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Inherited loss-of-function mutations in BRCA1 and BRCA2 and
other tumor suppressor genes predispose to ovarian carcinomas,
but the overall burden of disease due to inherited mutations is not
known. Using targeted capture and massively parallel genomic
sequencing, we screened for germ-line mutations in 21 tumor suppressor genes in genomic DNA from women with primary ovarian,
peritoneal, or fallopian tube carcinoma. Subjects were consecutively enrolled at diagnosis and not selected for age or family
history. All classes of mutations, including point mutations and
large genomic deletions and insertions, were detected. Of 360
subjects, 24% carried germ-line loss-of-function mutations: 18%
in BRCA1 or BRCA2 and 6% in BARD1, BRIP1, CHEK2, MRE11A,
MSH6, NBN, PALB2, RAD50, RAD51C, or TP53. Six of these genes
were not previously implicated in inherited ovarian carcinoma.
Primary carcinomas were generally characterized by genomic loss
of normal alleles of the mutant genes. Of women with inherited
mutations, >30% had no family history of breast or ovarian carcinoma, and >35% were 60 y or older at diagnosis. More patients
with ovarian carcinoma carry cancer-predisposing mutations and
in more genes than previously appreciated. Comprehensive genetic testing for inherited carcinoma is warranted for all women
with ovarian, peritoneal, or fallopian tube carcinoma, regardless
of age or family history. Clinical genetic testing is currently done
gene by gene, with each test costing thousands of dollars. In contrast, massively parallel sequencing allows such testing for many
genes simultaneously at low cost.
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varian carcinoma is the most deadly of gynecological malignancies; the majority of women are diagnosed with advanced stage disease when the chance of cure is small. Inherited
mutations in BRCA1 and BRCA2 create a lifetime risk of ovarian
carcinoma of between 20% (for BRCA2) and 50% or even
higher (for BRCA1) (1). It has been previously estimated that
13–15% of patients with ovarian carcinoma in North America
carry germ-line mutations in BRCA1 or BRCA2 (2, 3). Hereditary ovarian carcinoma also occurs in the context of Lynch syndrome [hereditary nonpolyposis colorectal cancer (HNPCC)],
but the proportion of ovarian carcinoma explained by germ-line
mutations in the mismatch repair genes has not been determined. Inherited mutations in RAD51C, RAD51D, and PALB2
have also been reported in patients with familial ovarian carcinoma (4–6). The overall proportion of ovarian carcinoma due to
germ-line mutations in these genes and the roles of other tumor
suppressor genes, particularly those implicated in inherited
breast cancer, remain unknown.
Women with early stage ovarian carcinoma have far better
survival than women whose carcinomas are diagnosed at later
stages, but current methods of early detection have not proven
effective (7). In contrast, risk-reducing salpingo-oophorectomy
in women with BRCA1 or BRCA2 mutations dramatically
reduces risk of ovarian carcinoma and signiﬁcantly decreases
overall mortality (8–10). It is critically important, therefore, to
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identify inherited risk for ovarian carcinoma to allow effective
and targeted prevention. The recent development of poly-ADP
ribose polymerase (PARP) inhibitors in cancer therapeutics has
added another incentive to identify inherited risk (11, 12). PARP
inhibitors are selectively lethal to cells deﬁcient in BRCA1 or
BRCA2 and are proving effective in the treatment of ovarian
carcinomas associated with mutations in these genes (13).
We recently validated a massively parallel sequencing approach, which we name BROCA, in honor of Paul Broca, the
19th Century neurosurgeon, oncologist, anatomist, and evolutionist, who elegantly described inherited breast and ovarian
cancer (14). BROCA is highly sensitive for sequencing a panel of
21 tumor suppressor genes, including BRCA1, BRCA2, and other
genes known to cause inherited breast or ovarian carcinoma (15).
BROCA accurately identiﬁes all classes of mutations including
single-base substitutions, small insertions and deletions, and large
gene rearrangements. In the present study, we apply BROCA to
analyze genomic DNA from a large consecutive series of women
with primary ovarian, peritoneal, or fallopian tube carcinoma.
Subjects were enrolled at diagnosis and not selected for age at
onset or family history.
Results
Mutation Detection and Characterization. Subjects were 360 women

undergoing primary surgery at University of Washington between
2001 and 2010. Subjects included 273 women with ovarian carcinomas, 48 with peritoneal carcinomas, 31 with fallopian tube carcinomas, and 8 with synchronous endometrial and ovarian carcinomas. Targeted capture by BROCA baits and genomic sequencing
yielded median 449-fold coverage; 98.4% of bases had >50-fold
coverage, our threshold for variant detection (Fig. S1).
The 360 subjects harbored 85 germ-line loss-of-function
mutations in 12 genes: 40 (11.1%) in BRCA1, 23 (6.4%) in
BRCA2, and 22 (6.1%) in 10 other genes (Fig. 1 and Table S1).
Three subjects carried mutations in two genes, so the total
proportion of subjects with at least one germ-line mutation was
0.23 (82/360). Features of the mutations and of neoplastic histology, family history, and age of diagnosis for each of the subjects with a mutation are provided in Table S2.
Classes of damaging events included protein-truncating mutations, missense mutations with demonstrated effect on protein
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Fig. 1. Proportions of patients with primary ovarian, fallopian tube, or peritoneal cancers with germ-line loss-of-function mutations in BRCA1 (red); BRCA2
(blue); BARD1, BRIP1, CHEK2, MRE11, NBN, PALB2, RAD50, or RAD51C (green); MSH6 (purple); or p53 (yellow).

function, and large genomic deletions and duplications (Fig. 2).
Six mutations (ﬁve in BRCA1 and one in BRIP1) were structural
genomic deletions or duplications ranging in size from 1 to 10 kb.
All structural mutations generated mutant transcripts conﬁrmed
by Sanger sequence of cDNA generated from RNA from patients’
lymphoblasts. Large deletions or duplications accounted for 13%
of BRCA1 mutations and 7% of all loss-of-function mutations.
Missense mutations were considered to lead to loss-of-function
only if so demonstrated by functional assay. BRCA1 p.M1I,
p.M1V, and p.C61G and TP53 p.Y126D, p.R175C, and pR175H
were included as loss-of-function alleles on the basis of previous
experimental results (Table S1). For CHEK2, ﬁve missense
mutations and one in-frame deletion were tested by a yeast-based
assay that assesses repair after DNA damage (Table S3). CHEK2
p.H186R and p.S357F were damaging on the basis of this assay.
Two deleterious germ-line mutations in MSH6, one frameshift
and one nonsense, were detected in two subjects diagnosed with
ovarian carcinomas of endometrioid histology, one of whom also
had a synchronous endometrial carcinoma. Neoplasms of both
patients had microsatellite instability phenotypes and no detectable MSH6 protein by immunohistochemistry. No clearly
deleterious mutations were detected in MLH1, MSH2, or PMS2.
Seventeen missense mutations in MLH1, MSH2, and MSH6 and
a 3-bp deletion in MSH6 were predicted to be damaging by bio2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1115052108

informatics tools, but none of these tumors had evidence of microsatellite instability or of loss of MLH1, MSH2, PMS2, or
MSH6 protein (Table S4). Conservatively, therefore, the proportion of subjects with a deleterious germ-line mutation in a
Lynch syndrome gene was 0.5% (2/360).
Germ-Line Mosaicism in TP53. Three subjects (CF1265.01, CF1373.01,
and CF1560.01) carried germ-line mutations in TP53. None of
their families met criteria for Li–Fraumeni syndrome, although
both CF1265.01 and CF1373.01 had positive personal or family
history of premenopausal breast cancer (Fig. 3 A and B).
CF1560.01 was particularly intriguing as she appears to harbor
a germ-line mosaic mutation. This patient was diagnosed at age 64
with two synchronous primary cancers, a high-grade serous tubal
carcinoma and a retroperitoneal leiomyosarcoma, but no family
history of cancer (Fig. 3C). By BROCA analysis of this patient’s
lymphocyte DNA, the number of mutant reads at TP53 p.R175H
constituted only 20% of total reads at that base (Table S2). Sanger
sequencing conﬁrmed that the mutant allele accounted for only
20% of sequences in lymphocytes (Fig. 3D), both from the original
blood sample and from a second blood sample obtained 4 y later.
The PCR amplicon from lymphocyte DNA containing the TP53
mutation site was subcloned. Of 65 clones sequenced, 14 (21.5%)
contained the mutant sequence. To rule out contamination of
Walsh et al.
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Fig. 2. Genes harboring germ-line loss-of-function mutations in patients with primary ovarian, fallopian tube, or peritoneal cancers. Coding regions of all
genes are on the same scale. Untranslated regions are at 1:10 scale and introns are at 1:200 scale relative to coding exons. Mutations occurring in multiple
individuals are indicated with the number of affected individuals above the small balloon.

blood by free neoplastic DNA, DNA was also obtained from
multiply passaged cultured lymphoblasts and the TP53 mutation
was conﬁrmed. DNA isolated from both the tubal carcinoma and
the retroperitoneal leiomyosarcoma contained TP53 p.R175H with
loss of the normal allele (Fig. 3E). The negative family history was
consistent with a de novo mosaic germ-line event, as described in
one previous patient (16).
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Loss of the WT Allele in Tumor Tissue. For 80 of the 85 mutations, it

was possible to evaluate genotype at the critical sites from
patients’ tumor specimens (Table S2). For 82% of tumors (66/
80), the WT allele was lost at the mutant site of the critical gene.
Exceptions were inherited loss-of-function mutations in RAD50
and BARD1, each occurring in one patient, and neither associated with loss of the WT allele in the corresponding tumors.
This observation parallels reports of germ-line loss-of-function
mutations in RAD51D (4) and in CHEK2 (17) that were not
accompanied by detectable loss of the WT allele in tumor DNA.
CHEK2 mutations have been postulated to function via haploinsufﬁciency (18); we speculate that an alternative explanation
is allelic inactivation by promoter methylation or another epigenetic mechanism. Although it is possible in principle that some
mutations without corresponding loss of the WT allele in tumors
were not causative in ovarian carcinogenesis, it is interesting to
Walsh et al.

note that with complete exome analysis of ovarian carcinomas,
10 of 44 unambiguously deleterious germ-line mutations in
BRCA1 and BRCA2 were not accompanied by genomic loss of
the WT allele (19).
Characteristics of Patients with Germ-Line Loss-of-Function Mutations. Overall, 82 of 360 subjects carried a germ-line mutation

in ≥1 of the 21 genes (Fig. 1 and Table S1). As expected, personal
prior history of breast cancer was associated with an extremely
high likelihood of harboring an inherited mutation. Among
women with a personal history of breast carcinoma in addition to
ovarian carcinoma, >70% (22/31) had a germ-line mutation in
one of the tested genes. Family histories of breast, ovarian,
uterine, and pancreatic carcinomas (but not colon carcinomas)
were each associated with inherited mutations. The converse
observation, with implications for clinical practice, was that 31%
(25/82) of women with inherited mutations had no prior personal
history of breast cancer or family history of breast or ovarian
cancer in their ﬁrst- or second-degree relatives A high proportion
of mutation carriers without family history of breast or ovarian
cancer can be explained by the combined effects of small family
size, inheritance of mutations from unaffected fathers, and
Mendelian chance (1).
PNAS Early Edition | 3 of 6

ference may be due to the enrollment of patients in this study
without regard to age at diagnosis, whereas genetic testing of
patients with ovarian cancer has generally focused on younger
patients. Mutations were identiﬁed in patients of all deciles of
age at diagnosis (Table S1). Of the 82 women with inherited
mutations, 37% (30/82) were diagnosed with their cancer after
age 60.
Patients with serous carcinomas were more likely to carry
mutations speciﬁcally in BRCA1 and BRCA2 than were patients
with tumors of other histologies; one in four serous ovarian
carcinomas was associated with a germ-line BRCA1 or BRCA2
mutation. Nonetheless, the genetics of inherited predisposition is
heterogeneous even for patients with serous carcinomas, in that
an additional 6% of women with serous carcinomas carried
germ-line mutations in any of 10 other genes (Fig. 1). Germ-line
mutations in the entire spectrum of genes were also found in
patients with carcinomas of nonserous histologies. Tumor grade
was related to source of mutation. Patients with grade 2 or 3
carcinomas were more likely to carry mutations in BRCA1 and
BRCA2, whereas patients with grade 1 carcinomas were more
likely to carry mutations in one of the other genes (Fig. 1).
Previous studies have documented better survival for patients
with ovarian cancer with BRCA1 or BRCA2 mutations compared
with survival of patients of other genotypes (20). In this series,
survival differences by genotype were in the same direction as
previously reported, but of smaller effect. Differences in survival
by genotype were not signiﬁcant in this cohort. For all subjects
combined, median survival was 47 mo for women with no identiﬁed mutation, compared with 49 mo for women with a mutation in a gene other than BRCA1 or BRCA2 (two-sided log-rank
P = 0.76) and 53 mo for women with a BRCA1 or BRCA2 mutation (two-sided log-rank P = 0.30). The same trend appeared
for all subjects combined and speciﬁcally for those with stage III
and IV carcinomas.
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Fig. 3. Pedigrees of subjects with germ-line TP53 mutations. Subjects with
carcinomas are indicated with solid symbols. Sites of carcinoma are breast
(Br), Colon (Col), leukemia (Leuk), lung (Lung), peritoneum (Perit), ovary
(Ov),and uterus (Ut). Ages under symbols indicate age at death (d.) for
deceased individuals, age at cancer diagnosis for affected individuals, or
present age for unaffected individuals. Probands are indicated with arrows.
Other family members have not been tested. (A) CF1265.01 carries TP53
p.R175C. (B) CF1373.01 carries TP53 p.Y126D. (C) CF 1560.01 carries TP53
p.R175H as a mosaic mutation. (D) Sequences at the TP53 c.524G > A (p.R175H)
mutant site for lymphocytes of CF1560.01. Electropherogram peaks indicate
that DNA from pooled lymphocytes included ∼80% WT and 20% mutant
sequences. The amplicon from lymphocyte DNA was subcloned and 65 clones
were sequenced, with 51 subclones containing WT sequence and 14 subclones containing mutant sequence. Representative subclones are shown. (E)
Sequences at the TP53 c.524G > A (p.R175H) mutant site for two distinct
cancers of CF1560.01. DNA sequences from the fallopian tube carcinoma
and from the retroperitoneal leimyosarcoma revealed primarily mutant sequence, consistent with loss of the WT allele in neoplastic tissue.

Age at ovarian cancer diagnosis was not generally associated
with the likelihood of harboring an inherited mutation or with
the gene in which a mutation was found, although women diagnosed younger than age 40 or at age 70 or older were less likely
to carry mutant alleles. Median age at diagnosis of women with
mutations in BRCA1 was 55 y (range 42–72 y), in BRCA2 was
58 y (range 45–78 y), and in another gene was 53 y (range 31–84 y),
whereas median age for women with no identiﬁed mutation was
62 y (range 27–91 y). None of these differences were signiﬁcant.
The median age at diagnosis of patients with BRCA1 mutations
in this series was older than that generally reported. This dif4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1115052108

Discussion
More than one in ﬁve ovarian carcinomas are associated with
germ-line mutations in tumor suppressor genes, and these mutations are distributed in a larger number of genes than previously appreciated. BRCA1 and BRCA2 account for most
inherited risk for ovarian carcinoma, with 18% of patients carrying germ-line loss-of-function mutations in 1 of these genes. In
addition, 6% of subjects carried an inherited loss-of-function
mutation in ≥1 of 10 other tumor suppressor genes. Mutation
frequency may be underestimated in this series of patients, because we included only mutations with a clearly damaging impact
on protein function. Some not-yet-characterized missense mutations may prove damaging as well. Also, we did not examine
RAD51D, for which inherited mutations have recently been
reported in familial ovarian cancer (4).
The substantial proportion of subjects harboring germ-line
mutations is particularly noteworthy given that ages at diagnosis
were not selected to be young, and most patients had no family
history of breast or ovarian cancer in ﬁrst- or second-degree
relatives. Indeed, >30% of patients with mutations (25/82) had
no family history of breast or ovarian cancer, and >35% of
patients with mutations (30/82) were diagnosed after age 60.
Therefore, selecting patients for genetic testing on the basis of
family history or young age would miss a signiﬁcant fraction of
mutation carriers. Germline mutations were identiﬁed in six
genes not previously associated with inherited ovarian carcinoma. These genes are BARD1, BRIP1, CHEK2, MRE11A, NBN,
and RAD50. Previous reports linking BARD1 and BRIP1 with ovarian cancer were based on missense variants of unknown consequence (21, 22), whereas patients in this series carry mutations in
these genes with deﬁnitive loss of function.
The prevalence of inherited mutations in BRCA1 and BRCA2
in this series is similar to that reported in comparable patients in
Walsh et al.
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match repair genes might occur in a series with a higher proportion of endometrioid ovarian carcinomas. Nevertheless, the
overall contribution of Lynch syndrome to ovarian carcinoma
appears to be relatively low.
Mutations not associated with “typical phenotypes” are of
particular interest. For example, the three TP53 mutations occurred in patients without a family history of Li–Fraumeni syndrome and the two MSH6 mutations occurred in patients without
a family history of Lynch syndrome. As comprehensive genetic
testing is undertaken for individuals not selected for established
syndromic phenotypes, a wider range of expressivity associated
with germ-line mutations of cancer susceptibility genes will become increasingly apparent.
Currently, the vast majority of genetic testing in the United
States for inherited mutations in BRCA1 and BRCA2 is done via
a single company at a cost of ∼$4,000 for a noncomprehensive
test that is complemented by an additional test to identify gene
rearrangements. Far less clinical genetic testing for ovarian
cancer risk is carried out for the other tumor suppressor genes.
Targeted capture and massively parallel sequencing accurately
identify mutations of all classes in all tumor suppressor genes in
a single test. There is an increasing discrepancy between the
falling cost of genomic sequencing and the current high cost of
clinical gene-by-gene testing. As more cancer susceptibility genes
are identiﬁed, it is not economically sustainable to assess risk by
sequentially assessing individual genes, given that any one gene is
mutant in only a small percentage of cases. For the BROCA test,
the reagent cost is ∼$200 per sample and decreases as more
samples are multiplexed per lane. Sensitivity is high, demonstrated by the detection of a mosaic germ-line TP53 mutation
present in only 20% of sequenced alleles. BROCA capture baits
have been recently supplemented to include all known colon,
pancreatic, and melanoma cancer genes, yielding a single test
applicable to broader cancer susceptibility testing. The speed and
cost of BROCA will allow immediate translation into clinical
laboratories, and throughput is sufﬁcient for larger epidemiological studies. The BROCA test is not patented and the design
of capture baits is freely available.
In conclusion, we identiﬁed 85 germ-line mutations in 12
different genes in 360 patients with ovarian, peritoneal, or fallopian tube carcinoma. More than one-ﬁfth of ovarian carcinoma
appears to be associated with inherited risk. As the cost of
multigene testing continues to fall, it may become cost effective
to offer population testing to allow targeted prevention.
Materials and Methods
Study Subjects. Of patients from whom consent was requested, 95% consented to genomics studies. To minimize referral bias inherent in a tertiary
care center, we excluded cases referred for recurrence of disease and cases
referred for genetic risk, including cancers identiﬁed at the time of riskreducing surgery. The study was approved by the Human Subjects Division of
University of Washington (protocol 34173).
Library Construction, Hybridization, and Massively Parallel Sequencing. From
3 μg constitutional DNA of each patient, paired-end libraries with 150-bp
inserts were prepared and hybridized to a custom pool of oligonucleotides
targeting 21 genomic regions as previously described (15), using the SureSelectXT enrichment system on a Bravo liquid-handling instrument (Agilent).
Following capture, samples were barcoded with 12 different indexed primers (31), pooled 12 per lane, and sequenced with 2 × 76 bp paired end
reads on a GAIIx (Illumina). All suspected deleterious mutations were veriﬁed with Sanger sequencing. Carcinomas were evaluated for loss of heterozygosity (LOH) and microsatellite instability, as appropriate. Genes
evaluated by BROCA were BRCA1, BRCA2, BRIP1, BARD1, CHEK2, MRE11A,
NBN, RAD50, RAD51C, PALB2, TP53, PTEN, STK11, CDH1, ATM, MLH1, MSH2,
MSH6, PMS1, PMS2, and MUTYH.
Mutation Analysis. Single-nucleotide variants and insertions and deletions
were detected as previously described (15). Deletions and duplications of
exons were detected by a combination of depth of coverage and split-read
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other series drawn from the general population. Among those
patients in our series with cancers classiﬁed as ovarian in origin,
BRCA1 and BRCA2 mutation prevalence was 16%. Previous
population-based studies of mutation prevalence, which evaluated only patients with tumors of ovarian origin, found BRCA1
and BRCA2 prevalence rates of 13% and 15% in Ontario,
Canada, and in Florida, respectively (2, 3). Similar mutation
prevalence rates for comparable subsets of patients suggest that
the consecutive series of patients from our tertiary center did not
differ substantially from patients with ovarian cancer from the
North American population as a whole. Current genomic technologies will facilitate the large case–control studies necessary to
estimate relative risks for ovarian carcinoma associated with
inherited mutations in the more moderate penetrance genes.
Robust penetrance estimates will be important before counseling
women about early detection and prevention options.
The prevalence of germ-line mutations in our series is significantly higher than that published recently from The Cancer
Genome Atlas (TCGA) Research Network (19). On the basis of
exome sequencing, TCGA reported 44 germ-line BRCA1 or
BRCA2 mutations in 316 women: 14%, after subtracting three
reported occurrences of BRCA2 p.K3326X, a benign polymorphism found in 2% of the general population (23). TCGA
reported no germ-line mutations in any other gene, although all
were sequenced from constitutional DNA. In contrast, among
the 282 women with serous carcinoma in our series, we identiﬁed
62 women with germ-line mutations (24%, P = 0.0007). Explanations of this discrepancy likely include (i) low depth of
coverage by the TCGA analysis of many exonic regions, even
among those targeted for exome sequencing, and (ii) virtually no
intronic coverage, precluding assessment of TGCA cases for
gene rearrangements, which comprised 7% of damaging events in
our series. Whereas exome sequencing is very well suited for the
identiﬁcation of new cancer susceptibility genes, the overall much
higher read depth of hybridization to a smaller number of target
genes, following by multiplexed sequencing, confers greater
sensitivity at lower cost, making it more suitable as a clinical test.
The Fanconi anemia pathway controls DNA repair via homologous recombination. Multiple genes in the Fanconi anemia
pathway are known to be associated with breast cancer risk
(reviewed in ref. 24). In this series of patients with ovarian carcinoma, we identiﬁed deleterious germ-line mutations in every
gene that we evaluated in the Fanconi anemia pathway, including
NBN, MRE11, RAD50, RAD51C, PALB2, BARD1, and BRIP1.
Mutation rates in these genes in patients with ovarian carcinoma
in this series (who were not selected for family history) are
similar to rates previously reported for patients with breast
cancer from high-incidence families (25–28). Our data suggest
that this pathway is as broadly involved in ovarian carcinogenesis
as in breast carcinogenesis. Carcinomas with mutations in any
gene in this pathway are likely to be deﬁcient in homologous
recombination and thereby susceptible to killing by PARP
inhibitors. Perhaps some of the clinical responses to PARP
inhibitors observed in women with serous ovarian carcinomas
and triple negative breast cancers without mutations in BRCA1
or BRCA2 could be explained by mutations in other genes in
this pathway.
Women with mutations in genes associated with Lynch syndrome are estimated to have an 8–10% lifetime risk of ovarian
carcinoma (29, 30), but the proportion of ovarian carcinoma
explained by Lynch syndrome mutations has not been previously
deﬁned. In this series, only 0.5% (2/360) of cases carried loss-offunction mutations in genes associated with Lynch syndrome.
Both mutations were in MSH6, and both women with MSH6
mutations had endometrioid ovarian carcinomas, a histology
associated with this syndrome. Our series included lower proportions of endometrioid and mucinous carcinomas compared
with previous series (2, 3). Additional mutations in DNA mis-
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analysis as previously described (31), supplemented with additional alignments generated by SLOPE (32). All frameshift, nonsense, missense, or splice
site mutations predicted to be deleterious to protein function were validated by PCR ampliﬁcation and Sanger sequencing. Potential splice site
mutations within 12 nucleotides of the consensus exon–intron boundaries
were also tested for aberrant transcription by RT-PCR of RNA from patients’
lymphoblasts (Table S5) (6). Exonic deletions and duplications were validated
by determining genomic breakpoints with Sanger sequencing, as previously
described (33). Missense mutations and in-frame deletions were classiﬁed as
deleterious only if a speciﬁc functional assessment could be or previously
had been carried out (e.g., BRCA1 M1V). Missense mutations in CHEK2,
MLH1, MSH2, and MSH6 were initially evaluated using bioinformatics tools

and conservation considerations and, if predicted to be damaging, were
assessed by a yeast functional assay for CHEK2 or by assessing neoplasms for
microsatellite instability (MLH1, MSH2, and MLH6).
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Survival Analysis. Survival was determined from date of diagnosis to date of
death or date of last follow-up and was censored for patients alive at last
follow-up according to the methods of Kaplan and Meier.
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