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ABSTRACT

Mutations in BRCA1 and BRCA2 genes confer a high risk of breast and ovarian cancer but the incomplete
penetrance of these mutations suggests that other genetic and/or environmental factors may modify this
risk. We present a family where all affected members carried a mutation in the BRCA1 gene and the index
case had suffered from cancer twice in the last 27 years whereas her monozygotic twin sister, also a
carrier of the mutation, remained healthy. As copy number variants (CNVs) contribute to phenotypic
diversity, a comparative genomic hybridization array (CGH) was performed to see whether the
differences in the CNV profile were a modifier factor of the phenotype in our monozygotic twins. Our
results show that differences in the CNVs profile were not the cause of the extremely variable penetrance
observed in our MZ twin. The search for an explanation should not therefore be limited to genetic

changes at the level of the DNA sequence.

KEYWORDS: BRCAL, BRCA2, copy number variation, monozygotic twins

INTRODUCTION

Breast cancer is the most frequent neoplasia among women in industrialized countries. While
most breast cancers are sporadic, between 10 and 15% occur in individuals with a hereditary
predisposition [1]. Developments in molecular genetics have enabled the identification of mutations in
two genes, BRCA1 (OMIM 113705) and BRCA2 (OMIM 600185). Mutations in these genes are of high
penetrance and are considered to increase the risk for hereditary breast and ovarian cancer [2, 3]. The
breast cancer risk for carriers of such mutations has been estimated to range from 40-87% by age 70 [4-
6]. Although much attention has been given to understanding the role of these genes, the incomplete
penetrance of their mutations suggests that other genetic and/or environmental factors may modify the
risk of developing breast cancer. However, linkage analysis and segregation studies have failed to identify
additional major genes with similar effects to BRCA1 and BRCA2 [7]. Another hypothesis is that
susceptibility is conferred by a large number of loci, each with a small effect on breast cancer risk [8].
Several studies have identified variants in DNA repair genes, such as CHEK2, ATM, BRIPI and PALB2,
associated with an increased breast cancer risk, but these variants are rare in the studied populations [9-
11]. Although recent genome-wide association studies (GWA) suggest an elevated breast cancer risk at
several candidate loci [12, 13], most variability in the risk for BRCAL1 and BRCA2 carriers remains
unexplained.

Results from several studies have shown that environmental and lifestyle factors, breastfeeding
and mammographic density [14, 15] are also likely to play a role in the heterogeneity of the disease



among these carriers. In one study [16], parity appeared to be associated with protection from breast
cancer in women with mutations in BRCA1 and BRCA2.

In 1997, we reported the results of BRCAL1/2 mutation screening in a family at high risk of breast
and ovarian cancer [17]. We found an insertion of four base pairs in exon 2 of BRCA1 (189insTGTC). All
affected members carried the mutation and, surprisingly, the index case had had cancer twice in the last
27 years whereas her monozygotic twin sister, also a carrier of the mutation, had remained healthy. As it
is assumed that monozygotic (MZ) twins are genetically identical, any variations between them may be
due to environmental factors or epigenetic differences. However, age at menarche, contraceptive use,
pregnancies, hormone therapies, history of smoking and drinking, environmental exposures, exercise
habits, diet and lifestyle in these twins were almost identical. Both twins had similar menstrual and
reproductive histories (each had two sons of similar ages).

A recent and important development in human genetics has been the discovery of large structural
variations that affect copy number of DNA segments occurring both in phenotypically normal subjects
and in individuals with disease [18]. Copy number variants (CNVSs) are insertions, deletions and
duplications of genomic sequences ranging from a kilobase to multiple megabase pairs in length. This
variation in DNA copy number is a significant source of variability in inheritance and can have a close
relationship with the expression of a particular phenotype [19]. Redon et al [20] suggest that the total
amount of sequence variation involving CNVs between two normal subjects is higher than that for single-
nucleotide polymorphisms (SNPs).

In a recent paper, Bruder et al [21] studied 19 pairs of MZ twins, with either concordant or
discordant phenotype. They performed a genome-wide CNV analyses and showed that although MZ
twins possess nearly identical genomes, the DNA copy number profile differ.

These data prompted us to study whether the differences in the CNV profile are a modifier factor

of the extremely variable penetrance observed in our MZ twins.



PATIENTS AND METHODS

Family description

Figure 1 shows the family pedigree. The index case (I11:11), who is presently 61 years old, developed
breast cancer when she was 32 years old and ovarian cancer when she was 39. She has two aunts with
breast cancer (11:4 and 11:9) and an uncle with prostate cancer (11:1). Two cousins had breast cancer at 50
(111:5) and 44 years old (111:16), respectively, and another cousin had ovarian cancer at age 58 (111:7). The
proband had two further relatives with breast cancer (IV:2 and IV:4) and one with ovarian cancer (1V:7) ,
all diagnosed between 35 and 40 years of age.

Al affected members carried an insertion of four base pairs in exon 2 of the BRCAL gene at position 189
(189insTGTC). Non-affected members were non-carriers, with two exceptions: I1:7 (the father of the
index case) and Ill: 12 (her monozygotic twin). While I11:11 has suffered from cancer twice, 111:12 has

remained healthy according to the results of annual mammographies.

Sample Collection
DNA was extracted from peripheral blood nucleated cells by the salting out procedure [22]. Written
informed consent was obtained and the study was approved by the Institutional Ethics Committee.

Multiplex Ligation-dependent Probe Amplification analysis (MLPA)

The MLPA procedure was carried out with the BRCA1 P002-B1 probe mix and PO45B BRCA2/CHEK?2
probe mix according to the manufacturer’s instructions (MRC Holland, The Netherlands). Amplification
products were separated by capillary electrophoresis on an ABI 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA) and data were analyzed using the software Coffalyser v8.0

(www.mlpa.com).

Comparative Genomic Hybridization array (CGH)

Agilent Human Genome CGH 244k microarray platform (Agilent Technologies, Santa Clara, CA, USA)
was used for CGH array analysis. This array spans the entire human genome at a median resolution
~8.9Kb. We used Promega Male Human genomic DNA (Promega, Madison, W1, USA) as hybridization
control. Hybridization was carried out following the manufacturer’s protocols. Image scanning was
performed using an Agilent Scanner and microarray data were extracted using Agilent Feature Extraction
v10.1 software. Data analysis and visualization were performed using Agilent DNA Analytics v4.0.76
Software.

Copy number altered regions were detected using the Z-score (set as 4) and ADM-2 (set as 6) statistics
provided by DNA Analytics. Copy humber polymorphisms in the altered regions were detected using the
data available in the Database of Genomic Variants [18].

After these hybridizations, an across hybridization was made to compare samples between the twins.



RESULTS and DISCUSSION

An identical, normal MLPA profile for the BRCAL and BRCA2 genes was observed in the DNA samples
of both twins, indicating that no gross rearrangement was present in either sister.

Using a first Agilent 244k array-CGH, we detected an identical pattern of copy number variations in both
cases, and several polymorphisms, detailed in Table 1. In the affected twin we also observed a possible
deletion of 35 Mb located in 17g21.31 with genomic axis chrl7: 38710043-39095187 (Figure 2A). This
genomic region contains several genes of interest (ARL4D, DHX8, ETV4 and MEOX1). This deletion
showed a statistical value below the recommended criterion but considering its location, we compared
each twin with her co-twin to confirm or exclude this finding. Figure 2B shows a normal pattern in this
region that excludes the presence of the suspected deletion. In light of this result we conclude that as there
is no sequence variation in the genome in our MZ twins, another non-hereditary modifier factor may
explain the discordant phenotype.

Complex diseases and traits are influenced by a combination of genetic and environmental risk factors,
some of which may be known, and many of which are unknown. In breast cancer, a family history of the
disease is one of the most important risk factors. Concordance comparisons between monozygotic and
dizygotic pairs of twins have provided information on whether the familial pattern is due to
environmental or hereditary influences [23]. As MZ twins are genetically identical, genetic susceptibility
should be reflected in a high disease concordance. In contrast, and to our knowledge, this is the first
report of MZ twins with a discordant phenotype and carriers of an identical BRCA1 mutation. The risk of
BRCA1 or BRCA2 mutation carriers developing breast cancer can vary substantially depending on
modifier factors such as the influence of other susceptibility genes or environmental agents. Antoniou and
Easton [24] reviewed pedigree analysis, phenotype studies, linkage and association studies in search of
evidence for breast cancer susceptibility genes. They hypothesized that susceptibility to breast cancer is
mediated through variants in many genes, each conferring a moderate risk of the disease. Knowing that
the genetic background of our MZ twins is identical, differences in additional genes would not explain
their discordant phenotypes. As lifestyle and menstrual and reproductive histories are almost identical in
our twins, the role of environmental factors as modifiers of the phenotype can also be ruled out.

The findings of Bruder et al concerning CNVs and phenotypically discordant MZ twins led us to search
for copy number variation in the genome that could have protected the healthy twin against the
development of cancer. For this purpose, we used the Agilent Human Genome CGH 244k microarray
platform and found no sequence variation involving CNVs. Considering that CNV differences among MZ
twins represent an extreme example of mosaicism, it would have been of interest to analyze another
source of DNA such as normal breast and/or ovarian epithelial cells. Unfortunately, neither of these
tissues was available.

Our results show that, at least in the female twins described here, differences in the CNVs profile are not
the cause of the different phenotype. The search for an explanation should not therefore be limited to
genetic changes at the level of the DNA sequence. We should also consider epigenetic changes identified

in cloned animals [25] and in groups of monozygous twin sisters [26, 27], as well as other phenomena



that could affect expression of identical genes, such as alterations in microRNAs or differential allelic
expression,.

If risk-modifying factors are identified we will be able to provide mutation carriers with knowledge about
what they can do to reduce their cancer risk. More importantly, incorporating these factors into
penetrance estimation will lead to more accurate risk modelling and therefore permit better informed

genetic counselling in the future.

FIGURE LEGENDS

Figure 1.- Pedigree of the family. Br: breast cancer; Ov: Ovarian cancer; Pr: Prostate cancer. Carriers are
indicated by (+) and non-carriers by (-). The red square indicates the index case.

Figure 2.- A: CGH pattern showing the potential deletion in the 17g21.31 genomic region. B: Pattern of
this region in the across hybridization CGH array.

Table 1. Observed polymorphism.
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