
will facilitate the development of more comprehensive
mutation-detection strategies and improve the interpre-
tation of alterations in the sequence of the gene. Large
population-based screening studies are needed to estab-
lish the frequency, importance, and penetrance of the
broad spectrum of variations in the sequence of BRCAI
observed in both affected and unaffected women in the
general population. Only then will it be possible to offer
reliable results and meaningful counseling to women
who choose to have such testing.

Note added in proof We have recently identified the C-to-T single-
base change at nucleotide 49 of exon 4 in 6 of 145 randomly selected
men residing in the same geographic area as the 80 women included
in this study, suggesting that the variant represents a neutral poly-
morphism.

We are indebted to the women who participated in the study; to
Mary-Claire King and Lori Friedman for providing information on ol-
igonucleotide sequences; to Leigh Francisco for technical assistance
with DNA sequencing; and to Eileen Bryant, Brenda Sandmaier, and
Jeanne Anderson for thoughtful comments on the manuscript.
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