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Germline mutations in breast cancer susceptibility genes, BRCA1 and BRCA2, are
responsible for a substantial proportion of high-risk breast and breast/ovarian cancer
families.  To characterize the spectrum of BRCA1 and BRCA2 mutations, we screened
Czech families with breast/ovarian cancer using the non-radioactive protein truncation test,
heteroduplex analysis and direct sequencing.  In a group of 100 high-risk breast and
breast/ovarian cancer families, four novel frame shift mutations were identified in BRCA1
and BRCA2 genes.  In BRCA1, two novel frame shift mutations were identified as 3761-
3762delGA and 2616-2617ins10; in BRCA2, two novel frame shift mutations were identified
as 5073-5074delCT and 6866delC.  Furthermore, a novel missense substitution M18K in
BRCA1 gene in a breast/ovarian cancer family was identified which lies adjacent just
upstream of the most highly conserved C3HC4  RING zinc finger motif.  To examine the
tertiary structure of the RING zinc finger domain and possible effects of M18K substitution
on its stability, we used threading techniques according to the crystal structure of RAG1
dimerization domain of the DNA-binding protein. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Breast cancer is the most commonly diagnosed cancer in women in Europe today.  A family history of the
disease in a first degree relative significantly increases the risk of disease.  A segregation analysis demonstrated the
existence of an autosomal dominant pattern of inheritance accounting for 5-10% of breast cancer cases (Newman
et al., 1988).  Familial breast cancer is characterized by a relatively young age at diagnosis, an increased risk of
bilateral breast cancer, and a strong association with ovarian cancer.  Germline mutations in highly penetrant
susceptibility genes BRCA1 (MIM # 113705) and BRCA2 (MIM# 600185) are responsible for a substantial
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proportion of familial breast and ovarian cancers (Ford et al., 1998).
Several hundreds of different mutations responsible for inherited predisposition to breast and ovarian cancers

have been identified in BRCA1 and BRCA2 (BIC database).  There is no clear evidence of mutation clustering in a
certain part of the coding sequence of either BRCA1 or BRCA2.  The frequency of BRCA1 and BRCA2 mutation
carriers in women with breast or ovarian cancer (or both) depends on the study population and demonstrates
considerable variation in coincidence with ethnic and geographical diversity (Neuhausen et al., 1999).

MATERIALS AND METHODS

Families

After genetic counseling of the index patients and obtaining a written informed consent, we screened 100 high-
risk families with breast and/or ovarian cancer for BRCA1 and BRCA2 mutations.  Genetic testing was offered to
a family whose member(s) met any of three criteria: i) at least 3 affected relatives, diagnosed at any age; ii) at least
2 affected first degree relatives (or second degree from the paternal side) with a personal history of breast and/or
ovarian cancer; iii) an individual with either bilateral breast cancer, breast and ovarian cancer, or bilateral ovarian
cancer, with at least one of the cancers diagnosed before the individual's age of 50.

Mutation screening

Genomic DNA was isolated from blood samples by QIAamp DNA blood purification kit (Qiagen,
www.qiagen.com)  The non-radioactive protein truncation test (PTT) (Promega,  www.promega.com)  for exon 11
of BRCA1 gene and for exons 10 and 11 of BRCA2 gene were used as the screening tests.  The remaining exons
with their splice sites were screened by heteroduplex analysis (HA).  The mutation detection approach and primer
sources used for PTT and HA were described in detail by Claes et al. (1999).  Fragments with aberrant mobility
detected on PTT or HA gels were sequenced on a new PCR product by direct sequencing using the Thermo
Sequenase Fluorescent-labeled primer cycle sequencing kit (Amersham, www.apbiotech.com) and analyzed on the
ALFexpress DNA sequencer (Pharmacia, www.apbiotech.com).  Each detected alteration was confirmed on a
new, independently isolated DNA sample of the patient.

Databases screening and molecular modeling

The template structure for construction of a 3D-model of RING zinc finger domain of BRCA1 protein was
identified by threading searches using the BIOINBGU (Fischer, 2000), GenTHREADER (Jones, 1999), 3D-PSSM
(Kelley et al., 2000), FFAS (Rychlewski et al., 2000), and SAM-T99 (Karplus et al., 1998) software programs.
The PSIPRED (Jones, 1999), JPRED (Cuff et al., 1998) and PHD (Rost, 1996) methods were used for prediction
of the secondary structure.  A preliminary homology model of the amino-terminal RING zinc finger domain of
BRCA1 was constructed using the automated modeling servers SWISS-MODEL (Guex et al., 1999) and CPH
(Lund et al., 1997).  The final model was derived with MODELLER v6.0 software (Sali and Blundell, 1993) and
optimized by Refine 1 molecular dynamics simulation as implemented in the same software package.  The
stereochemical quality of the model was assessed by PROCHECK software (Laskowski et al., 1993).

RESULTS AND DISCUSSION

Novel frame shift mutations

Four novel mutations causing premature termination of translation were detected by the protein truncation test
followed by direct sequencing.  Two frame shift mutations in exon 11 of BRCA1 gene and two frame shift
mutations in exon 11 of BRCA2 gene were identified.

I) The BRCA1 mutation 3761-3762delGA was detected in a family with 3 affected relatives.  The proband was
diagnosed with breast cancer at the age of 49, the proband´s mother was diagnosed with breast cancer at the age of
53 and contralateral breast cancer at 56, and the mother´s sister was diagnosed with ovarian cancer at the age of 63.
This 2bp deletion in exon 11 of BRCA1 gene causes a premature protein termination at codon 1217.

II) The BRCA1 mutation 2616-2617insAAGTATCCAT was detected in a family with 2 relatives, both with
breast and ovarian cancers.  The proband was diagnosed with breast and ovarian cancers at the ages of 50 and 51,
respectively.  The proband´s mother was diagnosed with breast and ovarian cancers at the ages of 71 and 73,
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respectively.  This 10bp insertion in exon 11 of BRCA1 gene introduces a stop codon (TAA) immediately at the
place of insertion at codon 833.

III) The BRCA2 mutation 5073-5074delCT was detected in a family with 2 relatives with breast cancer.  The
proband was diagnosed at the age of 38 and the proband´s mother was diagnosed at the age of 67.  This 2bp
deletion in exon 11 of BRCA2 gene causes a premature protein termination at codon 1618.

IV) The BRCA2 mutation 6866delC was detected in a family with 3 relatives with breast cancer.  Two sisters
were diagnosed at the ages of 43 and 47, respectively, and their mother was diagnosed at the age of 35.  This 1bp
deletion in exon 11 of BRCA2 gene causes a premature protein termination at codon 2229.

Truncating mutations scattered throughout the coding regions of BRCA1 and BRCA2 genes were shown to be
disease-causing (Szabo et al., 1997).  In the case of BRCA1 gene, a truncating mutation removing even the last 10
carboxy-terminal amino acids of BRCA1 protein was described to be associated with a predisposition to breast and
ovarian cancers (Friedman et al., 1994).  In the case of BRCA2 gene, however, the presence of an apparently
innocuous K3326X polymorphism would suggest that the last 93 amino acids of the carboxy-terminal of BRCA2
protein are probably unnecessary for its function (Mazoyer et al., 1996).

 In our study, high-risk Czech women were recommended for testing by medical geneticists.  Mutation analysis
in pre-selected women with hereditary breast and ovarian cancer from 100 high-risk families revealed 4 novel
frame shift mutations: 3761-3762delGA and 2616-2617ins10, localized in the central part of BRCA1 gene; 5073-
5074delCT and 6866delC, localized in the central part of BRCA2 gene.

Novel missense variant likely to be a disease-causing mutation in BRCA1 gene: M18K

A novel missense variant in BRCA1 gene, M18K, adjacent just upstream of the most highly conserved C3HC4
RING zinc finger motif was identified by heteroduplex analysis followed by direct sequencing.  After screening of
the whole coding region and splice sites of BRCA1 and BRCA2 genes, the only alteration detected in a woman
diagnosed with bilateral ovarian cancer at the age of 44 was a novel 172T>A substitution in exon 2 of BRCA1
gene causing missense substitution M18K.  The M18K lies 6 amino acids upstream of the highly conserved
C3HC4 RING zinc finger motif.  To determine the significance of the M18K missense substitution, we screened
all accessible members in this family who consented to the analysis: 3 sisters, 1 brother and their mother.  One
sister, diagnosed with bilateral ovarian cancer at the age of 41, was also a carrier of the M18K substitution.  In the
two other sisters, both presently healthy at the ages of 51 and 52, respectively, but after prophylactic oophorectomy
when they were 45 years of age, one was a carrier and the other a non-carrier of the M18K substitution.  Their
brother, diagnosed at the age of 51 with glans penis carcinoma in situ, was a non-carrier of the M18K substitution.
Their mother, healthy at the age of 81, was also a carrier of the M18K substitution.  However, the mother had two
sisters, one of whom was diagnosed with breast cancer at the age of 50 (not analyzed) and the other died of
gynecological cancer, not otherwise specified, at the age of 61 (not analyzed).

The M18K substitution was not present in our panel of 100 control chromosomes - unrelated and healthy
individuals with no family history of breast or ovarian cancer.

In our opinion, the M18K BRCA1 substitution is likely to be disease-causing for the following reasons:
A. it was detected in two sisters, both diagnosed with bilateral ovarian cancer;
B. it was not present in our panel of 100 control chromosomes;
C. it lies just upstream of the highly conserved C3HC4 RING zinc finger motif and it is a non-conserved

substitution in human, mouse and dog BRCA1 protein;
D. the M18K missense change results in the replacement of a nonpolar, hydrophobic methionine to a polar,

hydrophilic lysine whereas only hydrophobic amino acids are present at the position of six amino acids
upstream of the first cysteine of the RING zinc finger domain in the entire family of known proteins
containing C3HC4 RING zinc finger domain among different species (MaxHom Alignment database;
Sander and Schneider, 1991 - data not shown).

Structural analysis of M18K substitution

The functional significance, and therefore clinical significance, of many missense mutations is difficult to
determine.  Recently, homology model building experiments have been used to examine the effects of missense
mutations on biochemical properties at a structural level of proteins (Benerjee-Basu et al., 1999).  The large
majority of known, disease-causing missense mutations were found to affect protein stability (Wang et al., 2001).
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Therefore, a detailed computer analysis of the novel M18K missense substitution in BRCA1 gene, identified
within Czech high-risk families, was conducted in order to understand its possible effects on the stability of the
highly conserved C3HC4 RING zinc finger domain and consequently on the function of the BRCA1 protein.

The M18K substitution was mapped on the homology model of the amino-terminal RING zinc finger domain of
BRCA1 to visualize its location within a protein structure.  This model was built according to the crystal structure
of the RAG1 dimerization domain of the DNA-binding protein (Bellon et al., 1997).  RAG1 dimerization domain
(Protein Data Bank ID code 1rmd) was selected as the template as it showed the best homology with the RING
zinc finger domain of BRCA1 in all threading searches without exception (data not shown).  Methionine 18 is
positioned in a helix in this model (Figure 1A) with its side chain pointing towards the protein interior (Figure 1B).
This helix is located upstream of the RING zinc finger motif and its presence in the BRCA1 protein was predicted
solely from the sequence by the PSIPRED and PHD secondary elements prediction methods.  Replacement of the
hydrophobic methionine by polar lysine (Figure 1C) may result in the disruption of the tertiary structure of the
RING zinc finger domain of BRCA1.  The direct effect of M18K on the protein-protein interaction seems to be
less likely, as the interface for interaction of BRCA1 with other proteins is probably localized on the opposite side
of the amino-terminal RING zinc finger domain of BRCA1.  The interface for intermolecular interactions of
BRCA1 was deduced from the structure of the highly homologous ubiquitin-conjugating enzyme c-Cbl resolved
by X-ray analysis in a complex with the protein UbcH7  (Protein Data Bank ID code 1fbv; Zheng et al., 2000).

Figure 1.  Model of the amino-terminal zinc RING domain of BRCA1 (residues 15-86).  Methionine 18 is probably
located in a helix adjacent to the C3HC4 RING finger motif (A).  Alpha-helices are shown as red cylinders, beta-strands
as thick, yellow arrows, zinc ions as violet balls and methionine 18 is indicated by the black arrow.  The side chain of
hydrophobic methionine 18 in the “wild type” BRCA1 (B), and the hydrophilic lysine 18 in the missense mutant M18K
(C), are pointing towards the hydrophobic protein core.  Entire structures are shown as CPK models.  Hydrophobic
residues are colored in red, hydrophilic residues in blue, and the residue in position 18 is indicated by the yellow arrow.

In summary, the genetic testing of high-risk families from the Czech Republic led to the identification of 4
novel frame shift germline mutations: 3761-3762delGA and 2616-2617ins10 in BRCA1 gene; 5073-5074delCT
and 6866delC in BRCA2 gene; and one missense variant in BRCA1 gene, M18K, likely to be a disease-causing
missense variant.  We believe our results contribute to the characterization of the BRCA1 and BRCA2 mutational
spectrum.
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