
Frequency of BRCA1 Dysfunction in Ovarian Cancer

John P. Geisler, Melanie A. Hatterman-Zogg, Jennifer A. Rathe, Richard E. Buller

Background: Ovarian cancer is one of the most common
hereditary cancers in women. Mutations in the BRCA1 gene
increase a woman’s risk of ovarian cancer. Testing for
BRCA1 mutations is cumbersome and impractical for large
populations. Therefore, we developed an efficient strategy to
detect various types of BRCA1 dysfunction and also deter-
mined the relative frequency of BRCA1 dysfunction in ovar-
ian cancer. Methods: Tumors from 221 patients with epithe-
lial ovarian cancer were screened for loss of heterozygosity
(LOH) at the BRCA1 locus. BRCA1 complementary DNA
(cDNA) and genomic DNA from all cancers with BRCA1
LOH (106 tumors) or noninformative status (15 tumors)
were polymerase chain reaction (PCR) amplified and ana-
lyzed for protein truncation in a coupled transcription/
translation test. When truncated BRCA1 protein was de-
tected, the BRCA1 gene from both the tumor and a paired
blood sample was sequenced. When BRCA1 expression in
tumor cDNA was not detected with a protein truncation test,
a methylation-specific PCR was used to determine whether
the promoter region of BRCA1 was methylated and thus
inactivated. All statistical tests were two-sided. Results:
Fifty-one (23.1%) of 221 tumors had BRCA1 dysfunction,
including 18 with germline mutations, 15 with somatic mu-
tations, and 18 with monoallelic or biallelic hypermethylated
promoters. By the consideration of only tumors with LOH or
that were noninformative, the efficiency for detecting
BRCA1 dysfunction improved to 45 (37.2%) of 121 tumors.
Therefore, LOH/noninformative was a strong predictor of
mutation status (Fisher’s exact test, P<.001). However, this
subset of tumors did not include those with BRCA1 missense
mutations (estimated at six [2.7%] of 221 not detected by our
method) or biallelic promoter methylation (estimated at six
[2.7%] of 221). Conclusions: BRCA1 dysfunction in ovarian
cancer is common and occurs via multiple mechanisms. The
use of LOH, rather than a family history of ovarian cancer,
as a first step in a screening strategy, followed by protein
truncation testing, appears to increase the chance of identi-
fying tumors with BRCA1 dysfunction. [J Natl Cancer Inst
2002;94:61–7]

Ovarian cancer is one of the most common forms of heredi-
tary cancer in adult females (1). It is the leading cause of death
from gynecologic cancer in the United States (2,3). Mutations in
the BRCA1 gene, located at 17q21, play an important role in the
development of hereditary and sporadic ovarian cancers and
increase a woman’s risk of ovarian cancer. A growing body of
evidence suggests that the BRCA1 protein is involved in the
DNA repair process (4). Because abnormal DNA repair mecha-
nisms contribute to carcinogenesis and may modify the tumor’s
response to chemotherapy, there is a great deal of interest in
identifying cancers carrying mutations in their BRCA1 genes
(5).

Testing for BRCA1 mutations in a large cohort is both cum-
bersome and impractical because of the large size of this gene,
which is encoded by nearly 5500 bases located in an approxi-

mately 117-kilobase-pair segment of chromosome 17q. Our
group (6) demonstrated that the protein truncation test was su-
perior to single-strand conformational polymorphism (SSCP)
analysis in screening ovarian cancers for BRCA1 null mutations.
The protein truncation test was not only more sensitive than
SSCP but also more efficient, using less than one eighth of the
number of reactions required for SSCP. Unfortunately, the pro-
tein truncation test fails to detect missense mutations, which
account for an estimated 15% of the BRCA1 mutations in tu-
mors. However, the functional importance of such mutations is
questioned (7).

Denaturing gradient gel electrophoresis and its offshoot, two-
dimensional gene scanning, have also been proposed as screen-
ing tools (8). This technique is equivalent to DNA-based protein
truncation testing of exon 11 but has not been compared with
complementary DNA (cDNA)-based protein truncation testing
for the other portions of the open reading frame. Both protein
truncation testing, as described by our laboratory, and two-
dimensional gene scanning take only five polymerase chain re-
actions (PCRs) per tumor. However, two-dimensional gene
scanning, which also detects missense mutation and polymor-
phisms, generates at least 37 PCR fragments from its use of five
multiplex PCRs, which increases the difficulty of analysis (6,8).
Two-dimensional gene scanning detects a number of missense
mutations of unknown functional importance. Still another in-
vestigator (9) has recommended a combined approach, including
DNA-based protein truncation testing for exon 11, allele-
specific oligonucleotide assay for the eight most common mu-
tations, and DNA-based sequencing of the rest of the gene. This
combined approach is still less efficient than a protein truncation
test-based approach.

Although not as cumbersome as SSCP or two-dimensional
gene scanning with denaturing gradient gel electrophoresis, per-
forming protein truncation tests on all newly diagnosed epithe-
lial ovarian, peritoneal, or fallopian tube cancers is clearly still
time consuming. Early in the 1990s, Amos and Struewing (10)
demonstrated the importance of a family history of ovarian can-
cer as a risk factor for ovarian cancer in general. More recently,
Moslehi et al. (1) found that family history of ovarian cancer was
an important risk factor for BRCA1 mutations in ovarian cancer.
Still others (11) have found a high rate of BRCA1 mutations
associated with ovarian cancer, in certain populations, regardless
of a family history of ovarian cancer. Loss of heterozygosity
(LOH), which occurred in all BRCA1 mutations, whether germ-
line or somatic, was a key finding in the BRCA1 sequencing
study of ovarian cancers by Berchuck et al. (12) that was also
confirmed in our laboratory (6). A family history of ovarian
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cancer was compared with LOH as the first step in determining
on whom further testing should be performed. The purpose of
this study was to develop an efficient screening strategy to detect
various types of BRCA1 dysfunction that would have a high
yield without compromising the efficiency of the process and to
determine the frequency of BRCA1 dysfunction in ovarian can-
cer.

MATERIALS AND METHODS

This study was carried out in accordance with the standards
of our Institutional Committee for the Protection of Human Sub-
jects. All samples were obtained after patients signed a written
informed consent. Initially, 14 BRCA1 mutations were detected
by SSCP in a cohort of 81 patients with ovarian, peritoneal, or
fallopian tube cancer (13). Recently, an additional nine muta-
tions, not detected by SSCP, were found with a novel protein
truncation test in an expanded cohort of 94 patients with ovarian
cancer (6). Tumors from all of these patients were subjected to
an LOH analysis that used three intragenic BRCA1 microsatel-
lite repeat units. For this study, an additional 127 patients were
added to bring the total number of ovarian cancers screened with
LOH to 221. Patient selection was solely on the basis of the
availability of snap-frozen tissue for protein truncation testing.

All 121 tumors with BRCA1 LOH or with a noninformative
status were further screened by protein truncation testing. Sixty-
six of 100 tumors that were diploid at the BRCA1 loci also
underwent protein truncation testing.

Fig. 1 shows a schematic of our proposed screening strategy.
LOH analysis is the first step narrowing the number of patients
on which the protein truncation test must be performed. The
protein truncation test then identifies important candidate trun-
cating mutations and candidate tumors that failed to express
BRCA1 protein for methylation-specific PCR (MS-PCR) analy-
sis. This strategy will not detect missense mutations.

Loss of Heterozygosity

BRCA1 intragenic polymorphic loci (D17S855, D17S1322,
and D17S1323) were amplified by PCR with radiolabeled prim-
ers by use of blood and snap-frozen tumor samples. PCR frag-
ments were analyzed on 8% polyacrylamide sequencing gels
that were fixed, dried, and exposed to Scientific Imaging Film™
(Kodak, Rochester, NY) for 30 minutes to 3 hours to show
distinct bands for analysis. Mutations identified by direct se-
quencing from protein truncation test candidates provided addi-
tional LOH information when the polymorphic markers were not
informative. To be informative, two alleles had to be visualized

Fig. 1. Schematic of our screening strategy.
Loss of heterozygosity (LOH) analysis is the
first step narrowing the number of patients
on which the protein truncation test must be
performed. The protein truncation test can
identify both important candidate-truncating
mutations and candidate tumors for analysis
by methylation-specific polymerase chain re-
action (MS-PCR) by their lack of expression.
Only missense mutations are missed by us-
ing this strategy. * Four of the 66 tested tu-
mors without LOH had biallelic promoter
methylation. When this result was extrapo-
lated, six of the 100 tumors without LOH in
the study would show biallelic promoter
methylation. ** Sixteen of the 121 tumors in
the study had promoter methylation by MS-
PCR (12 with LOH and four without LOH).
When this result was extrapolated, 18 of 221
tumors would show promoter methylation.
cDNA � complementary DNA; mRNA �

messenger RNA.
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in the DNA PCR product from peripheral blood. LOH was re-
corded if the difference in intensity between two bands in the
tumor DNA PCR product was visually greater than or equal to
2 : 1. The concepts of LOH and noninformative alleles are dem-
onstrated in Fig. 2.

Protein Truncation Test Analysis

The open reading frame of BRCA1 was divided into five
overlapping fragments as described previously (6). Both DNA
and cDNA templates (generated from random hexamers) were
used. DNA templates were used to generate fragments that en-
compass only exon 11. DNA cannot be used for exons 2–10 or
12–24 inclusive because of the size of the intervening introns.
(In these regions, truncating mutations were detected by appro-
priately designed in-frame primers for PCR amplification of
cDNA.) The technique for RNA isolation and cDNA synthesis
for reverse transcription–PCR starting from snap-frozen tumor
samples stored at –140 °C was described previously (14). Failure
to amplify a product in the cDNA reactions also provided can-
didate tumors where epigenetic phenomenon, including pro-
moter silencing, may occur (i.e., if the products were identified
for genomic DNA [exon 11] but no products from cDNA [exons
2–11 and 11–24], despite appropriate amplification of a house-
keeping gene sequence, such as glycerol 3-phosphate dehydro-
genase [G3PD]).

Primers containing both a eukaryotic translation initiation site
and a T7 promoter were used to generate PCR products that were
amenable to protein truncation testing (6). The individual PCRs
were performed with complete translation of the product in the
TNT® Quick Coupled Transcription/Translation System (Pro-
mega Corp., Madison, WI) essentially as in the manufacturer’s
protocol. After the addition of sodium dodecyl sulfate (SDS)
buffer, the samples were heated to 85 °C for 2 minutes. An
aliquot of the sample was then subjected to SDS–
polyacrylamide gel electrophoresis until the leading dye com-
pletely crossed the gel (45 W for 15 minutes). Gels were then
fixed, dried, and exposed to Scientific Imaging Film overnight.

Sequencing

Direct PCR-based sequencing was performed on any sam-
ple in which a shift in band pattern was observed on the pro-
tein truncation test. DNA products were purified with the Wiz-
ard PCR DNA Purification System (Promega Corp.) or the
QIAquick™ PCR Purification Kit (Qiagen Inc., Valencia, CA).
The PCR sequencing reaction was completed by using the DNA
Cyclic Sequencing System (Promega Corp.). Sequencing of the
candidate mutations (with the use of Licor IR2; LI-COR, Lin-
coln, NE) based on protein truncation testing was carried out by
selecting an appropriate region to sequence on a 41-cm, 7%

Long RangerTM polyacrylamide gel (FMC Bioproducts, Rock-
land, ME) (6). Specific M13-tagged primers were chosen on the
basis of the size of the truncated protein product. Electrophoresis
was performed at 50 °C, 31.5 W, and 35 mA for approximately
6 hours. Gels were evaluated by use of LI-COR ImagIR 4.2
data-collection software and image manipulator software (LI-
COR). Mutations were confirmed with bidirectional sequencing
of products from a second independent PCR. A germline muta-
tion was determined by the presence of the same mutation in
peripheral blood DNA that was identified in tumor DNA. In
contrast, a somatic mutation was defined by a normal BRCA1
sequence from blood DNA in the region where a mutation was
sequenced from tumor.

Methylation-Specific Polymerase Chain Reaction

MS-PCR was performed on NaHSO3-converted DNA from
tumors that failed to express BRCA1 messenger RNA (mRNA).
The NaHSO3 reaction has been described previously (15–17).
From 0.5 to 5 �g of DNA was incubated first with 0.3 M NaOH
at 37 °C. The alkalinized mixture was exposed to 3.6 M NaHSO3

and 1 mM hydroquinone at 55 °C for 14 hours before recovering
and desalting the products with Promega® Wizard Prep (Pro-
mega Corp.). The desalting was performed as recommended by
the manufacturer, except for the last elution in which double-
distilled H2O was incubated on the column at room temperature
for 5 minutes before the final centrifugation (18 620g for 2 min-
utes at 4 °C). The eluate was then incubated with 0.3 M NaOH
at 37 °C again before the addition of 3 M ammonium acetate and
95% ethanol. The mixture was next incubated at –20 °C for 20
minutes and then centrifuged at 18 620g at 4 °C for 30 minutes.
The supernatant was removed, and the DNA was lyophilized and
then resuspended in 100 �L of double-distilled H2O.

MS-PCR was then performed on the converted DNA with the
primers and conditions described previously (18). The primers
covered a portion of the CpG island in the BRCA1 promoter
(GenBank accession number U37574) that flanks the transcrip-
tion start site. The methylated product was 75 base pairs (bp),
and the unmethylated product was 86 bp (18). CpGenome™
Universal Methylated DNA (Intergen Company, Gaithersburg,
MD) was used as the methylated control after NaHSO3 conver-
sion. DNA from non-neoplastic ovarian epithelium and human
placental tissue after NaHSO3 conversion were used as unmeth-
ylated controls. An additional control included all reagents ex-
cept DNA template.

Pedigree Analysis

Three-generation pedigrees are routinely obtained on patients
seen at the Gynecologic Oncology Clinic of the Holden Com-
prehensive Cancer Center, Iowa City, by individuals with spe-
cial genetics training. A positive family history of ovarian cancer
was arbitrarily designated on the basis of a three-generation
maternal/paternal pedigree, with at least one family member
with ovarian carcinoma or two family members with breast car-
cinoma (13).

Statistical Analyses

Statistical analyses, including Fisher’s exact test, were per-
formed by use of SPSS for Windows version 10.0 (Statistical

Fig. 2. Loss of heterozygosity (LOH)
testing for BRCA1. The D17S1322
marker was polymerase chain reaction
amplified from peripheral blood DNA
(lanes 1 and 3) along with the corre-
sponding tumor DNA (lanes 2 and 4)
from two different individuals. The up-
per band pair in lane 1 is absent from
the matching tumor DNA sample, lane
2. This represents LOH for tumor 725,
a stage III serous ovarian carcinoma. Lane 3 shows only a single allele. The
corresponding tumor DNA sample is identical. Thus, this tumor DNA sample
(tumor 698), stage IV fallopian tube serous carcinoma) is noninformative.
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Package for Social Sciences, Chicago, IL). All statistical tests
were two-sided.

RESULTS

LOH analyses were carried out on tumors from 221 patients
with ovarian (n � 187), peritoneal (n � 22), or fallopian tube
(n � 12) cancer. One hundred six (48.0%) tumors demonstrated
LOH, 100 (45.2%) retained both BRCA1 alleles, and 15 (6.8%)
were noninformative.

All tumors (n � 121) determined to have LOH or that were
noninformative at the BRCA1 locus were analyzed by the pro-
tein truncation test. Thirty-three tumors (27.3%) had a truncated
BRCA1 protein. All 33 abnormalities identified by the protein
truncation test were confirmed by direct sequencing to be sec-
ondary to BRCA1 null mutations (18 germline and 15 somatic
mutations; Table 1). A single tumor originally classified as of
unknown germline status may be a somatic mutation as shown
by a 68-year-old woman with no female relatives in a three-
generation pedigree who developed breast or ovarian cancer.
However, because no germline cDNA was available, her true
germline status is not known. Among 66 of 100 tumors diploid
at the BRCA1 locus studied by the protein truncation test, no
null mutations were found. Therefore, LOH/noninformative was
shown to be a strong predictor of mutation status (Fisher’s exact
test, P<.001).

The site of disease and histology were examined in relation to
the presence of BRCA1 LOH and BRCA1 mutation in Table 2.
Clear cell carcinomas were the least likely to demonstrate both
LOH and BRCA1 mutation. Poorly differentiated ovarian ad-
enocarcinomas were most likely to contain BRCA1 mutations.
The frequency of BRCA1 LOH (47.1%, 50.0%, and 58.3%) and

BRCA1 mutation (15.5%, 9.1%, and 16.7%) was approximately
the same for ovarian, peritoneal, and fallopian tube cancers,
respectively.

Next, we compared the utility of BRCA1 LOH data with
family history of breast/ovarian cancer as predictors of the like-
lihood of finding a BRCA1 null mutation. Three-generation
pedigrees were obtained for 205 (92.8%) of 221 patients in the
entire cohort and 32 (97.0%) of 33 patients with mutations.
Direct comparison of LOH and a family history of ovarian can-
cer yielded differences in sensitivity, specificity, positive pre-
dictive value, and negative predictive value that are reported in
Table 3. Independent of mutation type (somatic or germline), the
best sensitivity (100%) for BRCA1 mutation detection and nega-
tive predictive value for the absence of BRCA1 tumor mutation
(100%) was obtained from the BRCA1 LOH data by itself. The
optimal specificity and positive predictive values were obtained
from the combination of BRCA1 LOH and family history, re-
gardless of mutation type, with the predictable exception that
BRCA1 LOH alone yielded the highest positive predictive value
(14.4%) for somatic BRCA1 tumor mutations. Among patients
with available family data, positive family histories were found
for 11 (64.7%) of 17 individuals with germline mutations but for
only two (13.3%) of 15 individuals whose tumors contained
somatic mutations (P<.001). Fifty-three (25.9%) of the 205 pa-
tients with known family data exhibited positive family histories
of breast/ovarian cancer. Thirteen (40.6%) of 32 patients with
null mutations and available family data had a positive family
history of ovarian cancer. Although this difference was statisti-
cally significant (P � .01), it was neither as significant nor as
useful as the relationship exhibited between LOH/noninforma-
tive status and mutation status. All BRCA1 mutations, whether
somatic or germline, were in LOH/noninformative tumors. Thus,
a screening strategy based on tumor BRCA1 LOH/noninforma-
tive status is clearly a better first step than ascertaining a family
history of breast/ovarian cancer.

We were unable to generate BRCA1 cDNA PCR products
from 16 of the 187 ovarian cancers tested, including 12 (9.9%)
of 121 tumors that were noninformative for BRCA1 or had
BRCA1 LOH and four (6.1%) of 66 tumors that were diploid for
BRCA1. In each case, G3PD mRNA was detected as a control.
Fig. 3 shows a representative agarose gel, where G3PD expres-
sion is readily detectable for both tumors 525 and 616, but
BRCA1 mRNA was only detected in tumor 525. Consequently,
we used MS-PCR to determine whether this expression pattern
was the result of BRCA1 hypermethylation. Fig. 4 demonstrates
promoter methylation of tumors 316 and 89 but not of tumor
525. The finding of biallelic BRCA1 promoter hypermethylation
in four of 66 cancers without BRCA1 LOH indicates that
BRCA1 dysfunction is caused by epigenetic factors that may
occur independently of LOH.

Table 4 summarizes our findings and estimates the frequency
with which each type of BRCA1 alteration can be detected with
the proposed strategy of Fig. 1. Overall, BRCA1 gene changes
appeared to approach 26%. Approximately two thirds of BRCA1
dysfunction is due to mutation, and one third is due to promoter
hypermethylation. Considering only the BRCA1 abnormalities
that lead to obvious dysfunction, the extrapolated frequency of
BRCA1 dysfunction is 51 (23.1%) of 221 (18 germline muta-
tions, 15 somatic mutations, and 18 tumors with monoallelic or
biallelic hypermethylated promoters; missense mutations, not
detected with this method, are not included in this total). Focus-

Table 1. BRCA1 null mutations detected by the protein truncation test in 121
ovarian cancers found to be noninformative or to have loss of heterozygosity

at the BRCA1 locus*

Mutation
No. of tumors

with germline mutations
No. of tumors

with somatic mutations

188del2 1 0
188del11 1 0
333-12 T → G 1 0
R144X 1 0
delExons 7–10 0 1
1226del13 0 1
E1373X 1 0
E489X 0 1
1674delA 1 2
W1782X 1 0
Q780X 2 0
2575delC 1 0
2774delC 0 1
Q957X 0 1
3485delA 0 1
3558delT 0 1
3598del11 1 0
3829delT 1 0
3871del4 2 1
4093del13 0 1
4158del2 1 0
dupExon13 1 0
4565del8 0 1
4807del31 0 1
5382insC 2 0
5397-1 G → C 0 1
Q1811X 0 1

*del � deletion; ins � insertion.
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ing only on the cancers with BRCA1 LOH/noninformative as
proposed by our screening strategy (Fig. 1), the probability of
identifying BRCA1 dysfunction increases from 23.1% in the
entire cohort to 37.2% (45 of 121) patients in the targeted subset
for screening. Limitations of this strategy include failure to de-
tect BRCA1 missense mutations (estimated at six [2.7%] of 221)
and cancers with biallelic promoter methylation (estimated at six
[2.7%] of 221).

DISCUSSION

BRCA1 dysfunction in ovarian cancer is common and occurs
via multiple mechanisms. The identification of germline and
somatic mutations of BRCA1 in ovarian cancers is important for
several reasons. Because germline mutations of this gene are
inherited in an autosomal-dominant manner, the finding of a
germline mutation in a proband raises a daughter’s risk of ovar-
ian cancer by up to 25 times (19). The identification of both
germline and somatic mutations may allow novel therapeutic
interventions, including replacement gene therapy (20,21),
which may be an improvement over current chemotherapeutic
regimens that affect host cells and cancer cells almost equally.

Application of novel molecular therapeutic strategies requires
an efficient screening system to detect and characterize BRCA1
mutations. Our group (6) has demonstrated previously that the
protein truncation test is a more efficient screening technique.
However, even with the protein truncation test, much work and
expense are required to identify the cancers containing BRCA1

mutations. Several investigators (1,12) have demonstrated the
importance of both a family history of ovarian cancer and
BRCA1 LOH to the risk of ovarian cancer. Using a large unse-
lected cohort, we have shown that BRCA1 LOH is a better

Table 2. Disease site, histologic type, BRCA1 loss of heterozygosity (LOH), and rate of BRCA1 mutations

Site and histologic type* No. of tumors % of tumors with BRCA1 LOH P†,‡ % of tumors with BRCA1 null mutations P‡,§

Ovary 187 47.1 .021 15.5 .60
Serous 111 53.2 15.3
Mucinous 25 24.0 12.0
Endometrioid 34 55.9 17.6
Clear cell 9 11.1 0.0
Adenocarcinoma (NOS) 7 42.9 42.9
Transitional cell 1 0.0 0.0

Peritoneum 22 50.0 .33 9.1 .67
Serous 20 55.0 10.0
Adenocarcinoma (NOS) 2 0.0 0.0

Fallopian tube 12 58.3 .36 16.7 .73
Serous 9 66.7 22.0
Clear cell 1 0.0 0.0
Adenocarcinoma (NOS) 2 0.0 0.0

*NOS � not otherwise specified.
†Univariate analysis of BRCA1 LOH frequency among histologic types within each histologic site.
‡All statistical tests were two-sided.
§Univariate analysis of BRCA1 null mutation frequency among histologic types within each histologic site.

Table 3. BRCA1 loss of heterozygosity (LOH) versus family history as a first step in determining BRCA1 null mutations

Mutations First-step screen Sensitivity, % Specificity, % Positive predictive value, % Negative predictive value, %

All BRCA1 LOH 100 57.8 31.1 100
Family history 40.6 76.9 24.5 87.5
BRCA1 LOH and family history 40.6 89.1 40.6 89.1

Germline BRCA1 LOH 100 53.2 17.0 100
Family history 64.7 77.7 20.8 96.1
BRCA1 LOH and family history 64.7 88.9 34.4 96.6

Somatic BRCA1 LOH 100 52.4 14.4 100
Family history 13.3 73.2 3.8 91.4
BRCA1 LOH and family history 13.3 84.3 6.3 92.5

Fig. 3. Agarose gel demonstrating lack of BRCA1 messenger RNA (mRNA)
expression by polymerase chain reaction (PCR) amplification from complemen-
tary DNA (cDNA) of BRCA1 exons 11–24. Lane 1 shows a 100-base-pair (bp)
DNA ladder. cDNA from tumor 525 (stage II, endometrioid ovarian carcinoma
with BRCA1 mRNA expression) is used in lanes 2 and 3, and cDNA from tumor
616 (stage III, serous ovarian carcinoma lacking BRCA1 mRNA expression) is
used in lanes 4 and 5. Lanes 2 and 4 show cDNA-based PCR amplification of
exons 11–24 of BRCA1 (1798 bp); lanes 3 and 5 show cDNA-based PCR
amplification of glycerol 3-phosphate dehydrogenase.
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predictor of BRCA1 mutation than family history of ovarian
cancer because of its higher sensitivity and negative predictive
value (100% versus 40.6% and 100% versus 87.5%, respec-
tively). Using LOH as the first step to identify which cancers
should be analyzed results in a larger sample size (121 tumors
with LOH or noninformative tumors versus 53 tumors from
patients with a family history of breast/ovarian cancer) to be
tested, but fewer mutations are missed (none of 33 mutations

missed by LOH versus 20 of 33 mutations missed by a family
history of breast/ovarian cancer). Just over one half of the origi-
nal population would need to have a protein truncation test in-
stead of the whole cancer cohort.

The use of protein truncation as the second step in this screen-
ing strategy (Fig. 1) not only eliminates the need for evaluating
genomic DNA of all patients but also may identify types of
mutations and gene dysfunction that are missed by genomic
DNA-based screening. Unusual splicing mutations and pro-
moter-silencing DNA methylation are two examples not de-
tected by SSCP (6).

These important mechanisms of BRCA1 dysfunction demon-
strate the limitations of screening a population with no predis-
position to a specific disease. Several authors (1,8,9,22) have
tried to use Ashkenazi or other ovarian cancer-founder muta-
tions to screen the population in question. Garvin et al. (23) used
only a protein truncation test to screen exon 11 in a series of
patients with breast/ovarian cancer. In our population, this type
of screening does not appear to be adequate because 50% of the
mutations detected occurred in the 40% of the open reading
frame not encoded by exon 11 and the paucity of Ashkenazi-
founder mutations (three of 33) in our heterogeneous population
with European roots.

The rate of truncating BRCA1 mutations in the entire cohort
of patients with ovarian cancer (33 [14.9%] of 221) is higher
than the rate from other nonselected cohorts (3%–8%) (24–27)
but is similar to the rate in a consecutive series of genomically
sequenced tumors (12.6%) reported by Berchuck et al. (12). The
differences stem from the number of somatic mutations reported.
Our number is consistent with the BRCA1 somatic mutation
frequency reported by Berchuck et al. (12). Thus, the effective-
ness of this protein truncation test screening strategy approaches
that of genomic sequencing for the detection of both germline
and somatic BRCA1 mutations.

Strong protein truncation test bands resulted from the exon
2–11 and exon 11–24 PCR fragments amplified from cDNA and
detected on agarose gels before carrying out protein truncation
test-coupled translation to protein products (6). However, in 16
(8.6%) of the 187 tumors screened, no BRCA1 transcription
product was obtained. In each case, G3PD mRNA and other
mRNAs were readily detectable. By extrapolation, we would
predict that BRCA1 mRNA would be absent in 18 (8.1%) of the
entire 221 tumor cohort, an observation that likely reflects
BRCA1 promoter hypermethylation (18,28). To confirm this
observation, we carried out MS-PCR to analyze the BRCA1
promoter for CpG island methylation near the transcription start
site. Indeed, hypermethylation was found, which may have re-
sulted in the absence of BRCA1 in all of the 16 cancers with
absent BRCA1 mRNA. In contrast to the report by Esteller et al.
(18), we have found that BRCA1 promoter hypermethylation
may occur in BRCA1 diploid tumors. The extrapolated 8.1% (18
of 221) incidence of promoter hypermethylation in our entire
cohort is slightly lower than that reported by Baldwin et al. (28)
(13.3%) who also used MS-PCR.

All germline BRCA1 null mutations should be detected with
protein truncation tests. The additional dysfunction caused by
promoter biallelic methylation could be detected with a single
cDNA PCR amplifying the fragment from exons 11 to 24. On
the basis of this frequency of BRCA1 dysfunction in unselected
cancers, we urge that the development of BRCA1-targeted thera-
peutics continue.

Fig. 4. Agarose gel of methylation-specific polymerase chain reaction (MS-
PCR) analysis of BRCA1 promoter CpG islands. DNA from tumor 525 is used
in lanes 1 and 2, DNA from tumor 316 is used in lanes 3 and 4, DNA from tumor
89 is used in lanes 5 and 6, and control methylated DNA is used in lane 7. Lane
8 is a 100-base-pair (bp) DNA ladder. The fragments in lanes 1, 3, 5, and 7 are
from MS-PCRs, with primers that are specific for methylated NaHSO3-
converted DNA (15–17). Fragments in lanes 2, 4, and 6 are from MS-PCRs, with
primers that are specific for unmethylated NaHSO3-converted DNA. PCR frag-
ments in lanes 1 and 2 are from a stage II endometrioid ovarian carcinoma
(tumor 525), with an unmethylated promoter. PCR fragments in lanes 3 and 4
demonstrate a stage III serous ovarian carcinoma (tumor 316), with a methylated
promoter. Lanes 5 and 6 show PCR fragments from a stage I clear cell ovarian
carcinoma, with almost equal amplification of the methylated and unmethylated
products. This cancer (tumor 89) has a somatic missense mutation without
BRCA1 loss of heterozygosity.

Table 4. Estimate of the extent of BRCA1 dysfunction in ovarian cancer
(n � 221)

Mechanism
No. of
cases

Frequency,
%

Detected by
screening
strategy

Mutation 39 17.6
Germline null 18 8.1 Yes
Somatic null* 15 6.8 Yes
Missense† 6 2.7 No

Promoter methylation 18 8.1
Haploid or noninformative BRCA1 12 5.4 Yes
Diploid BRCA1‡ 6 2.7 No

*Includes a sample that is most likely somatic but no peripheral blood comple-
mentary DNA was available for analysis.

†Estimated on the basis that 85% of BRCA1 mutations detected by complete
sequencing are null; the remainder are missense mutations. Thus, we expect
33/0.85 � 39 total mutations for the cohort based on the 33 null mutations
actually detected. We have reported previously four missense mutations for a
94-tumor subset, demonstrating the consistency of this logic.

‡We actually detected four biallelic methylated BRCA1 promoters in the 66
cancers tested without BRCA1 loss of heterozygosity. This extrapolates to an
expected six cases from the entire subset of 100 ovarian cancers that were diploid
at the BRCA1 locus. These candidates for promoter methylation are detectable
by the addition of a single polymerase chain reaction for exons 11–24 on all
tumors.
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