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Abstract: Mutations in BRCA1 result in predisposal to breast and ovarian cancers, but many variants
exist with unknown clinical significance (VUS). One is BRCA1 c.4096+3A>G, which affects
production of the full-length BRCA1 transcript, while augmenting transcripts lacking most or all of
exon 11. Nonetheless, homozygosity of this variant has been reported in a healthy woman. We saw
this variant cosegregate with breast and ovarian cancer in several family branches of four Icelandic
pedigrees, with instances of phenocopies and a homozygous woman with lung cancer. We found
eight heterozygous carriers (0.44%) in 1820 unselected breast cancer cases, and three (0.15%) in 1968
controls (p = 0.13). Seeking conclusive evidence, we studied tumors from carriers in the pedigrees
for wild-type-loss of heterozygosity (WtLOH) and BRCAI-characteristic prevalence of estrogen
receptor (ER) negativity. Of 15 breast and six ovarian tumors, wtLOH occurred in nine breast and
all six ovarian tumours, and six of the nine breast tumors with wtLOH were ER-negative. These
data accord with a pathogenic BRCAI-mutation. Our findings add to the current knowledge of
BRCA1, and the role of its exon 11 in cancer pathogenicity, and will be of use in clinical genetic
counselling.

Keywords: BRCA1; VUS; LOH; breast cancer; ovarian cancer; tumorigenesis; Knudson's two-hit
model; cancer risk; homozygous lethality

1. Introduction

Genetic predisposition to cancer is most often polygenic with no suggestive family history [1],
but sometimes it is hereditary, due to a highly penetrant rare mutation, and this is frequently reflected
by a prominent family history of the cancer type and an early age of onset [2]. BRCA1 (MIM# 113705)
is one of two large genes (BRCA1 and BRCA2) most frequently mutated in families with hereditary
breast and ovarian cancer syndrome (HBOC) [3-5]. In female carriers of a pathogenic BRCA1
mutation, the average cumulative cancer risk by age 70 is 66% for breast cancer (BC) and 41% for
ovarian cancer (OC) [6]. The ratio of OC to BC is associated with the location of the mutation in the
gene, and is highest within its central "ovarian cancer cluster" region (OCCR), approximately

Genes 2019, 10, 882; doi:10.3390/genes10110882 www.mdpi.com/journal/genes



Genes 2019, 10, 882 2 of 16

corresponding to exon 11 [7]. Other genetic and lifestyle/hormonal factors also modify these risks for
mutation carriers, exemplified genetically by 26 single nucleotide polymorphisms (SNPs) associated
with BC risk, and 11 with OC risk [8]. High-risk kindreds with a BRCA1 mutation may reflect the
accumulation of such modifiers, and tested non-carriers in these families may, therefore, or for other
reasons, be at elevated risk, or already be affected (known as phenocopies) [9,10]. In many ways, the
BRCA2 gene/mutations can be described similarly, with high tissue-specific risks, and risk-modifying
effects of lifestyle/hormonal factors, SNPs and three OCCRs in the gene [6-10]. Importantly for the
scope of this article, BRCA1 and BRCA2 are tumor-suppressor genes and, in accordance with
Knudson's two-hit model [11], the genotypes in tumors from mutation carriers typically show loss of
heterozygosity (LOH), with preferential loss of the non-mutated or "wild-type" copy (wtLOH) of the
gene, and its surrounding chromosomal region [12,13]. BRCAIl-mutated breast tumors also show a
tendency to be pathologically distinguished from other breast tumors with regard to expression of
estrogen receptors (ER), as the majority of breast tumors in BRCA1 carriers are ER-negative, while
only about 20-30% of other breast tumors (including BRCA2-mutated) are ER-negative [14,15]. For
BRCAI1 carriers, however, a later age of onset of BC attenuates the BRCAI-characteristic prevalence
of ER-negativity [15-17].

Genetic testing and clinical genetic counselling, in relation to BRCA1/BRCA2 and other disease
genes [18,19], relies on a five-tiered classification system (Classes 1-5), based on the degree of
likelihood of the pathogenicity of mutations/variants [20]. Class 3, "uncertain”, describes the finding
of a variant, frequently termed UV (unclassified variant), or VUS (variant of uncertain significance),
which complicates test reporting and disease prevention strategies, and, because such variants are
individually rare, their assessments greatly depend on the international collaboration of experts and
their submissions to web-accessible databases (see, e.g., [21]). A high proportion of variants
tentatively remain as uncertain [22,23] and will have to wait for a refined classification, while more
evidence is sought. Conclusions may, predictably, be obstructed by factors such as intermediate
clinical effects or reduced penetrance of alleles [20]. Unless this is resolved, the clients and their
families receive the same clinical recommendations as when no pathogenic mutations are found.
Probability calculations have incorporated multiple lines of evidence, such as direct—from statistical
genetic studies (case-control, segregation, family history or other)—and evolutionary conservation
or other indirect data [24]. When such data are difficult to obtain, some easier-to-collect data have
been considered helpful, e.g., presence of the variant in controls and tumor characteristics, such as
LOH [25-27], grade and expression of ER [26,27] (overview in [28]).

A Danish study reported a spliceogenic variant of BRCAI, named c.4096+3A>G (dbSNP
rs80358015, also known as 4215+3A>G and IVS11+3A>G in the literature), in the homozygous state,
in a healthy 58-year-old woman from a consanguineous family [29]. No homozygous carriers of a
pathogenic BRCAI mutation had been reported, and homozygous BRCAI mutations were known to
result in embryonic lethality in mice [30,31]; furthermore, biallelic BRCAI mutations are very rare
and lead to severe health problems [32-34]. This cast doubt on the previous classification of the
c.4096+3A>G variant as pathogenic or probably pathogenic by many experts submitting to the
ClinVar website, and its significance is now evaluated by most as uncertain [35]. On the other hand,
in Europe and the USA, the variant has been reported in cases of breast or ovarian cancer [36-38]. It
has also been reported in an HBOC family [39], and in families undergoing clinical diagnostic testing,
two of which were of Icelandic origin [35], but the variant is not observed in the large, population-
based genomic datasets of ExXAC (the Exome Aggregation Consortium) and gnomAD (Genome
Aggregation Database) (60,706 and 141,456 individuals, respectively) [40,41], nor in the NHLBI ESP
(National Heart, Lung, and Blood Institute, Exome Sequencing Project) richly phenotyped collection
(selected for traits of importance for heart, lung and blood disorders) of 7034 individuals (6503
samples covered for rs80358015) [42,43]. Also challenging the clinical neutrality of the variant, an
experiment using RT-PCR of leukocyte-RNA from a carrier had shown a disturbed splicing profile,
viz. a reduction of the full-length BRCA1 transcript (at most 50% of the full-length signal strength in
controls, and therefore compatible with absence from the variant allele) and simultaneous
enhancement of the abundance of two naturally occurring transcripts that lack most or all of exon 11:
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BRCAI1-Allq and A11 (the former retaining 117 nucleotides from the 5' end of exon 11) [39]. These
two, and one called BRCA1-IRIS [44] (with an open reading frame, keeping exon 11 plus 34 extra
triplets from intron 11, but skipping all exons thereafter; not assayed in the above-mentioned RT-PCR
study), all seem logical candidates for possible clinical consequences of c.4096+3A>G. They are
present in control individuals [45]; the A11q protein isoform is seen in cell lines lacking the full-length
BRCA1 protein, due to truncating mutations in exon 11 [46]; and BRCA1-IRIS overexpression is found
in aggressive breast and ovarian cancers [47,48], introducing it as a drug target [49-51]. Although the
smaller isoforms may, in part, compensate for the lack of a full-length BRCA1 protein (cf. review
[52] —with p53 brought into perspective—and as indicated, in relation to therapeutic resistance in
cell experiments highlighting A11q [46]), they also have unique functions, some in opposition to full-
length BRCA1, and a balanced splicing profile seems to be important for the normal physiological
function of BRCA1 (reviewed in [53]). Last year, pathogenic BRCAI mutations were identified in the
homozygous state in four children with multiple congenital anomalies and severe chromosomal
fragility; these mutations notably resulted in the absence of a full-length BRCA1 transcript, but in the
presence of Allq [54]. Hence, explaining the observed benign consequences of c.4096+3A>G
homozygosity is not straightforward [29].

The BRCA1 protein dates to an early period in the evolution of life [55] and shows a remarkable
variety of roles and subcellular localization. As reviewed in [56,57], it is primarily localized in the
nucleus, where it functions in maintaining genomic integrity (DNA damage signaling, homologous
recombination (HR), homology-directed repair (HDR), and oxidative stress regulation), replication,
protein ubiquitination, checkpoint regulation, transcription and chromatin remodeling. It also
functions in the cytoplasm, in centrosome regulation, apoptosis and selective autophagy (virophagy
and mitophagy). It is found in mitochondria, as well [58]. The joint role of BRCA1 and BRCA2 in HR
is thought to explain their common disease phenotype [55], but BRCA1 also has tumor-suppressive
effects through other functions (reviewed in [56,57]). It shows sequence-nonspecific (damaged) DNA
binding [59-62] and has many protein partners. Figure 1 (collecting information from reviews
[53,57,63,64] and references therein, plus [60-62,65-71]) attempts to give an idea of the switches and
plug-ins on the BRCAI1 protein that could be specific to a given isoform, highlighting attributes
relevant to exon 11. The properties rely inter alia on protein conformation, and are thus not directly
predictable from the illustration; as an example, BRCA1-IRIS contains the RING domain but, unlike
full-length BRCA1, it seems unable to bind to BARD1 [44]. Likewise, the loss of some properties may
be bypassed, as is shown by the ability of A11q and A1l isoforms to enter the nucleus without any
nuclear localization signal (NLS), via binding to BARD1 [72] or Ubc9 [73].
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Figure 1. Domain map of the full-length BRCA1 protein (1863 amino acids), emphasizing its middle
exon-11-derived region (light blue; bulged if included in Al1lq, but not A11 isoforms), which contains
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two nuclear localization signals (NLS), a coiled-coil domain (CCD), eight serine/threonine
phosphorylation spots (pinned S or T on an encircled P), and binding positions for proteins (yellow
area, black bars) and for damaged DNA. For comparison, indicated to the left and right of exon 11,
are additional protein binding positions (yellow area, grey bars), a position of binding to DNA ends,
further serine phosphorylation spots (smaller) and the following domains: RING (which binds, e.g.,
BARD1), NES (nuclear export signal), BRCT phosphopeptide recognition domains, and a CCD that
mediates interaction with PALB2, which bridges to BRCA2. Below, in boxes, are the parts contained
in smaller isoforms (connected by broken lines for skipped parts), with the intron-11-derived C-tail
of BRCA1-IRIS (bottom) indicated by a small yellow/orange box (not present in full-length BRCA1 or
other isoforms).

The aim of our study was to test the possible pathogenicity of BRCAI c.4096+3A>G. To do this,
we genotyped the variant in cases and controls, examined clinical history in the families of identified
carriers, and subsequently genotyped key family members. In addition, we analyzed all available
tumors from carriers, and present results of LOH and pathological characteristics. Taken together,
results indicate that the variant displays classical characteristics of a pathogenic BRCA1 mutation,
both in pedigrees and in tumors. Its population frequency is low (allele frequency in Iceland was
~0.0008). Furthermore, one carrier who developed lung cancer was a homozygote and, since this is
the second time homozygosity of this variant in an adult is reported, BRCA1 c.4096+3A>G must be
highly unusual compared to previously analyzed BRCAI-mutations.

2. Materials and Methods

DNA was extracted from blood samples and paraffin embedded tissue, as described in previous
studies [74]. Quantity of DNA from blood was measured by NanoDrop (Thermo Fisher Scientific), and
from paraffin tissue, in the case of LOH analyses, by Qubit Fluorometric Quantification (Thermo Fisher
Scientific). For the case—control comparison we used an unselected BC cohort, consisting of 1820
patients (1802 females and 18 males), from whom blood was collected in collaboration with oncologists
at Landspitali, the National University Hospital of Iceland, during the period 1987-1999 and at the
Research Services Center at Noatun during the period 2002-2009. As controls, we used 1968 samples
from a large, population-based control cohort, collected by the Heart Association of Iceland [75].
Tagman assay C_153129896_10 (purchased from Applied Biosystems; current provider Thermo Fisher
Scientific) was used to genotype dbSNP rs80358015, using 20 ng of genomic DNA. The reaction was
carried out in StepOne Plus Real-Time PCR System (Applied Biosystems). Genotypes of carriers were
confirmed by Sanger sequencing (see below). Regarding the possibility of additional genetic variants,
or mutations, in chromosomal cis position, relative to the c.4096+3A>G variant, information from the
genetic counselling service at the hospital (V. Stefansdottir, personal communication) confirmed this
had not been seen when performing next-generation sequencing (NGS) of all exons in BRCA1 and
BRCA2. The research was performed in accordance with approval from the Icelandic Data Protection
Authority (reference number 2001050523) and the National Bioethics Committee (reference numbers
99/051 and VSN-11-105).

Traced pedigrees were obtained from the Genetic Committee of the University of Iceland, in data
files listing individuals and their pedigree relationship. The tracing included great-grandparents'
descendants on both parental sides of each proband, except for one proband, whose pedigrees
descended from grandparents. For another proband, an extension of one of her parental sides (tracing
back to her grandfather's grandparents) was available from our earlier studies. The first founders in
these pedigrees were born ~1830-1900. A combined list of individuals was sent to the Icelandic Cancer
Registry, for collection of clinical data on cancers registered since 1911 (female breast cancers starting
in 1911, and all male and female cancers since 1955) [76,77].

Histological immunostaining and HER2-FISH data were collected through routine pathology and
gaps filled by staining slides of archived tumors, according to the manufacturer's protocols (Dako
Denmark A/S), using M3643 (dilution 1:20) for ER, M3569 (1:100) for PgR and SK001 (ready to use) for
ERBB2. For LOH analyses, DNA was isolated from tumor tissue, which was obtained from paraffin
blocks (invasive primary tumors) after selecting areas rich in tumor cells. The proportion of tumor cells
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in each specimen was estimated by the same investigator and was between 90-100% in 15 samples,
~80% in five and 50-70% in six. Relative allele intensities were compared to those of blood tissue or
normal tissue from the same individual. LOH at the BRCA1 c.4096+3A>G variant site was determined
by comparing A and G signals, obtained by Sanger sequencing of the purified products (performed
according to standard protocols) of 35 PCR cycles, using 40 ng genomic DNA and primers 5'-
GCAGTTCCTTTAACTATACTTGG-3' (F) and 5-CAGATGATGAAGAAAGAGGAACG-3' (R). For
analyzing LOH at microsatellite markers, the DNA (40 ng) was amplified for 35 cycles, using PCR
primer sequences selected for D175855 and D175579 according to the Genome Browser Gateway
[78,79], and for THRA1 according to [80]. For both Sanger sequencing and microsatellite fragment
analysis, products were run in an ABI 3130x] Genetic Analyzer (Applied Biosystems). They were then
analyzed accordingly, with GeneMapper Software 5 (Applied Biosystems) for automatic calling of
microsatellite alleles, or Sequencing Analysis Software 6 (Applied Biosystems) and Sequencher 5.4.6
(Gene Codes Corporation) for the alignment of sequences and inspection of electropherograms. For
improved resolution of electropherograms, these were printed out and scanned, rather than using
screenshots. Signal height comparisons were made using Excel, for A/G signals and for exported
GeneMapyper files. Figures were drawn and/or processed in Affinity Designer 1.7.0.

3. Results

3.1. Identification of Probands and Estimation of Allelic Frequencies in Cases and Controls

We genotyped blood-derived DNA samples from 1820 unselected breast cancer (BC) cases and
1968 controls, using the BRCAI1 c.4096+3A>G SNP Tagman assay. All observed carriers had
heterozygous genotypes—eight in the BC cohort and three in controls, corresponding to allelic
frequencies of 0.0022 and 0.0008, respectively. Fisher's exact test of this difference was not statistically
significant (p = 0.13, two-tailed). For decisive statistical comparisons, such low allelic frequencies
necessitate larger sample sets than were available to us. We selected the eight carriers among BC
cases as probands for tracing pedigrees and family history. Age of onset had the following
distribution (using plus signs for contralateral disease at later age): 36 + 60 (also thyroid 65), 37, 40,
43 + 48, 52, 57 (also skin 56), 60 and 69 years. For 1802 female cases in the BC cohort, the subset of
1794 non-carriers had an average age of 57.22 years at diagnosis (95% CI 56.6-57.8), as compared to
49.25 (95% CI 40.9-57.6) for the eight probands.

3.2. Pedigrees and Clinical Family History of Probands, and Typing of Affected Relatives

The pedigrees of six of the eight probands had some overlap. Four probands shared a common
large pedigree and were distributed in three family branches, in the fourth and fifth generation. Two
other probands were seen to belong to distinct branches (as second cousins) of their shared pedigree.
For each of the remaining two probands (including one with the most extensively traced pedigree in
this study), neither parental side revealed any familial relation to other probands.

A list of individuals from these pedigrees was matched against Cancer Registry data, and we
used the outcome to direct further DNA-sampling and genotyping. Breast and ovarian cancers were
observed in a number of family branches. We present the pedigrees in a schematic simplified
illustration in Figure 2, in order to help visualize our highlights, with regard to affected carriers vs.
non-carriers/phenocopies. This illustration does not include the 'opposite-parental’ families of
probands, where we counted a total of one BC at an age under 60 years, and one OC (any age), when
looking for cases amongst 1st, 2nd and 3rd degree relatives of each spouse of a variant-positive parent
of a proband. A comparable total count amongst relatives of variant-positive parents (omitting
double-counting of overlaps) was nine for BC, under an age of 60 years and eight for OC (cf. Figure
2). In the text below (and in the figure), ages are approximated to the limits of a five-year interval
(e.g., <60 meaning age 55-59 years, >70 meaning 70-74 years, etc.).

The pedigrees in Figure 2 vary according to size and information weight. The pedigree in Figure
2a has two branches with probands and two without. The latter can be viewed as having added
weight in this study, due to their more distant blood relation to probands. Among seven genotyped
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cancer-affected members of these two branches (Figure 2a, left half), six were carriers of BRCA1
c.4096+3A>G, and two of these developed OC. The pedigrees in Figure 2b and 2c have no such extra
branches, while the remaining large pedigree in Figure 2d has three branches, which are even more
distantly related to a proband than seen in other families. The most cancer-burdened of these three
extra branches (Figure 2d, left part) had a majority of variant-positive cases, and five of these had OC.
The other two extra branches of this pedigree (Figure 2d, middle) had relatively few (three)
genotyped members, none of whom carried the variant. Other non-carriers were observed in all
families, except the small one in Figure 2b. Some of the non-carriers were distantly related to
identified carriers (cf. Figure 2a, in generation V) while two were first-degree relatives of affected
carriers (Figure 2c, generation V, to the right, and Figure 2d, in generation 1V, to the left). The non-
carriers were outnumbered by carriers, as seen, e.g., when counting genotyped occurrences of BC
diagnosed by age 60 and OC (in any age) in all branches (with or without probands): a total of 38 (14
OC, 24 BC) were found, and 28 (74%; 12 OC, 16 BC) of these occurred in heterozygous carriers of
BRCA1 c.4096+3A>G (Figure 2).
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Figure 2. Pedigrees (a—d) of eight probands (arrows in boxes with black borders), showing cancer-
affected individuals and their carrier status, with regard to the BRCAI c.4096+3A>G variant, but
withholding details on other pedigree members and exact pedigree structures, in order to avoid
recognition. Light orange background is used to highlight segregation of the variant, and light violet
background highlights cancer-affected non-carriers. Individuals with a white background were not
available for genotyping. See explanation of symbols in the lower right corner of the figure (BC =
breast cancer, OC = ovarian cancer). Information about approximate age (in years) at diagnosis of
cancer is shown below symbols, in accordance with the symbol's indication of cancer type, plus
further details, in case of contralateral breast cancer (cont), fallopian tubes (Fall), endodermal sinus
(Es) or cancers other than BC or OC (Bra for brain, Col for colorectal, Emet for endometrial, Esop for
esophageal, Glb for gallbladder, Lu for lung, Pro for prostatic, Stom for stomach, Thyr for thyroid,
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Uter for uterine). Letters in bold red italic denote that the tumor in question was included in analyses
of LOH (loss of heterozygosity) and/or histology.

The most burdened branch in Figure 2d provided an unexpected observation in generation IV
(shown farthest left): a woman who was diagnosed with lung cancer at age 40 was genotyped
homozygous for the BRCA1 c.4096+3A>G variant, according to DNA from archived normal thyroid
tissue. Autopsy had revealed no other cancers (breasts and ovaries were normal) and clinical records
indicated no unusual health problems, but noted that she had many cafe-au-lait spots. Her other
parental side (paternal) was unavailable for typing, but no trace was found of the other allele (Figure
3a) and all her four children were heterozygous. The father of the homozygote had geographical
origins common to the pedigrees' top generation founders (see note on geography below).

3.3. A Note on Geographical Distribution in Iceland

We explored whether the pedigrees could be geographically constricted and saw a clear bias
towards a common location in the countryside; the top two generations in the pedigrees lived in an
area less than 100 km wide. Inhabitants there constituted ~15% of the Icelandic population around
the time the third generation was born. We cannot exclude the possibility that this part of Iceland had
(or has) a relatively higher allele frequency, and that this could have biased the genotypes to some
extent. But even if all contemporary BRCA1 ¢.4096+3A>G carriers lived within that area at the time,
one could still expect the local allele frequency to have been low (~0.005, assuming an overall
population frequency around 0.0008, like today, but limited to 15% of the population). Aside from
this, lower generations (III-VI in Figure 2) were seen to disperse more, with new founders from more
widely distributed origins.

3.4. Analysis of LOH and Selected Pathological Characteristics

We performed LOH analyses on all available tumors from carriers (15 BC and six OC samples)
and, in addition, we analyzed tumors (four BC and one OC) from non-carriers, if they were closely
related (by 1st or 2nd degree) to a genotyped or obligate carrier. A further four BC tumors from non-
carriers had histological immunostaining results. For all tumor-derived DNA-samples, a matching
blood- or normal-tissue-derived DNA was simultaneously analyzed.

We analyzed the base position of the BRCA1 c.4096+3A>G variant by Sanger sequencing and
looked for allelic imbalance of the A/G signals (Figure 3b, far left). An imbalance exceeding 30%
difference of the signals was scored as compatible with LOH. Further to sequencing this gene
position, we amplified microsatellite markers, one within BRCA1 and two flanking the gene, to
ascertain whether LOH could have affected another part of the gene, irrespective of the A/G signal
ratio (Figure 3b). All instances of imbalance in the A/G spot were compatible with extension to the
microsatellite markers, if they had informative genotypes there (not homozygous). No instance of a
balanced A/G signal was found with allelic imbalance at the microsatellite markers. All samples with
LOH had a reduction in the A-signal compared with normal A/G signals, and a corresponding
reduction in microsatellite alleles from the haplotype opposite to the one bearing the BRCAI
c.4096+3A>G variant (Figure 3b). The preferential loss of the opposite allele can be visualized in
Figure 3c, where all the heterozygous tumor DNA, together with their matching normal DNA, were
subjected to a BRCA1 4096+3A>G SNP assay, and dots in the allelic discrimination plot were
subsequently colored differently, according to whether they originated in a tumor or a normal sample
(instead of conventional automatic coloring by genotype). All dots deviating from the axis of
expected heterozygosity were from tumors and always deviated to the same side (away from control
AA genotypes in the graph, and, therefore, closer to representing GG genotypes).
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Figure 3. Genotyping and LOH results. (a) Sanger sequencing (forward and reverse
electropherograms) of the BRCA1 ¢.4096+3A>G locus in a homozygous carrier (see Figure 2d, far left
in generation IV), the variant signal is indicated by an arrow; (b) Examples of pairs of normal (N) and
breast (BC) or ovarian cancer tissue (OC) from the same individual, compared for possible loss of
heterozygosity in tumor tissue (arrows pointing to altered signal heights in tumors), as analyzed by
Sanger sequencing of the BRCAI c.4096+3A>G locus (left part, both forward and reverse
electropherograms shown) and by PCR-fragment analyses of three microsatellite markers within and
flanking the BRCA1 gene (THRA1, D175855 and D175579, with allele sizes in base pairs shown on the
top, and UI denoting homozygous genotypes, which were uninformative about LOH); (c) An allelic
discrimination plot from a BRCA1 ¢.4096+3A>G SNP assay of 21 NT-pairs (pairs of matched normal-
and tumor-tissue-derived DNA from the same individual) from individuals who were heterozygous
for the BRCA1 c.4096+3A>G variant. Instead of conventional automatic coloring of genotypes
provided by the manufacturer's software, the dots in this graph were manually colored green if they
derived from normal tissue and blue if they derived from tumor tissue. Five samples from non-
carriers (homozygous for the A-allele) are shown in red, and two negative controls (water) in black.

Figure 4 summarizes the results of the LOH-analyses for both carriers and non-carriers, and
combines these with some clinical (tumor type, age of onset) and pathological (ER/PgR/HER2-
immunostaining) information. As shown, nine of 15 BCs in carriers (Figure 4a and b) showed wtLOH,
and these nine had a majority of ER-negative breast cancers (six out of nine). This group of ER-
negative wtLOH-tumours contains the three lowest-age diagnoses of BC in this study (35-40 years).
In the group of six genotype-balanced tumors from carriers (Figure 4b), only one was ER-negative,
whereas the other five were ER-positive. As regards BC from non-carriers (Figure 4c), their ER and
age distribution resembles that of the genotype-balanced group of carriers. Four of these had been
analyzed for allelic imbalance at microsatellite markers and two of them had shown LOH. The LOH
results from OC samples showed wtLOH in all six OCs from carriers (Figure 4d), in contrast with
perfectly balanced microsatellite genotypes in the non-carrier (Figure 4e).
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Figure 4. Summary of LOH results and/or histological staining of estrogen-, progesterone- and
HER2/Erb-B2 receptors (ER, PgR and ERBB2, respectively) in 30 tumors. Within each partition of the
figure, the samples are ordered from left to right by LOH results (bottom symbols: orange for LOH
and light orange above that, denoting wtLOH, light green for samples without LOH, and white for
unavailable LOH information), and then by ER results (ER line of symbols: blue for ER negative,
yellow for ER positive) and finally by age (middle histogram) and other receptor results (top two lines
of symbols: light blue = negative, yellow = positive and white = unavailable). (a) Nine breast cancers
from heterozygous carriers who had wtLOH in their tumors; (b) Six breast cancers from heterozygous
carriers without LOH; (c) Eight breast cancers from non-carriers among close (Ist and 2nd degree)
relatives of genotyped or obligate carriers (four of which were available for LOH analysis of
microsatellite markers); (d) Six ovarian cancers from carriers; (e¢) One ovarian cancer from a non-

carrier.

3.5. Instances Where Two Studied Tumors Originated in the Same Person

Three women had more than one tumor analyzed in our study. 1) A proband (Figure 2c, far left
branch) first had an early-onset ER-negative BC (age < 40) and later developed a contralateral ER-
positive BC at age >60. Both her tumors showed wtLOH. 2) A woman (Figure 2d, generation IV) had
bilateral BC at age >80, and both were without LOH and were ER-positive. 3) A woman (Figure 2d,
generation V) first had BC at age <50; this was ER-positive and without LOH. She developed OC at
age <60 and this tumor showed wtLOH.

4. Discussion

In our study, we found many factors in favor of pathogenic classification of BRCA1 c.4096+3A>G.
Firstly, our sample collections showed a higher allele frequency in BC cases (0.22%) than in controls
(0.08%). Secondly, we found in our extensively traced pedigrees a number of branches with BC- and
OC-affected variant carriers who were distantly related to probands. We even found, in one pedigree,
a BC-affected carrier who was an 8th degree relative of the proband (Figure 2d, generation VI). We
have extended some pedigrees similarly for other BRCA1/BRCA2 mutations (pathogenic), with fewer
instances of distant branches with affected carriers, and more branches with affected non-carriers
(unpublished results). Thirdly, a clear majority of breast and ovarian cancers in these pedigrees
occurred in carriers as compared to non-carriers. This is most striking for OC, because only two of 14
genotyped OC occurred in proposed phenocopies, but is also notable when considering BC
diagnosed by age 60, as there were 16 cases in carriers vs. eight in non-carriers. We do not consider a
total of ten proposed phenocopies in the four pedigrees to be suspiciously high in view of the size of
these pedigrees and when comparing them to our similarly extended pedigrees, with other
BRCA1/BRCA?2 (pathogenic) mutations (unpublished results). Fourthly, examination of both parental
family sides of each proband revealed only two occurrences of BC (by age 60) or OC (any age) among
1st to 3rd degree relatives of the variant-negative parents, as compared to 17 (nine BC < 60 and eight
OCQ) for the variant-positive parents. Lastly, a majority of breast and ovarian cancer specimens from
carriers showed classical signs of BRCAI-mutated tumors. These indications have some limitations,
such as lack of statistical power (larger sample collections are needed for the comparison of cases and
controls) and less certain reference frequencies of the variant in the upper generations of pedigrees,
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but they all point in the same direction, and agree with a pathogenic BRCAI mutation. As stated
earlier, BRCA1 c.4096+3A>G was the only variant identified by exonic NGS of the BRCAI and BRCA2
genes in a carrier (V. Stefansdottir, personal communication), so this is hardly explained by a hidden
BRCA1 mutation cosegregating with the variant.

As the variant here appears to be pathogenic, it is important to evaluate the degree of its cancer
risks. As regards our pedigrees, our sampling for genotyping was focused on cancer diagnoses and
did not include unaffected relatives (due to the inaccessibility of such samples with informed
consent), which would have been preferable in order to calculate a precise estimation of risk. On the
other hand, our comparison of cases and controls indicates the risk of BC to be only moderately
increased (two- or three-fold). We did not have the means to estimate the variant frequency in OC
cases in general, but our pedigrees suggest a considerable OC risk, and all the OC samples from
heterozygous carriers in our LOH analysis behaved as classical BRCAI-mutated, with respect to
wtLOH. With the above indications of intermediate BC risk and high risk of OC, we consider the
variant pathogenic, but apparently different from typical class 5 pathogenic variants. BRCA1
¢.4096+3A>G could hardly be considered only a risk-modifying variant. Such variants are known to
confer significant increase in risk, but its magnitude is low in each variant and their variability high,
and, therefore, they are not expected to cosegregate with a disease in pedigrees. The magnitude and
organ specificity of the risk conferred by BRCA1 ¢.4096+3A>G remains to be defined in more detail.

As regards our LOH analyses, expecting LOH in tumors may at first glance seem illogical, when
considering a variant that has been reported in the homozygous state in a healthy adult. One could
regard the homozygous woman as already having 'two hits' in her entire cell population. But LOH
usually adds damage, by causing a larger part of the gene or chromosome to disappear. We
frequently found this in the studied tumors, always affecting the wild-type copy in heterozygotes.
This clearly indicates that one copy of the variant, in a state of haploinsufficiency, is not enough for
the healthy growth of cells, and is linked to tumor induction or progression. Were it only a question
of haploinsufficiency, irrespective of the variant, then the LOH would be expected to affect the
normal or variant alleles at random. Since it does not, the variant must have a reduced functionality
which, in haploinsufficiency, is ideal for tumor development. However, as long as a nonmalignant
cell has two copies of the variant, functionality can be sufficient for normal growth.

Our samples from heterozygous breast tumors included nine with wtLOH and six without any
LOH. The latter apparently arose for different reasons, or followed a different path of progression,
and tended to occur at a later age. Within the BC group of nine tumors with wtLOH, a clear majority
were also ER-negative, and this too reflected the distribution of age of onset; the three youngest cases
(3540 years) were ER-negative, whereas the three ER-positive tumors occurred between 55-70 years.
This is in line with seeing ER-negativity less frequently with a higher age of onset in BRCAI mutation
carriers (cf. [15]). As mentioned in the Results, two of the breast cancers in the group with wtLOH
were from the same individual, who first had an early-onset ER-negative BC (age <40), and later
developed a contralateral ER-positive BC, at age >60. This coincides with a different hormonal
background (pre-/postmenopausal), and, at the same time, it is noteworthy that these two cancers
occurred in the same genetic background, and did not differ with respect to wtLOH.

We conclude that the data we have obtained strongly favor the pathogenicity of the BRCA1
€.4096+3A>G variant. It would be very hard to explain our results if the variant is considered clinically
benign. Therefore, with respect to the, now twice-reported, strikingly uncommon occurrences of
good health lasting into adulthood, in spite of homozygosity, we propose that further studies and
experiments on this mutation, or others affecting the protein in a similar way, may cast light on a
specific, tumor-suppressive nature of BRCA1 that has not yet been recognizable from other BRCA1
functions. It is important to separate the many BRCAI functions and match them to different
mutations or modifications of the BRCA1 protein, be it the full-length product or alternatively spliced
transcripts. Furthermore, this might help to understand why the OC risk is higher when a mutation
in BRCA1 affects exon 11. We have demonstrated strong effect on OC risk, and note that the variant
mainly disturbs the splicing profile of BRCA1. In addition to these points, the occurrence of viable
homozygosity, and the moderate risk indications seen in the case/control comparison, may reflect a
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modifying factor, yet to be identified. The exact degree of splicing will also be of concern in future
studies of the variant, but we note that, in the study of Wappenschmidt et al. [39], the full-length
product in controls had at least double the intensity of the one in the heterozygous sample. Therefore,
the variant allele does not seem to be capable of much expression, if any, of the full-length product.
To address this in greater detail, RNA studies of homozygous material would be ideal, but these are
unavailable at present.

We hope this study, and our brief review of the BRCA1 protein in Figure 1, will serve to promote
new ideas, and further molecular studies of BRCAL.

5. Conclusions

The BRCA1 c.4096+3A>G variant is pathogenic and confers an increased risk of both breast and
ovarian cancers. Its exact refined classification in the five-tiered classification system may be
complicated by the fact that these risks have yet to be precisely estimated, and they need to be studied
further with respect to modifying genetic and lifestyle factors. The c.4096+3A>G variant is unique
compared to previously identified pathogenic BRCAI mutations, because it can be found in the
homozygous state in healthy individuals.

Author Contributions: Conceptualization, A.A. and R.B.B.; validation, A.A.; formal analysis, A.A.;
investigation, A.A. and G.J.; resources, A.A., RB.B., B.A.A. and O.T].; data curation, A.A.; writing—original
draft preparation, A.A.; writing—review and editing, A.A., RB.B., IR,, B.H,, B.A.A,, O.T.]. GJ.; visualization,
A.A; project administration, A.A., R.B.B., LR., B.H.; funding acquisition, A.A. and R.B.B.

Funding: This research was funded by the Landspitali University Hospital Research Fund, grant A-2019-001,
and by the Icelandic association "Walking for Breast Cancer Research" (Géngum saman).

Acknowledgments: We thank the patients and their family members, whose contribution made this work
possible. We gratefully acknowledge Sigrun Kristjansdottir and the staff at the Department of Pathology for
providing tissue samples and pathological information, Edda Freysteinsdottir for design of sequencing primers
and together with Gudbjorg Eva Gudjonsdottir for excellent technical support, Vigdis Stefansdottir for
information on the BRCA1 c.4096+3A>G variant in genetic counselling, Anna G. Hafsteinsdottir and the Genetic
Committee of the University of Iceland for pedigree information, the Icelandic Cancer Registry, with special
thanks to Gudridur Helga Olafsdottir for information on cancer data, and the staff at Landspitali, the National
University Hospital of Iceland and the Research Services Center at Noatun, for help with blood sampling. We
are greatly indebted to Vilmundur Gudnason and Gudny Eiriksdottir at the Heart Association of Iceland for the
availability of DNA samples from controls. We also thank Anna H. Yates for corrections and helpful suggestions
on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Reference

1.  Lu, Y., Ek, W.E; Whiteman, D.; Vaughan, T.L.; Spurdle, A.B.; Easton, D.F.; Pharoah, P.D.; Thompson, D ] ;
Dunning, A.M.; Hayward, N.K,; et al. Most common “sporadic’ cancers have a significant germline genetic
component. Hum. Mol. Genet. 2014, 23, 6112-6118, d0i:10.1093/hmg/ddu312.

2. Garber, J.E.,; Offit, K. Hereditary cancer predisposition syndromes. J. Clin. Oncol. 2005, 23, 276-292,
doi:10.1200/JC0O.2005.10.042.

3. Miki, Y.; Swensen, J.; Shattuck-Eidens, D.; Futreal, P.A.; Harshman, K.; Tavtigian, S.; Liu, Q.; Cochran, C.;
Bennett, L.M.; Ding, W.; et al. A strong candidate for the breast and ovarian cancer susceptibility gene
BRCAL. Science 1994, 266, 66-71.

4. Wooster, R.; Bignell, G.; Lancaster, J.; Swift, S.; Seal, S.; Mangion, J.; Collins, N.; Gregory, S.; Gumbs, C,;
Micklem, G.; et al. Identification of the breast cancer susceptibility gene BRCA2. Nature 1995, 378, 789-792.

5. Melchor, L.; Benitez, ]. The complex genetic landscape of familial breast cancer. Hum. Genet. 2013, 132, 845—
863, d0i:10.1007/s00439-013-1299-y.

6. Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.A.; Mooij, T.M.; Roos-Blom, M. ; Jervis, S.; van
Leeuwen, F.E.; Milne, R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer for
BRCA1 and BRCA2 Mutation Carriers. JAMA 2017, 317, 24022416, doi:10.1001/jama.2017.7112.



Genes 2019, 10, 882 12 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Rebbeck, T.R;; Mitra, N.; Wan, F.; Sinilnikova, O.M.; Healey, S.; McGuffog, L.; Mazoyer, S.; Chenevix-
Trench, G.; Easton, D.F.; Antoniou, A.C.; et al. Association of type and location of BRCA1 and BRCA2
mutations with risk of breast and ovarian cancer. JAMA 2015, 313, 1347-1361, doi:10.1001/jama.2014.5985.
Milne, R.L.; Antoniou, A.C. Modifiers of breast and ovarian cancer risks for BRCA1 and BRCA2 mutation
carriers. Endocr. Relat. Cancer 2016, 23, T69-84, d0i:10.1530/ERC-16-0277.

Smith, A.; Moran, A.; Boyd, M.C,; Bulman, M.; Shenton, A.; Smith, L.; Iddenden, R.; Woodward, E.R.;
Lalloo, F.; Maher, E.R.; et al. Phenocopies in BRCA1 and BRCA2 families: Evidence for modifier genes and
implications for screening. J. Med. Genet. 2007, 44, 10-15, doi:10.1136/jmg.2006.043091.
Dominguez-Valentin, M.; Evans, D.G.R.; Nakken, S.; Tubeuf, H.; Vodak, D.; Ekstrom, P.O.; Nissen, A.M.;
Morak, M.; Holinski-Feder, E.; Martins, A.; et al. Genetic variants of prospectively demonstrated
phenocopies in BRCA1/2 kindreds. Hered. Cancer Clin. Pract. 2018, 16, 4, doi:10.1186/s13053-018-0086-0.
Knudson, A.G., Jr. Mutation and cancer: Statistical study of retinoblastoma. Proc. Natl. Acad. Sci. USA 1971,
68, 820-823.

Smith, S.A.; Easton, D.F.; Evans, D.G.; Ponder, B.A. Allele losses in the region 17q12-21 in familial breast
and ovarian cancer involve the wild-type chromosome. Nat. Genet. 1992, 2, 128-131.

Gudmundsson, J.; Johannesdottir, G.; Bergthorsson, J.T.; Arason, A.; Ingvarsson, S.; Egilsson, V.;
Barkardottir, R.B. Different tumor types from BRCA2 carriers show wild-type chromosome deletions on
13q12-q13. Cancer Res. 1995, 55, 4830-4832.

Lakhani, S.R.; Van De Vijver, M.].; Jacquemier, J.; Anderson, T.J.; Osin, P.P.; McGuffog, L.; Easton, D.F. The
pathology of familial breast cancer: Predictive value of immunohistochemical markers estrogen receptor,
progesterone receptor, HER-2, and p53 in patients with mutations in BRCA1 and BRCA2. ]. Clin. Oncol.
2002, 20, 2310-2318, doi:10.1200/JCO.2002.09.023.

Mavaddat, N.; Barrowdale, D.; Andrulis, I.L.; Domchek, S.M.; Eccles, D.; Nevanlinna, H.; Ramus, S.J.;
Spurdle, A.; Robson, M.; Sherman, M.; et al. Pathology of breast and ovarian cancers among BRCA1 and
BRCA2 mutation carriers: Results from the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA).
Cancer Epidemiol. Biomark. Prev. 2012, 21, 134-147, doi:10.1158/1055-9965.EPI-11-0775.

Foulkes, W.D.; Metcalfe, K.; Sun, P.; Hanna, W.M.; Lynch, H.T.; Ghadirian, P.; Tung, N.; Olopade, O.L;
Weber, B.L.; McLennan, ].; et al. Estrogen receptor status in BRCA1- and BRCA2-related breast cancer: The
influence of age, grade, and histological type. Clin. Cancer Res. 2004, 10, 2029-2034.

Tung, N.; Wang, Y.; Collins, L.C.; Kaplan, J.; Li, H.; Gelman, R.; Comander, A.H.; Gallagher, B.; Fetten, K.;
Krag, K.; et al. Estrogen receptor positive breast cancers in BRCA1 mutation carriers: Clinical risk factors
and pathologic features. Breast Cancer Res. 2010, 12, R12, doi:10.1186/bcr2478.

Singer, C.F.; Balmana, J.; Burki, N.; Delaloge, S.; Filieri, M.E.; Gerdes, A.M.; Grindedal, EIM.; Han, S.;
Johansson, O.; Kaufman, B.; et al. Genetic counselling and testing of susceptibility genes for therapeutic
decision-making in breast cancer — An European consensus statement and expert recommendations. Eur.
J. Cancer 2019, 106, 54-60, doi:10.1016/j.ejca.2018.10.007.

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.;
Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology. Genet. Med. 2015, 17, 405—424, d0i:10.1038/gim.2015.30.

Plon, S.E.; Eccles, D.M.; Easton, D.; Foulkes, W.D.; Genuardi, M.; Greenblatt, M.S.; Hogervorst, F.B.;
Hoogerbrugge, N.; Spurdle, A.B.; Tavtigian, S.V.; et al. Sequence variant classification and reporting:
Recommendations for improving the interpretation of cancer susceptibility genetic test results. Hum. Mutat.
2008, 29, 1282-1291, doi:10.1002/humu.20880.

Spurdle, A.B.; Healey, S.; Devereau, A.; Hogervorst, F.B.; Monteiro, A.N.; Nathanson, K.L.; Radice, P.;
Stoppa-Lyonnet, D.; Tavtigian, S.; Wappenschmidt, B.; et al. ENIGMA — Evidence-based network for the
interpretation of germline mutant alleles: An international initiative to evaluate risk and clinical
significance associated with sequence variation in BRCA1 and BRCA2 genes. Hum. Mutat. 2012, 33, 2-7,
doi:10.1002/humu.21628.

BRCA Exchange: Facts & Stats. Available online: https://brcaexchange.org/factsheet (accessed on 26 May
2019).

Lopez-Urrutia, E.; Salazar-Rojas, V.; Brito-Elias, L.; Coca-Gonzalez, M.; Silva-Garcia, J.; Sanchez-Marin, D.;
Campos-Parra, A.D.; Perez-Plasencia, C. BRCA mutations: Is everything said? Breast Cancer Res. Treat. 2019,
173, 49-54, d0i:10.1007/s10549-018-4986-5.



Genes 2019, 10, 882 13 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Goldgar, D.E.; Easton, D.F.; Byrnes, G.B.; Spurdle, A.B.; Iversen, E.S.; Greenblatt, M.S.; IARC Unclassified
Genetic Variants Working Group. Genetic evidence and integration of various data sources for classifying
uncertain variants into a single model. Hum. Mutat. 2008, 29, 1265-1272, doi:10.1002/humu.20897.

Osorio, A.; de la Hoya, M.; Rodriguez-Lopez, R.; Martinez-Ramirez, A.; Cazorla, A.; Granizo, ].J.; Esteller,
M.; Rivas, C.; Caldes, T.; Benitez, J. Loss of heterozygosity analysis at the BRCA loci in tumor samples from
patients with familial breast cancer. Int. J. Cancer 2002, 99, 305-309, doi:10.1002/ijc.10337.
Chenevix-Trench, G.; Healey, S.; Lakhani, S.; Waring, P.; Cummings, M.; Brinkworth, R.; Deffenbaugh,
AM.; Burbidge, L.A.; Pruss, D.; Judkins, T.; et al. Genetic and histopathologic evaluation of BRCA1 and
BRCA2 DNA sequence variants of unknown clinical significance. Cancer Res. 2006, 66, 2019-2027,
doi:10.1158/0008-5472.CAN-05-3546.

Osorio, A.; Milne, R.L.; Honrado, E.; Barroso, A.; Diez, O.; Salazar, R.; de la Hoya, M.; Vega, A.; Benitez, J.
Classification of missense variants of unknown significance in BRCA1 based on clinical and tumor
information. Hum. Mutat. 2007, 28, 477-485, d0i:10.1002/humu.20470.

Hofstra, R.M.; Spurdle, A.B.; Eccles, D.; Foulkes, W.D.; de Wind, N.; Hoogerbrugge, N.; Hogervorst, F.B.;
IARC Unclassified Genetic Variants Working Group. Tumor characteristics as an analytic tool for
classifying genetic variants of uncertain clinical significance. Hum. Mutat. 2008, 29, 1292-1303,
doi:10.1002/humu.20894.

Byrjalsen, A.; Steffensen, A.Y.; Hansen, T.V.O.; Wadt, K.; Gerdes, A.M. Classification of the spliceogenic
BRCAL1 c.4096+3A>G variant as likely benign based on cosegregation data and identification of a healthy
homozygous carrier. Clin. Case Rep. 2017, 5, 876-879, d0i:10.1002/ccr3.944.

Gowen, L.C; Johnson, B.L.; Latour, AM.; Sulik, KK.; Koller, B.H. Brcal deficiency results in early
embryonic lethality characterized by neuroepithelial abnormalities. Nat. Genet. 1996, 12, 191-194,
doi:10.1038/ng0296-191.

Hohenstein, P.; Kielman, M.F.; Breukel, C.; Bennett, L.M.; Wiseman, R.; Krimpenfort, P.; Cornelisse, C.; van
Ommen, G.J.; Devilee, P.; Fodde, R. A targeted mouse Brcal mutation removing the last BRCT repeat
results in apoptosis and embryonic lethality at the headfold stage. Oncogene 2001, 20, 2544-2550,
doi:10.1038/sj.0onc.1204363.

Domchek, S.M.; Tang, J.; Stopfer, J.; Lilli, D.R.; Hamel, N.; Tischkowitz, M.; Monteiro, A.N.; Messick, T.E.;
Powers, J.; Yonker, A.; et al. Biallelic deleterious BRCA1 mutations in a woman with early-onset ovarian
cancer. Cancer Discov. 2013, 3, 399-405, d0i:10.1158/2159-8290.CD-12-0421.

Sawyer, S.L.; Tian, L.; Kahkonen, M.; Schwartzentruber, J.; Kircher, M.; University of Washington Centre
for Mendelian Genomics; FORGE Canada Consortium; Majewski, J.; Dyment, D.A.; Innes, A.M.; et al.
Biallelic mutations in BRCA1 cause a new Fanconi anemia subtype. Cancer Discov. 2015, 5, 135-142,
doi:10.1158/2159-8290.CD-14-1156.

Freire, B.L.; Homma, T.K.; Funari, M.F.A.; Lerario, A.M.; Leal, A.M.; Velloso, E.; Malaquias, A.C.; Jorge,
A.A.L. Homozygous loss of function BRCA1 variant causing a Fanconi-anemia-like phenotype, a clinical
report and review of previous patients. Eur. J. Med. Genet. 2018, 61, 130133, doi:10.1016/j.ejmg.2017.11.003.
NCBI  ClinVar  Database, Entry = NM_007294.3(BRCA1):c.4096+3A>G.  Available  online:
https://www.ncbi.nlm.nih.gov/clinvar/variation/37566/ (accessed on 29 May 2019).

Borg, A.; Haile, R.W.; Malone, K.E.; Capanu, M.; Diep, A.; Torngren, T.; Teraoka, S.; Begg, C.B.; Thomas,
D.C.; Concannon, P.; et al. Characterization of BRCA1 and BRCA2 deleterious mutations and variants of
unknown clinical significance in unilateral and bilateral breast cancer: The WECARE study. Hum. Mutat.
2010, 31, E1200-E1240, d0i:10.1002/humu.21202.

Beissel, ].M.; Kendrick, M.L.; Podratz, K.C.; Bakkum-Gamez, ].N. Pancreaticoduodenectomy in optimal
primary cytoreduction of epithelial ovarian cancer: A case report and review of the literature. Gynecol.
Oncol. Rep. 2014, 10, 25-27, doi:10.1016/j.gore.2014.09.001.

Song, H.; Cicek, M.S.; Dicks, E.; Harrington, P.; Ramus, S.J.; Cunningham, J.M.; Fridley, B.L.; Tyrer, J.P.;
Alsop, J.; Jimenez-Linan, M.; et al. The contribution of deleterious germline mutations in BRCA1, BRCA2
and the mismatch repair genes to ovarian cancer in the population. Hum. Mol. Genet. 2014, 23, 4703-4709,
doi:10.1093/hmg/ddul72.

Wappenschmidt, B.; Becker, A.A.; Hauke, J.; Weber, U.; Engert, S.; Kohler, J.; Kast, K.; Arnold, N.; Rhiem,
K.; Hahnen, E.; et al. Analysis of 30 putative BRCA1 splicing mutations in hereditary breast and ovarian
cancer families identifies exonic splice site mutations that escape in silico prediction. PLoS ONE 2012, 7,
€50800, doi:10.1371/journal.pone.0050800.



Genes 2019, 10, 882 14 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

The Exome Aggregation Consortium (ExAC), searching for rs80358015 and inspecting its hgl9
chromosomal location 17-41243449. Available online: http://exac.broadinstitute.org/region/17-41243429-
41243469 (accessed on 30 May 2019).

Genome Aggregation Database (gnomAD), searching for rs80358015 and inspecting its hg19 chromosomal
location 17-41243449. Available online: https://gnomad.broadinstitute.org/region/17-41243429-41243469
(accessed on 30 May 2019).

Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA. Available online:
http://evs.gs.washington.edu/EVS/ (accessed on 30 May 2019).

Auer, P.L,; Reiner, A.P.; Wang, G.; Kang, HM.; Abecasis, G.R.; Altshuler, D.; Bamshad, M.].; Nickerson,
D.A,; Tracy, R.P,; Rich, S.S; et al. Guidelines for Large-Scale Sequence-Based Complex Trait Association
Studies: Lessons Learned from the NHLBI Exome Sequencing Project. Am. J. Hum. Genet. 2016, 99, 791-801,
doi:10.1016/j.ajhg.2016.08.012.

ElShamy, W.M.; Livingston, D.M. Identification of BRCA1-IRIS, a BRCA1 locus product. Nat. Cell Biol. 2004,
6, 954-967, doi:10.1038/ncb1171.

Colombo, M.; Blok, M.].; Whiley, P.; Santamarina, M.; Gutierrez-Enriquez, S.; Romero, A.; Garre, P.; Becker,
A.; Smith, L.D.; De Vecchi, G.; et al. Comprehensive annotation of splice junctions supports pervasive
alternative splicing at the BRCA1 locus: A report from the ENIGMA consortium. Hum. Mol. Genet. 2014, 23,
3666-3680, doi:10.1093/hmg/ddu075.

Wang, Y.; Bernhardy, A.J.; Cruz, C,; Krais, ].J.; Nacson, J.; Nicolas, E.; Peri, S.; van der Gulden, H.; van der
Heijden, 1.; O'Brien, SSW.; et al. The BRCA1-Deltallq Alternative Splice Isoform Bypasses Germline
Mutations and Promotes Therapeutic Resistance to PARP Inhibition and Cisplatin. Cancer Res. 2016, 76,
2778-2790, doi:10.1158/0008-5472.CAN-16-0186.

Chock, K.L.; Allison, J.M.; Shimizu, Y.; EIShamy, W.M. BRCA1-IRIS overexpression promotes cisplatin
resistance in ovarian cancer cells. Cancer Res. 2010, 70, 8782-8791, doi:10.1158/0008-5472.CAN-10-1352.
Shimizu, Y.; Luk, H.; Horio, D.; Miron, P.; Griswold, M.; Iglehart, D.; Hernandez, B.; Killeen, J.; EIShamy,
W.M. BRCAI-IRIS overexpression promotes formation of aggressive breast cancers. PLoS ONE 2012, 7,
€34102, doi:10.1371/journal.pone.0034102.

Blanchard, Z.; Paul, B.T.; Craft, B.; EIShamy, W.M. BRCA1-IRIS inactivation overcomes paclitaxel resistance
in triple negative breast cancers. Breast Cancer Res. 2015, 17, 5, d0i:10.1186/s13058-014-0512-9.

Paul, B.T.; Blanchard, Z.; Ridgway, M.; EIShamy, W.M. BRCA1-IRIS inactivation sensitizes ovarian tumors
to cisplatin. Oncogene 2015, 34, 3036-3052, doi:10.1038/onc.2014.237.

ElShamy, W.M. The role of BRCA1-IRIS in ovarian cancer formation, drug resistance and progression.
Oncoscience 2016, 3, 145-146, d0i:10.18632/oncoscience.308.

Tammaro, C.; Raponi, M.; Wilson, D.L; Baralle, D. BRCA1 exon 11 alternative splicing, multiple functions
and the association with cancer. Biochem. Soc. Trans. 2012, 40, 768-772, d0i:10.1042/BST20120140.

Li, D.; Harlan-Williams, L.M.; Kumaraswamy, E.; Jensen, R.A. BRCA1-No Matter How You Splice It. Cancer
Res. 2019, 79, 2091-2098, doi:10.1158/0008-5472.CAN-18-3190.

Seo, A.; Steinberg-Shemer, O.; Unal, S.; Casadei, S.; Walsh, T.; Gumruk, F.; Shalev, S.; Shimamura, A.;
Akarsu, N.A.; Tamary, H.; et al. Mechanism for survival of homozygous nonsense mutations in the tumor
suppressor gene BRCAL. Proc. Natl. Acad. Sci. USA 2018, 115, 5241-5246, doi:10.1073/pnas.1801796115.
Pfeffer, C.M.; Ho, B.N.; Singh, A.T K. The Evolution, Functions and Applications of the Breast Cancer Genes
BRCA1 and BRCAZ2. Cancer Genomics Proteomics 2017, 14, 293-298, doi:10.21873/cgp.20040.

Takaoka, M.; Miki, Y. BRCA1l gene: Function and deficiency. Int. ]. Clin. Oncol. 2018, 23, 36-44,
d0i:10.1007/s10147-017-1182-2.

Yi, YW, Kang, H]J; Bae, I. BRCA1l and Oxidative Stress. Cancers 2014, 6, 771-795,
d0i:10.3390/cancers6020771.

Coene, E.D.; Hollinshead, M.S.; Waeytens, A.A.; Schelfhout, V.R,; Eechaute, W.P.; Shaw, M.K,; Van
Oostveldt, P.M.; Vaux, D.J. Phosphorylated BRCA1 is predominantly located in the nucleus and
mitochondria. Mol. Biol. Cell 2005, 16, 997-1010, doi:10.1091/mbc.e04-10-0895.

Paull, T.T.; Cortez, D.; Bowers, B.; Elledge, S.J.; Gellert, M. Direct DNA binding by Brcal. Proc. Natl. Acad.
Sci. USA 2001, 98, 6086—-6091, doi:10.1073/pnas.111125998.

Naseem, R.; Webb, M. Analysis of the DNA binding activity of BRCA1 and its modulation by the tumour
suppressor p53. PLoS ONE 2008, 3, e2336, doi:10.1371/journal.pone.0002336.



Genes 2019, 10, 882 15 of 16

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Masuda, T.; Xu, X.; Dimitriadis, E.K.; Lahusen, T.; Deng, C.X. “DNA Binding Region” of BRCA1 Affects
Genetic Stability through modulating the Intra-S-Phase Checkpoint. Int. J. Biol. Sci. 2016, 12, 133-143,
doi:10.7150/ijbs.14242.

Yamane, K.; Tsuruo, T. Conserved BRCT regions of TopBP1 and of the tumor suppressor BRCA1 bind
strand breaks and termini of DNA. Oncogene 1999, 18, 5194-5203, d0i:10.1038/sj.onc.1202922.

Ouchi, T. BRCA1 phosphorylation: Biological consequences. Cancer Biol. Ther. 2006, 5, 470-475,
doi:10.4161/cbt.5.5.2845.

Christou, C.M.; Kyriacou, K. BRCA1 and Its Network of Interacting Partners. Biology 2013, 2, 40-63,
doi:10.3390/biology2010040.

Luo, A,; Zhang, K,; Zhao, Y.; Zhu, Z.; Fu, L.; Dong, ].T. ZNF121 interacts with ZBRK1 and BRCA1 to
regulate their target genes in mammary epithelial cells. FEBS Open Bio 2018, 8, 1943-1952, doi:10.1002/2211-
5463.12530.

Hu, Y.F.; Miyake, T.; Ye, Q.; Li, R. Characterization of a novel trans-activation domain of BRCA1 that
functions in concert with the BRCA1 C-terminal (BRCT) domain. J. Biol. Chem. 2000, 275, 40910-40915,
doi:10.1074/jbc.C000607200.

Daza-Martin, M.,; Starowicz, K.; Jamshad, M.; Tye, S.; Ronson, G.E.; MacKay, H.L.; Chauhan, A.S.; Walker,
AK, Stone, HR.; Beesley, J.F.J.; et al. Isomerization of BRCA1-BARD1 promotes replication fork
protection. Nature 2019, 571, 521-527, d0i:10.1038/s41586-019-1363-4.

Bochar, D.A; Wang, L.; Beniya, H.; Kinev, A.; Xue, Y.; Lane, W.S.; Wang, W.; Kashanchi, F.; Shiekhattar, R.
BRCAL is associated with a human SWI/SNF-related complex: Linking chromatin remodeling to breast
cancer. Cell 2000, 102, 257-265, doi:10.1016/s0092-8674(00)00030-1.

Harte, M.T.; O’Brien, G.J.; Ryan, N.M.; Gorski, J.J.; Savage, K.I; Crawford, N.T.; Mullan, P.B.; Harkin, D.P.
BRD7, a subunit of SWI/SNF complexes, binds directly to BRCA1 and regulates BRCA1l-dependent
transcription. Cancer Res. 2010, 70, 2538-2547, doi:10.1158/0008-5472.CAN-09-2089.

Yan, J.; Kim, Y.S,; Yang, X.P,; Li, L.P,; Liao, G.; Xia, F.; Jetten, AM. The ubiquitin-interacting motif
containing protein RAP80 interacts with BRCA1 and functions in DNA damage repair response. Cancer
Res. 2007, 67, 6647-6656, d0i:10.1158/0008-5472.CAN-07-0924.

Xu, J.; Watkins, T.; Reddy, A.; Reddy, E.S.; Rao, V.N. A novel mechanism whereby BRCA1/1a/1b fine tunes
the dynamic complex interplay between SUMO-dependent/independent activities of Ubc9 on E2-induced
ERalpha activation/repression and degradation in breast cancer cells. Int. J. Oncol. 2009, 34, 939-949,
doi:10.3892/ijo_00000220.

Fabbro, M.; Rodriguez, ]J.A.; Baer, R.; Henderson, B.R. BARD1 induces BRCA1 intranuclear foci formation
by increasing RING-dependent BRCA1 nuclear import and inhibiting BRCA1 nuclear export. J. Biol. Chem.
2002, 277, 21315-21324, doi:10.1074/jbc.M200769200.

Qin, Y.; Xu, J.; Aysola, K;; Begum, N.; Reddy, V.; Chai, Y.; Grizzle, W.E.; Partridge, E.E.; Reddy, E.S.; Rao,
V.N. Ubc9 mediates nuclear localization and growth suppression of BRCA1 and BRCA1a proteins. J. Cell.
Physiol. 2011, 226, 3355-3367, d0i:10.1002/jcp.22695.

Arason, A.; Gunnarsson, H.; Johannesdottir, G.; Jonasson, K.; Bendahl, P.O.; Gillanders, E.M.; Agnarsson,
B.A,; Jonsson, G.; Pylkas, K.; Mustonen, A.; et al. Genome-wide search for breast cancer linkage in large
Icelandic non-BRCA1/2 families. Breast Cancer Res. 2010, 12, R50.

Harris, T.B.; Launer, L.J.; Eiriksdottir, G.; Kjartansson, O.; Jonsson, P.V.; Sigurdsson, G.; Thorgeirsson, G.;
Aspelund, T.; Garcia, M.E.; Cotch, M.F.; et al. Age, Gene/Environment Susceptibility-Reykjavik Study:
Multidisciplinary applied phenomics. Am. J. Epidemiol. 2007, 165, 1076-1087, doi:10.1093/aje/kwk115.
Sigurdardottir, L.G.; Jonasson, ].G.; Stefansdottir, S.; Jonsdottir, A.; Olafsdottir, G.H.; Olafsdottir, EJ.;
Tryggvadottir, L. Data quality at the Icelandic Cancer Registry: Comparability, validity, timeliness and
completeness. Acta Oncol. 2012, 51, 880-889, d0i:10.3109/0284186X.2012.698751.

Pukkala, E.; Engholm, G.; Hojsgaard Schmidt, L.K.; Storm, H.; Khan, S.; Lambe, M.; Pettersson, D.;
Olafsdottir, E.; Tryggvadottir, L.; Hakanen, T.; et al. Nordic Cancer Registries—An overview of their
procedures and data comparability. Acta Oncol. 2018, 57, 440-455, doi:10.1080/0284186X.2017.1407039.
University of California Santa Cruz (UCSC) Genome Browser Gateway, Marker D175855. Available online:
http://genome.ucsc.edu/cgi-
bin/hgc?hgsid=731572807_GFHLiW2UabhS2HW338rF9jqD4AiK&c=chr17&1=41104743&r=41304894&o0=41
204743&t=41204894&g=stsMap&i=D175855 (accessed on 24 June 2019).



Genes 2019, 10, 882 16 of 16

79. University of California Santa Cruz (UCSC) Genome Browser Gateway, Marker D175579. Available online:
http://genome.ucsc.edu/cgi-
bin/hgc?hgsid=731572807_GFHLiW2UabhS2HW338rF9jqD4AiK&c=chr17&1=42706811&r=42907263&0=42
806811&t=42807263&g=stsMap&i=D175579 (accessed on 24 June 2019).

80. Anderson, L.A.; Friedman, L.; Osborne-Lawrence, S.; Lynch, E.; Weissenbach, J.; Bowcock, A.; King, M.C.
High-density genetic map of the BRCAI1 region of chromosome 17q12-q21. Genomics 1993, 17, 618-623.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
|@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



