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Abstract

Purpose The purpose of this study is to characterize a novel structural variant, a large duplication involving exons 1-19 of
the BRCA1 gene in four independent families, and to provide diagnostically valuable information including the position of
the breakpoints as well as clues to its clinical significance.

Methods The duplication of exons 1-19 of the BRCAI gene was initially detected by routine laboratory testing including
MLPA analysis and next generation sequencing. For detailed characterization we performed array-comparative genome
hybridization analysis, fluorescent in situ hybridization, next generation mapping, and long-distance PCR for break-point
sequencing.

Results Our data revealed a tandem duplication on chromosome 17 that encompassed 357 kb and included exons 1-19 of the
BRCA1 gene and the genes NBR2, NBR1, TMEM106A, LOC100130581, ARL4D, MIR2117 up to parts of the DHXS gene.
This structural variant appeared as a tandem duplication with breakpoints in intron 19 of the BRCAI gene and in intron 3 of
the DHXS8 gene (HGVS:chr17(hgl19):2.41210776_41568516dup). Segregation analysis indicated that this structural rear-
rangement is phased in trans with a known pathogenic exon deletion of the BRCAI gene in one family.

Conclusions The copy number variation initially recognized as duplication of exon 1-19 of the BRCA I gene by MLPA analy-
sis is a structural variation with breakpoints in the BRCAI and DHXS genes. Although currently to be classified as a variant
of unknown significance, our family data indicates that this duplication may be a benign variation or at least of markedly
reduced penetrance since it occurs in trans with another known fully pathogenic variant in the BRCAI gene.

Keywords BRCAI duplication - Genomic rearrangements - Hereditary breast and ovarian cancer syndrome - Array-CGH -
Next generation mapping
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Accurate molecular diagnosis of hereditary breast and ovar-
54 Chen Du ian cancer syndrome is crucial to providing adapted risk

du.chen@mh-hannover.de estimates for affected patients and healthy but at risk family
members. The identification of a pathogenic variant in the
BRCA1 gene can have especially great implications on medi-
cal care, including increased surveillance for the occurrence
of cancers and risk-reducing interventions. The empirical
life-time risk of female mutation carriers in the BRCAI gene
is the highest of all genes known so far to be implicated
in hereditary breast and ovarian cancer syndrome: 72% for
breast cancer and 44% for ovarian cancer in female BRCA
mutation carriers [1].
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However, these risk estimates can only be applied
to carriers of variants that are classified as pathogenic
or likely pathogenic [2]. In 7% (European ancestry) to
21% (African-American ancestry) of cases a variant of
unknown significance in the BRCAI or BRCA2 gene was
reported to the patient by the Myriad laboratory in 2011
[3]. Novel variants continue to be identified and collec-
tive efforts are made to gather data on benign and patho-
genic variation [4]. Due to the uncertainty of the clinical
significance of such a variant, no accurate risk estimate
and advice can be given to patients and family members
carriers. Therefore, research on collecting families with
a given variant, improved data on genetic variation in the
general population as well as functional laboratory studies
are crucial to improve judgment of the clinical significance
of a given variant.

In this study we aimed to characterize a novel genomic
duplication that was initially identified by routine MLPA
analysis and reported as a variant of unknown significance
by the diagnostic laboratory. In-depth characterization by
array-CGH analysis, fluorescent in situ hybridization,
high molecular weight DNA next generation mapping
(NGM), and long-distance PCR revealed that this struc-
tural variation is a tandem duplication with breakpoints in
the BRCAI and DHXS genes. Interestingly, in one of the
families this variation is confirmed to be phased in trans to
a known pathogenic deletion of BRCAI exon 15. Although
the structural variant is currently classified as a variant of
unknown significance, our data indicate that this duplica-
tion may be a benign variation or at least a hypomorphic
allele. Furthermore our data show that NGM is a useful
tool in characterizing genomic structural variation.

Methods
Patients

The patients and, where applicable, their family mem-
bers were referred to the hereditary cancer risk evaluation
clinics at Hanover Medical School (Fam #9349, #10636)
or to the Centre of Familial Breast and Ovarian Cancer,
University Hospital of Cologne (#59314), and/or had rou-
tine diagnostic analysis for hereditary breast and ovarian
cancer syndrome performed at the diagnostic laboratory
of the Institute of Human Genetics at Hanover Medi-
cal School (Fam #9349, #10636), Centre for Hereditary
Breast- and Ovarian Cancer Cologne (#59314) or LADR
laboratory Recklinghausen (#27689). All patients gave
written informed consent to diagnostic analyses as well
as for participation in research studies.
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Next generation sequencing

Routine diagnostic sequencing for genes implicated in
hereditary breast and ovarian cancer syndrome including
the BRCAI gene was performed using TruSight Cancer
Panel (Illumina) or TruRisk Panel (German Consortium
for Hereditary Breast and Ovarian Cancer) following the
manufacturer’s instructions and as published previously [5].

Multiplex ligation-dependent probe amplification
(MLPA) analysis

Routine diagnostic MLPA analysis for deletion and duplica-
tion analyses was performed according to the manufacturer’s
instructions. The kits PO02 and PO87 were used for dosage
analysis at the BRCAI locus (MRC-Holland).

Array-comparative genome hybridization (aCGH)
analysis

High resolution aCGH analysis using of oligo-arrays
(2x400 k, Agilent Technologies, Waldbronn, Germany)
was performed following the manufacturers’ instructions
(Oligonucleotide Array-Based CGH for Genomic DNA
Analysis v. 4.0). The direct labeling protocol was used with
0.75 pg test DNA (from blood of individual patients) and
0.75 pg control DNA (Kreatech Biotechnology, Amsterdam,
The Netherlands). Fluorescence signals were scanned using
a Dual Laser Scanner G2565CA (Agilent Technologies).
Raw data analysis was performed using Feature extraction
version 11.0.1.1 (Agilent Technologies). For further data
analysis, Genomic Workbench 7.0.4.0 (Agilent Technolo-
gies) was used.

Chromosome preparation and fluorescent in situ
hybridization

Metaphase chromosomes were prepared from heparinized
blood samples according to standard cytogenetic procedures.
Fluorescent in situ hybridization was performed according
to the manufacturer’s manual using probe BAC clone RP11-
242D8 (BlueFISH /lllumina) targeting the region in question
(17921.31) and control probes BAC clone RP11-143E18 and
RP11-94C24 (both BlueFISH /Illumina) upstream (17q12)
and downstream (17q21.33) the same chromosome, respec-
tively. Twenty metaphases were analyzed.

Next generation mapping

High molecular weight DNA extraction was performed using
the Bionano Prep Blood and Cell Culture DNA Isolation Kit
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(#80004). Briefly, 400 ul of whole blood was centrifuged at
400 rcf for 2 min. at 4 °C. The supernatant was removed,
leaving behind a 2 pl volume at the bottom of the tube (no
visible pellet). This was resuspended and embedded into
low melting point agarose plugs, using the Bio-Rad CHEF
Mammalian Genomic DNA Plug Kit (#1703591). Plugs
were processed according to the kit protocol: plugs were
treated with Lysis Buffer (Bionano) and Proteinase K (Qia-
gen #158,920), then washed with Wash Buffer (Bionano)
and TE Buffer (Thermo Fisher #AM9849). DNA was then
nicked and labeled using the NLRS Kit (Bionano #RE-012-
10) and analyzed on the Irys instrument. Single-molecule
data were collected and de novo genome map assembly was
performed. Structural variants were called against hg19 ref-
erence genome.

Long-distance PCR and sanger sequencing

Long-distance PCR was performed using GoTaq® DNA
Polymerase Mix according to the manufacturer’s instruc-
tions (Promega, Mannheim, Germany). Primer sequences
for sequencing the breakpoint in the BRCAI gene: for-
ward 5'-TTG CTA CAC TCC TCT TTC TGC T-3', reverse
5'-GGC CCA CTT GCA TAT ACC TTT G-3'. An anneal-
ing temperature of 68 °C was used. PCR products were
sequenced using a nested reverse primer: 5-CAG TCA CAA
TTG TTT CTG AGC G-3'. Primer sequences for sequencing
the DHXS gene: forward 5'-CAT GAT GGC GTG CCT CCG

TAG-3’, reverse 5'-GTA GAC ACT CTT AAA ATG GTA
TCA G-3'. Sanger sequencing was performed on an ABI
genetic analyzer 3130x1 (Applied Biosystems, Darmstadt,
Germany).

Results
Patient families and results of diagnostic testing

We report four unrelated families with hereditary breast and
ovarian cancer, in which we identified a novel duplication
at the BRCAI locus.

In the initial family (Fam #9349), the index patient was
diagnosed with unilateral breast cancer at the age of 40 years
(Fig. 1a). Histopathologic examinations showed an inva-
sive ductal carcinoma negative for estrogene, progesterone,
and Her2 receptors. Later, she developed triple-negative
carcinoma in situ in the contralateral breast at the age of
48 years and underwent bilateral mastectomy. In respect to
her family history, the patient reported that a maternal aunt
was diagnosed with ovarian cancer at the age of 52 years,
therefore genetic testing for hereditary breast and ovarian
cancer syndrome was indicated [6, 7]. Molecular testing by
MLPA analysis in the index patient revealed a duplication
of exons 1-19 at the BRCAI locus, within which the dos-
age of exon 15 appeared normal due to a deletion in trans
on the second allele (Suppl. Figure 1). Segregation analysis

Fam #9349 B Fam #27689
1:3 14 | 1 M 2 m 3 ’; 4
LC70yEC 83,' 185y 193y =90y Killed in war J BC 40y, 170y
O 6 é 12 113 ]) 4
113 4 || 5 116 7 I1:8 %] 180y 79y 76y
79y 78y, Dup Ex1-19 76y, Del Ex 15, 797 167y 81y CC56y,159y 76y  OC 52y 154y ST T P
CC 69y = v
[ 5reost concer
:1 n:2 n:3 lII 4 |[| 5 h Laryngeal cancer and esophageal cancer et 2 (%] {1 s 6
:: 4 52y
s 40y, TC 28y [™ colon cancer Dup Ex 149,
BC 48y contralateral 432708 TDINci-’ﬂ'J . T—
Del Ex 15 | Dup Ex 1-19 E Ovarian cancer
C Fam #10636 D Fam #59314 I 2
170y
14 ‘Il 5 6 | 4
8C > 70y, 179y racr, BC~40y BC-40y BC~40y
3 ‘III 5 /ém 6
L BCl42y 163y
. Breast cancer
1 -2 ] prostate cancee 9 5“,
A 38y 65y Colon conce Dup Ex 1-19
Dup Ex1-19| c.4327C>Tp.(Arg1443") [ colon cancer

Fig. 1 Pedigrees of patient families. We present four families in which we identified a duplication that involved exons 1-19 of the BRCA1 gene.

Arrows indicate the index patient in each family
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showed that the deletion of exon 15 was inherited from the
mother, while the duplication of exons 1-19 of the BRCAI
locus was inherited from the father. Regarding the clinical
management, the deletion of exon 15 in the BRCAI gene
was classified as the causal variant due to a predicted frame
shift followed by a premature stop codon (NM_007294.3:c.
(4484+1_4485-1)_(4675+1_4676-1);p.(Ser1496Glyfs*14)),
while the duplication of exons 1-19 on the other allele was
interpreted as clinically innocuous.

The index patient of the second family (Fam #27689)
was diagnosed with triple-negative breast cancer at the
age of 44 years (Fig. 1b). She reported that her maternal
grandmother was diagnosed with breast cancer in her four-
ties and deceased in her seventies. Molecular testing in the
index patient identified a nonsense variant, c.4327C>T;p.
(Argl443%*), in exon 13 of the BRCAI gene and a duplica-
tion of exons 1-19 of the BRCAI locus. The stop variant is
a well-known pathogenic founder mutation in the French-
Canadian population [11]. The duplication in the BRCAI
gene was reported by MLPA analysis to affect upstream
sequences and to encompass a minimum of aproximately
66.8 kb. Segregation analysis identified both the duplication
and the nonsense variant in the father, while the mother did
not carry either of these variants. Therefore, both variants
are expected to be phased in cis in the index patient. Inter-
estingly, next generation sequencing (NGS) showed that the
nonsense variant ¢.4327C>T was present in 29% of all reads
covering that position in the index patient (data not shown),
which indicates that only one of three copies of BRCAI exon
13 is carrying the stop variant. At present, our data cannot
discriminate if the nonsense point variant in exon 13 affects
the duplicated BRCAI sequences or the original full-length
BRCA1 locus of the paternal chromosome.

Another female patient (Fam #10636) presented with
unilateral breast cancer at the age of 38 years (Fig. 1c).
Histopathologic examinations showed an invasive ductal
carcinoma, positive for hormone receptor expression and
negative for Her2 receptor expression. This index patient
reported that her maternal grandmother developed breast
cancer past the age of 70 years. In additon, she reported that
her deceased mother was diagnosed with colon cancer at the
age of 66 years and that her father died of prostate cancer
at the age of 79 years. Genetic testing of the index patient
by NGS identified the same nonsense variant in exon 13 of
the BRCAI gene as in the previous patient, c.4327C>T;p.
(Arg1443%*). In addition, a duplication in the BRCAI locus
was reported by MLPA analysis, which encompassed exons
1-19 of the BRCAI gene as well as at least 6.0 kb upstream
of the transcriptonal start site in exon 2. Interestingly, we
observed the nonsense variant ¢.4327C>T in 33% of all
reads covering that position (data not shown). These data
indicate that the nonsense variant has not been duplicated
itself and is only present in one of the three alleles of BRCAI
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exon 13. In an attempt to validate the genotype, we per-
formed genetic testing on the healthy sister since both par-
ents were deceased and therefore not available for segrega-
tion analysis. However, the analysis of the sister remained
uninformative since she did not carry either of the BRCAI
variants of the index patient.

The index patient of the fourth family (Fam #59314) was
a 49-year-old woman who was diagnosed with hormone
receptor postive and Her2 negative breast cancer (Fig. 1d).
She reported that her mother was diagnosed with ovarian
cancer at the age of 56 years. Other affected family members
included a maternal cousin of the mother and a three mater-
nal aunts of the mother, all of them diagnosed with breast
cancer in their fourties. Notably, the maternal grandmother
of the index patient remained free of cancer until the age of
80 years. Routine MLPA analysis performed on the index
patient revealed a duplication of BRCAI exons 1-19. NGS
did not reveal any pathogenic variants in other genes associ-
ated with hereditary breast and ovarian cancer syndrome.

Molecular and cytogenetic characterizations

The duplication in the BRCAI locus that we identified in
four unrelated families was revealed by MLPA analy-
sis (Fig. 2). The downstream limit of the duplication was
marked by a normal dosage signal in exon 20 of the BRCA 1
gene, indicating a break point between exons 19 and 20 of
the BRCAI gene. The upstream border of this copy num-
ber variant could not be identified by this method since the
most upstream probe set at 6.0 kb upstream of the transcrip-
tional start codon in exon 2 of the BRCAI locus was already
affected by the duplication. Thus, this duplication encom-
passed at least 66.8 kb of the BRCA locus on MLPA analy-
sis and was reported as BRCAI[NM_007294.3]:c.(?_-1)_
(51934+1_5194-1) in accordance with HGVS nomenclature.

In order to identify the upstream, i.e., the g-termi-
nal border of this duplication (the BRCAI gene is on the
reverse strand of chromosome 17), we performed array-
CGH analysis. As shown in Figs. 3a, b, and 2, array-CGH
revealed a duplication of approximately 357 kb, reported as
arr[GRCh37] 17q21.31(41,210,812_41,568,343)x3 accord-
ing to ICSN nomenclature. This duplication ranged from
BRCAI exon 19 at its p-terminal end, up to parts of the
DHXS8 gene at the g-terminal end, affecting the genes NBR2,
NBRI, TMEMI106A, LOC100130581, ARLAD and MIR2117.

Since array-CGH is limited to copy number evaluation
and cannot distinguish the chromosomal location of the
duplicated sequences within the genome, we performed
fluorescent in situ hybridization analysis on metaphase chro-
mosomes. A probe targeting the duplicated region showed
one signal on each chromosome 17 in all 20 analyzed meta-
phases, each adjacent to a signal of a control probe hybrid-
izing either further upstream (Fig. 3¢) or downstream on
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Fig.2 Schematic view of the duplication at the BRCAI locus as iden-
tified by diagnostic testing by MLPA and array-CGH analyses. MLPA
analysis showed a duplication of the BRCAI locus that ranged from
probe “BRCAIl-up” 6.0 kb upstream (equals g-terminal) the tran-

the same chromosome (Fig. 3d). No signal was observed on
other chromosomes. These data indicate that the duplication
is limited to the BRCAI locus on chromosome 17, yet not
detectable by cytogenetic resolution.

Next generation mapping and breakpoint
identification

In order to characterize the genomic location and orientation
of the duplication of exons 1-19 of the BRCAI gene, we per-
formed de novo genome map assembly of the BRCAI region
of chromosome 17 using Bionano NGM technology. Alig-
ment with hg19 genome reference identified a tandem dupli-
cation event that affected genomic sequences from a start
point between chromosomal coordinates chr17:41,208,795
and 41,214,425, and an end point between chr17:41,566,390
and 41,570,323 (Fig. 4). The range given for the first break-
point was 5630 bp and spanned from 925 bp downstream
exon 19-274 bp downstream exon 20 of the BRCAI gene,
according to the results of the Bionano analysis. Taking
the data obtained by MLPA analysis into account, which
showed that exon 20 was not affected by the duplication,
the range of the tentative location of the first breakpoint
was further reduced to a range from 925 bp downstream

scriptonal start site in exon 2 through probe “BRCA1-19” in exon
19 of the BRCAI gene. The g-terminal limit of the duplication was
mapped by array-CGH. The entire duplication encompassed 357 kb.
Depiction not to scale. Genomic locations refer to GRCh37/hg19

exon 19 up to exon 20. The range for the second breakpoint
reported by Bionano analysis spanned 3933 bp from 427 bp
upstream exon 2 to codon 778 in exon 6 of the DHXS8 gene
(NM_004941.2). Due to a “fragile site” within the region of
interest, resulting from single-stranded nicks (during fluores-
cent nick-labeling) on opposite strands of the DNA less than
50 bp apart, a complete contiguous assembly of the entire
copy of the BRCAI region could not be achieved. Despite
this technical limitation, based on the fusion points captured
a model of the tandem duplication event was hypothesized:
the complete copy of the BRCAI gene up to a breakpoint
in the DHXS gene is followed by a duplication in the same
orientation that contains the trunctated copy of the BRCAI
gene that starts with BRCAI exon 19.

In order to define the break points at single nucleotide
level, we performed long-range PCR on DNA obtained from
all four index patients (Fig. 5a). Sequencing of the PCR prod-
ucts reveald that the last position in intron 3 of the DHXS8
gene at chr17:41,568,516 (NM_004941.2: ¢.308-17) is fol-
lowed by the first position mapping to chr17:41,210,776 in
intron 19 of the BRCAI gene (NM_007294.3: ¢.5194-1624)
(Fig. 5b). Thus, the duplication encomasses 357,740 bp
mapped to the hgl9 genome assembly. Sequencing of the
second breakpoint in intron 3 of the DHX8 gene showed no
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Fig.3 Molecular cytogenetic mapping of the identified duplica-
tion on chromosome 17. a Array-CGH revealed a duplication of
357 kb that included exon 1-19 of the BRCAI gene as well as
the genes NBR2, NBRI, TMEMI106A, LOC100130581, ARLAD,
MIR2117 and parts of DHXS8. (B) Close-up of the duplicated
BRCAI region (same order of samples). Note that the duplication in
exon 15 appears as a normal copy number call in the index patient
due to a deletion of exon 15 on the second allele. a, b Asterisks
mark deletion of BRCAI exon 15. Arrows mark loci. ¢, d Fluores-
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cent in situ hybridization analysis on metaphase chromosomes on
a sample obtained from the index patient of Fam #59314 showed
two adjacent signals for control and duplication probes. ¢ BAC
clone RP11_242D8 (chr17:41,316,200-41,322,420) labeled in red
(region of interest) co-hybridized with BAC clone RP11-143E18
(chr17:35,985,121-36,129,469) labeled green (upstream control). d
BAC clone RP11-242D8 co-hybridized with BAC clone RP11-94C24
(chr17:48,507,413-48,686,813) labeled green (downstream control)
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Fig.4 De novo genome map assembly of the BRCA! region. a Next
generation mapping revealed a tandem duplication event involv-
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1,966 bp) in hgl19. b Hypothesized model of the duplication event:
One full-length copy of the BRCAI gene is followed by a truncated
copy BRCAI gene in the same orientation

sequence alteration, so that one functional DHXS8 gene is to
be expected (Suppl. Figure 3).

Discussion

In this study we provide detailed characterization of a large
structural variant that appeared as duplication of BRCAI
exons 1-19 on routine MLPA analysis. Our data show that
this variation in fact comprises a tandem duplication affect-
ing eight genes from the BRCAI locus to the DHXS locus
on chromosome 17.

Interestingly, we observed the duplication from BRCAI
intron 19 to DHX9 intron 3 phased in trans with a patho-
genic deletion of exon 15 of the BRCAI gene in a non-syn-
dromic patient with hereditary breast and ovarian cancer
syndrome. In contrast to other genes implicated in heredi-
tary breast and ovarian cancer syndrome, the BRCAI gene
is in such remarkable that only two cases of biallelic patho-
genic variants have been observed in the BRCAI gene to
date. This observation implies that most combinations of
pathogenic variants are embryonically lethal. Both pub-
lished cases concerned women with a syndromic clinical
presentation and missense variants in the C-terminal BRCT
repeat of the BRCAI gene (c.5207T>C;p.(Vall736Ala)
and ¢.5095C>T;p.Arg1 699Trp, respectively) in trans with
another truncating variant in the BRCA 1 gene (c.2457delC;p.

(Asp8211lefs*25) and c.594_597del, respectively) [8, 9].
One of the patients reported developed ovarian cancer at the
age of 28 years; the other patient was diagnosed with breast
cancer at the age of 23. Another report of biallelic BRCAI
variation concerned a non-syndromic woman diagnosed
with breast cancer at the age of 30. The patient carried a
deleterious truncating variant (c.2681_2682delAA) in trans
with a splice variant (c.594-2A>C) that was predicted to
be pathogenic [10]. However, while no full-length BRCA1
transcript was expressed from either allele, isoform analy-
ses showed that the expression of functional isoforms was
upregulated. The authors concluded that the expression of
isoforms may rescue protein function to an extent that allows
the patient to lack a syndromic phenotype. Therefore, given
the non-syndromic presentation of our patient it seems very
unlikely that both alleles are fully pathogenic. The dupli-
cation on chromosome 17 is currently to be classified as
variant of unknown significance according to international
diagnostic guidelines given the limited amount of data [2].
At this point a clinical significance as hypomorphic allele
for hereditary breast and ovarian cancer cannot be excluded;
however this structural variant seems unlikely to be a fully
penetrant pathogenic allele.

In one of the reported families we observed this structural
variant on chromosome 17 in cis with a deleterious non-
sense variant in the BRCAI gene. NGS data indicated that
the nonsense variant ¢.4327C>T;p.(Argl443*) in exon 13
affected only one of the copies of the BRCAI gene—either
the full-length copy or the duplicated truncated copy on
the same chromosome. Given that this particular nonsense
variant is a well-known founder variant in the BRCAI gene
[11], it seems more likely that this point mutation arose at
an evolutionary date prior to duplication. Instead of being
duplicated on the same allele we hypothesize that a trun-
cated BRCA1 locus arose from an insertion of a “wild type”
second allele to a chromosome that contained the nonsense
variant ¢.4327C>T. Such structural rearrangement may be
linked to the “fragile site” discovered by NGM that pre-
vented the assembly of a complete map of the region. How-
ever, it is also possible that the nonsense variant only affects
the truncated copy of the BRCA 1 gene. In this case, it would
be questionable whether this nonsense variant has any clini-
cal significance. To solve this question, continuous sequenc-
ing of the breakpoint up to the nonsense variant in exon 13
would be necessary. This encompasses about 23 kb from
the breakpoint to exon 13 of the truncated copy and 357 kb
from the breakpoint to exon 13 of the original BRCAI gene.
Although technically theoretically manageable by nanopore
sequencing, such an endeavor seems currently not feasible
since it would require enrichment of unfragmented DNA of
high quality.

In spite of the importance of the BRCAI gene and the
identification of this novel structural variation in families

@ Springer



Breast Cancer Research and Treatment (2018) 172:561-569

568
| 1
A Fam | Fam #27680 | | Fam #9340 |
#10636, | o !
Index 1 ,' : |
1 \ | 1
1 \ \ 1
%: 1 !
6 | El i
a ! o3 I%
s 3. gl 16
e é: g 13
o = [ - = Lo o=
3 585 2iEE L Eis
€ £, = &l sl = 5
1 N I 1
1 1 1 1
: 1 1 !
1 | 1 1
1 | | 1
1 | 1 1
1 1 1 1
1 I N 1
1 1 1 1
1 1 1 1
: 1 1 !
1.2 3 4 5!6!7 8 9 |10
chr17
gter €

chr17:41,210,813

.

chr17:41,210,776} chr17:41,568,516

(=)
o
C
S, 6000bp
S 3000 bp
1500 bp
1000 bp
11
chr17
p-ter gter <& p-ter

chr17:41,568,488

W v

| M ‘\\
| | M f
m‘H |

CATTGAATGTATATTTTAT  CATTTTGGT TGTGTTAACT

GCAT GAAGGGGTTAAAAAAAG AGATATAT

/H \}

i ‘IH

H' MU ‘ Hu«m\

| ‘H‘M'\H L AL (A
AR AL
BRCA1 | DHX8
C BRCA1 DHX8
chr17 p-ter /E\ > g-ter
4 BRCA1 DHX8 | BRCA1 DHX8 \ DHX8 »

DHX8 intron 3
chr17:41,568,516

Fig.5 Breakpoint identification by long-range PCR and sequenc-
ing. a Long-range PCR amplified the breakpoint region in all index
patients and family members that carry the duplication of BRCAI
exons 1-19. b Sequencing results using a reverse primer. Along

with hereditary breast and ovarian cancer syndrome, the
clinical significance of this duplication may not be restricted
to a potentially increased risk of cancer. The duplication

@ Springer

I
BRCAT intron 19
chr17:41,210,776

DHX8 intron 3
chr17:41,568,516

chromosome 17 (from left to right) the last base of the DHX8 gene
at chr17:41,568,516 is followed by the first base of a truncated copy
of the BRCAI gene at chr17:41,210,776. ¢ Schematic model of the
duplication event

involves seven other genes, including some gene products
that seem to be involved in important cellular mechanisms
such as the AMPK pathway (NBR2) [12], autophagy (NBRI)



Breast Cancer Research and Treatment (2018) 172:561-569

569

[13], GTP-binding proteins (ARL4D) [14] and snRNP reg-
ulation (DHXS) [15]; the ARL4D locus has already been
identified to be associated with Bardet-Biedl Syndrome
[16]. Further research is needed to elucidate if any of the
duplicated genes are implicated in disease or phenotypical
modulation.
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