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Abstract Breast cancer is the most frequent form of car-
cinoma in European females (incidence 65 per 100,000). In
about 10% of all cases, pedigree analysis predicts a hered-
itary breast-ovarian cancer syndrome (HBOC) to be caus-
ative for the disease. Frequently, mutations in two genes,
BRCAI (Chr. 17921) and BRCA2 (Chr. 13q12), are asso-
ciated with HBOC. In females, mutations in these genes
result in a lifetime risk of 80-85% for breast cancer and
54% (BRCAI) or 23% (BRCA?2) for ovarian cancer. Current
genetic diagnostic tools for BRCAI and BRCAZ2 remain
laborious and expensive. Here, we present the first oligo-
nucleotide resequencing microarray covering the complete
coding sequence of both genes. In total, 36 previously
characterized DNAs were resequenced; all 11 patients with
single-nucleotide mutations and, due to a special mutational
design, eight patients with heterozygous deletions were
detected correctly. In total, 47 different single-nucleotide
variants (SNVs) were found. A newly developed software,
SeqC, reduced the number of ambiguous calls with the help
of a statistical module comparing the acquired data to an
online-database. SeqC improved the average call rate to
99% (GSeq: 97%) and reduced time and efforts for manual
analysis. SeqC confirmed the results obtained by GSeq and
found an additional 33 sequences changes representing 14
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SNVs. In total, 945 kb were screened and the overall
turnaround time for each patient took approximately 3 days,
including analysis.
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Introduction

Breast cancer is the most common form of carcinoma in
females in Europe, with an average incidence of 65 per
100,000 individuals [1]. In most patients, the tumor appears
sporadic, but it is estimated that at least 10% involve a genetic
predisposition which as a consequence leads multiple mani-
festation of hereditary breast cancer (HBC) in distinct fami-
lies [2]. In the early 1990s, BRCAI (Chr. 17q21) and BRCA2
(Chr. 13q12) (Table 1) were identified as high-risk suscep-
tibility genes for autosomal-dominant breast cancer [3, 4]. In
addition, follow-up studies were able to link both genes to
ovarian cancer (OC) and less frequently to several other types
of carcinoma (e.g., melanoma colon, pancreatic, and prostate
cancer) [5]. The association of at least 30% of all HBC to OC
led to the term hereditary breast-ovarian cancer syndrome
(HBOC). HBOC caused by mutations in BRCAI or BRCA2 is
associated with a lifetime risk of 80-85% for BC and 54%
(BRCAI) or 23% (BRCA?2) for OC, respectively [6]. Both BC
and OC are potential life-threatening diseases with an aver-
age 5 year-survival rate of 80% (BC) and 43% (OC) in
Europe [1]. As for every tumor disease prognosis, therapy
and survival strongly depend on its stage at diagnosis.
Genetic screening tests, especially for patients with a known
familial risk of ovarian cancer, are of great value since 71% of
clinically suspicious patients are in stage III or IV of the
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Table 1 Overview on genes

associated with a high risk for Gene Locus Ensembl ID Protein

?;E’ditary breast cancer (HBC)  ppeag 17q21 ENSG00000012048 Breast cancer type 1 susceptibility protein
BRCA2 13q12 ENSG00000139618 Breast cancer type 2 susceptibility protein
TP53 17p13 ENSG00000141510 Tumor suppressor p53
PTEN 10q23 ENSG00000171862 Phosphatase tensin homolog on chromosome ten
STK11 19p13 ENSG00000118046 Serine/threonine-protein kinase 11
CDHI 16q22 ENSG00000039068 Epithelial cadherin precursor

disease, and, as a consequence, their prognosis is very poor
[7]. It is essential to identify these patients and provide
genetic counseling to assess their individual disease risk,
calculate the probability of mutation-carrier status, and offer
genetic analysis. For families with known mutations in
BRCAI or BRCA2, extended preventive screening as well as
therapeutic strategies have been established [8].

During the past 18 years, 815 mutations were identified
in BRCAI and 571 in BRCA2 (Human Gene Mutation
Database; www.hgmd.cf.ac.uk). However, genetic screen-
ing for mutations in the two genes with a total of 50 exons
and approximately 17,380 base pairs (including exon—
intron-boundaries) remains a major challenge. Traditional
techniques are direct sequencing, denaturing gradient gel
electrophoresis (DGGE), and denaturing high-performance
liquid chromatography (dHPLC). Direct sequencing is
especially laborious and expensive while DGGE and
dHPLC are technically complex and the results that are
obtained have to be evaluated by direct sequencing.

Recently developed sequencing tools and resequencing
microarrays are more cost- and time-efficient because they
allow high-throughput, parallel resequencing of several genes.
As proof-of-principle, one of the first oligonucleotide micro-
arrays was designed for a single exon (exon 11) of BRCAI [9].
Over the last 5 years, resequencing oligonucleotide micro-
arrays were established for general mitochondrial mutation
analysis [10] and a few diseases like cardiomyopathy [11, 12],
intrahepatic cholestasis [13], and retinal degeneration [14].
Our Breast Cancer Microarray is the first oligonucleotide
resequencing microarray spanning the complete sequence of
BRCAI and BRCA2. In a first approach, 36 patients were
screened for hereditary breast and ovarian cancer. In order to
speed up the process, all patients were handled using multi-
plexes. The SeqC-software (www.jsi-medisys.de) was
developed to further accelerate and facilitate analysis of oli-
gonucleotide resequencing microarrays.

Materials and methods
Array design

The principle of custom resequencing oligonucleotide
microarrays uses 25-mer oligonucleotide probes of interest
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synthesized on an array [15]. Each position of the sequence
of interest is represented as the central position of eight
different 25-mer oligonucleotides (for each position in the
sense and antisense directions four probes with all four
different nucleotides). Thus, each sequence is represented in
sense and antisense direction with one perfect match and
three mismatch nucleotides. This design allows detection of
all possible single nucleotide variations. Following the same
principle, the most important deletions were designed on the
chip with perfectly matched 25-mer oligonucleotide probes.

The design of the Breast Cancer Microarray was based
on the commercially available CustomSEQ array (Affyme-
trix, Santa Clara). Reference sequences for both genes
(BRCAI: GenBank U14680; BRCA2: GenBank U43746)
were downloaded from GenBank in FASTA format. The
sequence file contained all exons plus 10 bp of each flanking
intron. In addition, common deletions and insertions were
added to the design (Table 2). The instruction file contained
the name of the reference sequence, start and end positions of
the fragments, and their fist and last four nucleotides. The
final design contained all 50 exons (BRCA1-23, BRCA2-27)
plus 61 selected deletions (Table 2). Each array is able to
sequence approximately 26,217 bps.

Patients and amplification of target sequences

In total, 36 DNAs (33 patients + three reference DNASs)
were analyzed. The study was approved by the local ethics
committee and all patients gave their informed consent
before starting standard diagnostic techniques. In order to
validate our Breast Cancer microarray, all 36 DNAs were
reanalyzed by means of this extended diagnostic approach.
Mutations had been previously characterized by another
method (sequencing or dHPLC + sequencing). Five
patients were included as controls although obvious dis-
ease-causing mutations were not identified by conventional
analysis as they carried neutral polymorphisms. A total of
12 patients had disease-causing single nucleotide muta-
tions, while another 16 patients had small deletions of 1-11
base pairs (bp). DNA was isolated from lymphocytes using
Roche’s Magnapure Compact instrument (Roche, Penz-
berg, Germany) following the manufacturer’s protocol.
Primers were designed with Primer3 using default settings
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi,
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Table 2 Specific deletions designed on the Breast Cancer Microarray Table 3 PCR-design for multiplex-reactions
(annotation following BIC—http://research.nhgri.nih.gov) 3
Multiplex Gene Exon
Gene Exon Deletion Gene Exon Deletion
1 BRCAI 1,4,9, 14
BRCAI 2 185delAG ~ BRCA2 2 IVS2-7delT BRCA2 21
6  IVS6-2delA 2 LlSins ’ BRCAI 3.8, 15
11 D369del 3 NS55del BRCA2 13
11 1482del 3 EL97del 3 BRCAI 5, 16, 17, 23
11 S616del 5 Vi45del BRCAI 13, 18
11 S1140del 7 802delAT BRCA2 13
11 QI281del 8  E215del 5 BRCAI 11, 12, 20
11 1675delA 8  886delGT BRCA2 4.7
11 2576delC 9 R239ins 6 BRCAI 21,22
11 2594delC 9 983del4 BRCA2 2.9.16
11 2800delAA 10 1983del5 BRCA2 12, 14, 18, 23
11 2804delAA 10 2041insA BRCA2 17, 22, 24, 25
11 3450del4 11 5301insA BRCAI 19
11 3600delll 11 TI1302del BRCA2 5. 6. 8. 20, 26
11 3819del5 11 S976del
11 3875del4 11 K1286del
11 S1297del 11 E1382del
11 4154delA 11 6503delTT QIAquick PCR purification Kit (Qiagen, Hilden). The
11 4184del4 11 6174delT following steps (fragmentation, labeling, and hybridiza-
17 V1688del 11 5950delCT tion) were performed as recommended by the manufacturer
17 H1673del 11 5804del4 (GeneChip CustomSeq Resequencing Array Protocol
18 A1693del 11 5578delAA Version 5.0, Affymetrix). All arrays were stained, washed
19 Q1721del 11 4706delAAAG ~ using automated fluidic stations, and scanned with a
20 G1738del 11 4075delGT GeneChip 3000 Scanner (Affymetrix, Santa Clara). Af-

11 3036del4
11 2157delG
14 7297delCT
15 K2498del
18 K2750del
18 8525delC
22 9132delC
25 9663delGT

Supplementary Table S1). Three PCR-approaches were used
to generate all 50 amplicons ranging from 0.190 to 5.12 kbp
(PCR-protocols Supplementary Table S1). Nine multiplexes
with four to five amplicons each (Table 3), five single-PCRs,
and three long-range PCRs were established to amplify the
coding regions of both genes. A total of 1.0 pg DNA per
patient was needed for amplification. The quality of all PCR
products was determined using an Agilent Bioanalyzer 2100
(multiplexes) and gel electrophoresis (single-plex).

Chip processing and analysis

According to the protocols provided by Affymetrix, all
amplicons were pooled and DNA was purified using a

fymetrix GCOS Vers. 1.4 and GSEQ 4.0 Software (default
settings) were used to process raw data and analyze the
nucleotide sequences. SeqC Vers. 3.2.1.5 (JSI-medisys,
www.jsi-medisys.de), was used to re-analyze the acquired
datasets. SeqC is a module of the SeqPilot software and
was originally used to analyze sequencing electrophero-
grams from capillary sequencing. For further analysis, the
generated data were compared with the Breast Cancer
Mutation  Database  (http://research.nhgri.nih.gov/pro
jects/bic/) and Human Genome Mutation Database (www.
hgmd.cf.ac.uk/). In cases of contradicting database entries,
the Breast Cancer Mutation Database annotation was
finally used.

Results

The developed Breast Cancer Microarray was evaluated
with 36 previously characterized DNAs (Table 4). In total,
about 945 kbp (26,217 bp per patient) were amplified,
processed, and analyzed. Using the newly developed soft-
ware, SeqC, an average call rate of 99% was reached
(GSeq-97%). The call rate improved with the rising num-
ber of chip experiments.
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Table 4 Overview of all

identified sequence chances DNA Mutation (cDNA)

Call rate Chip SNVs Polymorphisms Mutation = Ns

including mutations, single- SeqC/GSeq SeqC/GSeq (SeqC) (SeqC) (SeqC)

nucleotide variants, chip call 1 _ 99%/99% 20/115 17 _ 3

rate and total amount of

ambiguous calls (Ns) for each 2 - 99%198% 27504 12 - 15

patient 3 - 99%1/98% 27/440 14 - 13
4 - 99%1/97 % 28/399 14 - 14
5 - 99%/96% 159/441 15 - *
6 - 99%197% 201297 17 -
7 - 99%/98% 17/100 13 -
8 - 99%/98% 19/161 14 -
9 (BRCA2 8358delT) 99%1/98% 23/205 11 - 12
10 (BRCA2 1727delG) 99%/98% 33/165 6 - 27
11 (BRCA2 3972delTGAG) 99%1/97 % 18/176 13 - 5
12 (BRCA2 1257delA) 99%197 % 16/487 6 - 10
13 (BRCA2 6503delTT) 99%/96% 240/3062 5 - *
14 (BRCAI 3040insT) 99%/97% 63/335 13 - 50
15 (BRCAI 3874delTGTC) 99%/96% 172/468 14 - *
16  (BRCAI 5382insC) 99%197% 88/293 14 - 74
17 BRCAI T > G 5228 99%/96% 166/886 4 1 *
18 BRCAI C>T 297 99%197 % 38/209 13 1 24
19 BRCAI C > G 4808 99%/94% 247/2676 5 1 *
20 BRCAI G > A 5629 99%1/95% 219/629 14 1 *
21 BRCAI'IVS 21 G > A -1 99%/98% 24/174 6 1 17
22 BRCAI C>T 297 99%/97 % 45/442 15 1 29
23 BRCAI C > T 4302 99%/98% 29/219 14 1 14
24 BRCAI C > A 2428 99%1/99% 10/82 6 1 3
25 BRCAI G > A 4304 99%/98% 15/100 12 1 2
26 BRCAI C > T 4341 99%1/98% 19/136 15 1 3
27 BRCAI C > G 4808 99%/98% 9/94 6 1 2
28 BRCA2 A > T 6265 99%/98% 14/182 10 1 3
29 BRCAI 4184delTCAA 99%/97 % 33/223 14 - 19
30  BRCAI 4184delTCAA 99%/96% 94/362 11 - *
31 BRCA2 4075delGT 99%/98% 26/171 5 - 21

Mutations in brackets were not 35 BRCAJ 3874delTGTC 99%/98% 28/200 14 - 14

if;;f:gd])‘:; Atilewfrlclap;a [ﬁgf;ik 33 BRCAI 999%/98% 38/233 15 - 23

the first microarrays and are 3600delGAAGATACTAG

therefore of lower quality. 34 BRCAI 99%/98% 18/157 11 - 7

Although these arrays were 3600delGAAGATACTAG

included to demonstrate the 35 BRCAI 4184delTCAA 99%/98% 6/95 4 - 2

noise reduction of SeqC in 36 BRCA2 3036delACAA 999%/98% 12102 8 - 4

comparison to GSeq

Amplification of target sequences

BRCAI and BRCA?2 together consist of 50 exons. In order
to facilitate and hasten the amplification, PCR-multiplexes
were successfully established with four to five amplicons
each. For detection reasons, every multiplex consisted of
amplicons with a difference of at least 20 bp. Sufficient
DNA quality was ensured using a Bioanalyzer (Affyme-
trix). A total of nine multiplexes, five single PCRs, and
three long-range PCRs were used and proved to be stable
for all 36 DNAs. A list of all multiplexes can be found in
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Table 3. As a consequence, for each patient, 17 PCRs were
necessary and, overall, 612 PCR-reactions were performed
in this study. Due to the use of multiplexes, the total
number of PCRs and duration of pipetting was reduced to
about one-third, saving chemicals and hands-on-time.

New software

Data analysis was managed as a two-step process. In the
first run, all patients were analyzed using GSeq, while in
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the second run, they were re-analyzed using SeqC. Samples
marked with asterisks (Table 4) were excluded from the
following statistical analysis. GSeq reached an average call
rate (CR) of 97%. About 212 loci per patient were N,
since standard software parameters were not able to resolve
the designated bases. These Ns must be evaluated manually
and the corresponding fluorescence-signals have to be
screened for sequence changes. In our patients and with
GSeq, 75 Ns in BRCAI and 137 Ns in BRCA2 had to be
evaluated manually. On the basis of the GSeq result files,
SeqC was able to generate an average CR of 99% with its
own basecaller and consequently reduced the overall
number of Ns. Using SeqC, only 15 different loci for both
genes (7% of Ns in GSeq) were found and had to be
evaluated manually. The average patient had 5 Ns in
BRCAI and 9 Ns in BRCA2. Due to the length of BRCAI
Exon 10 and BRCA2 Exon 10 + 11, both SeqC and GSeq
found most of the ambiguous calls in these exons. The
average of 15 Ns plus an average of 12 polymorphisms per
patient led to approximately 27 SNVs per patient.

Analysis with GSeq and evaluating ambiguous calls by
comparing fluorescence intensities is especially laborious.
In contrast to GSeq, SeqC offers a simple table with all
Ns. Each N is directly linked to the corresponding position
in the electropherogram and to a statistical module. The
electropherogram helps to control the hybridization quality
at that specific locus plus the nucleotides close to it. The
statistical module compares each selected base with
already archived chips, showing the medium relative
intensity and the standard deviation. In order to maintain
comparable chips, each chip had to be assigned to a PCR
arrangement and only chips of the same arrangement were
compared. In order to further facilitate analysis of oligo-
nucleotide resequencing microarrays, SeqC was able to
compare sequence changes with an online-database (e.g.,
Ensembl, www.ensembl.org) and use the official nomen-
clature for base changes as well as the amino acid
changes.

Due to the different underlying reference sequences in
SeqC and in GSeq, SeqC found three additional SNPs
(rs206075, rs206076, and rs169547) that were homozygous
in all patients and one SNP (rs543304) was detected in the
complementary genotype. The newly discovered homozy-
gous SNPs and rs543304 were not considered in the
comparison of GSeq and SeqC. In total, SeqC was able to
confirm the results of GSeq and added another 35 changes
of 16 SNVs which would have been missed using GSeq
alone (Fig. 1). Of these different 16 SNVs, three were only
detected in SeqC with one occurrence. One result of this
study is the confirmation that the different approach used
by SeqC proved to be very efficient and reduced the
duration of analysis to about one-tenth of the time.

Analysis of BRCA1/2 oligonucleotide resequencing
microarrays

All 12 out of 12 patients with single-base mutations were
confirmed (Fig. 2) by our re-sequencing microarray anal-
ysis, and the special design to detect known mutations
recognized all eight theoretically detectable deletions
(Fig. 3). In total, 48 different single-nucleotide variants
(SNVs) with 415 occurrences were found among all the 36
DNAs using SeqC with standard software parameters
(Table 4). All sequence variants were compared to the
breast cancer mutation database and the human gene
mutation database. The clinical relevance of all mutations
(single-nucleotide and deletions) was confirmed (Table 5).
The clinical relevance of 15 SNVs was marked as
“unknown” in at least one of the two databases. Two
occurrences of variants exclusively detected with SeqC
were of unknown clinical importance: Patient 6-rs4987046
and rs28897762. Three SNVs (rs28897706, rs144848, and
rs11571833) led to completely contradicting results in both
online databases (Table 5). These three polymorphisms
were designated as recommended by the Breast Cancer
Mutation Database as being of “no clinical relevance”. In
total, 13 different SNVs marked as “unknown clinical
relevance” were detected following the breast cancer
mutation database. Two of them (rs1801499 and
rs28897762) result in a synonymous amino acid change
and are therefore not likely to be deleterious. The
remaining 11 SNVs of “unknown clinical relevance” may
contribute to HBOC. In total, 19 SNPs did not seem to be
related to HBOC and another five SNPs could not be found.
Two SNVs (BRCAI S784S, BRCA2 C > T-143) were
found neither in Ensembl (www.ensembl.org) nor both
mutation databases. Due to the synonymous amino acid
change it is likely that S784S is a new, neutral polymor-
phism described in this study. All eight detectable hetero-
zygous deletions were properly detected manually
(Table 4). In contrast to SeqC, GSeq is not able to evaluate
the special perfect match design for mutations. Although
all perfect match deletion sequences (Table 2) were ana-
lyzed manually. An elevated relative fluorescence-signal
indicates a deletion in a patient. Figure 3 illustrates an
example of manual deletion detection with patient 30.

Accuracy, specificity, and sensitivity of CustomSeq
resequencing arrays have been proven by correctly recog-
nizing 25 occurrences of previously analyzed SNVs within
our positive controls. In order to confirm reproducibility, a
total of six chips were amplified and hybridized at least
twice with equal results using SeqC. Detecting hemizygous
deletions remained laborious; we were not able to safely
detect hemizygous deletions that were not designed on the
chip.
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Fig. 1 Illustration of two SNPs
dedicated as Ns by GSeq but
automatically detected using
SeqC. The electropherogram
shown in this figure is used for
an additional manual
evaluation. Heterozygous SNVs
are presented as elevated
fluorescence-signals for two
bases at the same time (A—
Patient 32), whereas
homozygous SNVs are
characterized by a single-base,
normal fluorescence-signal at
the center position and a lack of
fluorescence-signal around the
center position due to a
mismatch (B—Patient 11)

A 151799966
ATcTGegccc AP Tcec AGCECTOGC

rel. fluorescence signal

B rs1799955

152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172
AT C T G CCCAGAGTTCTCAGTCTGTC

152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172

basepair

CCACCTTTTAAAACTAAATCACATTTTCACAGAGTTGAACA

,|||| |||r'||.
I||I| || ||||
|||| N

rel. fluorescence signal

NSy
GGTGGAAAA TTTTGA B
215 225

Using SeqC and multiplexes, each patient took
approximately 3 days, including analysis. PCR amplifica-
tion and pooling took place on the first day. On the second
day, the sample was processed and hybridized to the chip,
then on the third day, staining, scanning, and analysis were
carried out. All ambiguous calls were evaluated manually
and therefore a very dense map with high informative value
for all SNVs was generated.

Discussion

Microarray technology is an important tool to analyze
cancer genomes and to understand the causes of cancer
[16]. Sequencing microarrays have been appreciated as a
valid tool for parallel and accurate resequencing of genes.
In the last few years, the total number of different custom
oligonucleotide resequencing microarrays has increased
and this technique has been successfully applied in
mitochondrial mutation analysis [10], cardiomyopathy
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I/Wywﬁw-\.— AV P A RV T2V R - i -

CCACCTTTTAAAAGCTAAATCGCATTTTICACAGAGTTGAACA forward
215 225
CCACCTTTTAAAACTAAATCACATTTTCACAGAGTTGAACA

235 245 255

R ARARRAAR
G CGTARAAGTGTCTCAACTTE T reverse
235 245 255
basepair

[11, 12], intrahepatic cholestasis [13], and retinal
degeneration [14]. This study focused on two genes,
BRCAI and BRCA2, that are causative for HBOC [5].
Altogether, 33 positive controls and three standard DNAs
with a total of 945 kb were analyzed and all previously
known SNVs were detected with high accuracy (100%,
25/25). In addition to this, we were able to confirm high
reproducibility by repeating different experiments. Pre-
vious studies showed comparable results concerning
accuracy (99.9-100%) and reproducibility [10-14]. These
studies also reported call rates ranging from 93.5 to
97.6%.

A new program, SeqC, was used in our study to analyze
the data. With the help of this tool, the average call rate
could be raised from 97% using the standard analysis-tool
GSeq to 99%. While comparing the results of GSeq and
SeqC, no loss of information was detected and known
single nucleotide mutations could be evaluated in both
programs. Although most of the SNVs were detected with
both GSeq and SeqC, we were able to find 35 additional



Breast Cancer Res Treat (2010) 122:287-297

293

Fig. 2 Detection of mutations.
The detection of mutations
corresponds to the detection of
SNVs. This figure shows two
mutations that were
automatically detected by SeqC
as well as GSeq. As part of the
analysis, SeqC indicates the
correct cDNA position and
amino acid change in the
protein. Both mutations
(A—Patient 18, B—Patient 19)
shown in this image lead to a
frame shift and result in early
termination of the protein

A BRCAI Q60X
Cc 1K T

L)

rel. fluorescence signal

=

=

.20

w

w

[#]

=1

[

2

S cC c T

Q

=

rm

4
c c T
9 10 11

occurrences of 16 SNVs with SeqC (Fig. 1), and three
SNVs were exclusively found in SeqC.

Additional features of SeqC facilitated the analysis of
the data. In the end, an average of 15 ambiguous calls (Ns)
had to be evaluated manually for both genes. A statistical
module compared each nucleotide with already archived
arrays and visualized the average fluorescence intensity
and standard deviation at each position. An electrophero-
gram indicated current signal intensities and their course.
The most time-consuming factor, data analysis, was
effectively reduced, saving hands-on time and money. In
addition, we successfully established multiplexes (Table 3)
and were able to further reduce time of pipetting and use of
chemicals.

Two approaches for detection of deletions and insertions
are theoretically possible. One is to design special perfect
match (PM) oligonucleotides for deleted or inserted
sequences [17, 18]. These oligonucleotides led to an
increase in hybridization signal for every patient with that

forward

reverse

NV

12 13 14 15
basepair

—\
reverse

specific deletion compared with wild type sequence. This
approach has the advantage of both detecting the presence
and identifying the sequence change, but is limited by the
size of the microarray and the total number of mutation-
specific oligonucleotides. The second possibility is to
detect sequence changes based on a loss of hybridization
signal within the wild type sequence. Consequently, the
sequence variation is only detected but then needs further
identification (for example by sequencing). This approach
has been described in the literature to be effective with
deletions of more than 50 bp [16]. Since insertions and
deletions are important in BRCAI and BRCA2, perfectly
match oligonucleotides were designed on the chip for the
most important deletions and insertions (Table 2). With the
help of these oligonucleotides, all eight detectable hetero-
zygous deletions were detected with respect to the
hybridization signal (Figure 3), however, de novo detection
of heterozygous deletions due to the loss of hybridization
signal remains difficult. Large genomic heterozygous
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Fig. 3 Detection of deletions. A forward
Most important deletions were 45 |
designed as perfect match 4 -
probes on the oligonucleotide / \
resequencing microarray. 35
Samples with that special = I \
deletion resulted in a perfected- E 3
match and normal hybridization =] I \ /\
signal. DNA without the é 25
mutation is theoretically not = 2 I V \
able to hybridize to the deletion- o I \
specific sequence and results in b 15
little or no signal. The signal g_ / \
intensity of heterozygous 1 {
mutation carriers will decrease \—"*—-\ / \/\/_/\_/\/
but is still maintained at 0,5 \ = |
significantly elevated level. 0
Since software algorithms 1 3 5 7 9 11 13 15 17 19 21 23 25 27 20 31 33 35
cannot consider perfect match
deletion sequences, each probe nucleotide
has to be checked manually for
all patients. For illustration reverse
purposes, the quotient of B 81 - i
relative signal-intensities
mutated/wildtype for a deletion- 7 f\
specific sequence (BRCAI n I
4184delTCAA) was plotted on — 6
the y-axis. The data shown is E \ I
based on Patient 30, g5 65
heterozygous for BRCAI E U
4184deITCAA, and one control = 4
(patient 3). The increase of E ‘
signal in relation to the wild b} 3
type sequence at the central g_ » I
position indicates the presence
of the deletion I — / e —
1 S SN —
0 . - —
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35

deletions, which may occur in BRCAI, can theoretically be
identified using specially designed oligonucleotide probes
at the end or the beginning of a specific deletion. Since,
both standard Sanger-Sequencing and olignoculeotide
resequencing microarrays have difficulties in detecting
large heterozygous deletions, a second (screening) method
such as multiplex ligation-dependent probe amplification
may be used before (re)sequencing [19]. In contrast to
heterozygous deletions, de novo homozygous deletions can
be detected easily by the total loss of hybridization signal.

Sequence changes in BRCAI and BRCA2 can be sub-
divided by their clinical relevance (yes/no/unknown, see
http://research.nhgri.nih.gov/projects/bic/). For sequence
changes with questionable relationships to HBOC, recent
studies have tried to develop and apply models to predict
their clinical relevance [20-22]. Although all examined
patients in this study were previously characterized,
screening for mutations ended whenever a deleterious
sequence change was found. With the help of the Breast
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nucleotide

Cancer Microarray, we were able to construct a complete
map of single-nucleotide variations for each patient. With
this additional information, a total of 19 SNPs that were not
thought to be relevant in HBOC and another five SNPs that
did not appear in the BIC database could be identified.
Thirteen SNVs of unknown relevance in regards to HBOC
were found and further studies are needed to prove their
clinical relevance.

The results of this study, as well as those in the literature
with oligonucleotide resequencing microarrays, are com-
parable to sequencing techniques like the standard Sanger
sequencing and so-called second-generation sequencing
tools [23]. Oligonucleotide resequencing microarrays are
equal in sensitivity and specificity to both techniques. An
advantage of oligonucleotide microarrays is its cost-effec-
tiveness; about 70% less compared to standard Sanger
sequencing. For second-generation sequencing tools, fur-
ther evaluation is needed and costs for routine usage must
decrease prior to broad application.
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Table S Single-nucleotide variants (SNV) found among all screened DNAs and their clinical importance following HGMD and BIC (- = not
listed; ? = unknown/variant of unkown significance; yes clinical important; no clinical unimportant, Mut mutation)

Gene Exon cDNA Amino Acid Accession Frequency HGMD BIC

BRCAI 5 IVS54+3A>G 3’ UTR Mut. 1 yes ?
BRCAI 11 A>G 1186 Q356R rs1799950 4 ? ?
BRCAI 11 G > A 2196 D693 N Polymorphism 2 ? no
BRCAI 11 C > T 2201 56948 rs1799949 21 - no
BRCAI 1l C>A208  ST0X  Ma 1y yes
BRCAI 11 T > C 2430 L771L 1516940 25 no no
BRCAI 11 G> A 2471 S784S 1 - -
BRCAI 11 C>T 2731 P871L rs799917 24 - no
BRCAI 11 A > G 3232 E1038G rs16941 25 ? no
BRCAI 11 G > A 3238 S1040 N rs4986852 1 ? ?
BRCAI 11 A > G 3667 K1183R 1516942 25 - no
BRCAI 11 A > G 4158 R1347G 1528897689 2 ? ?

BRCAI 13 T > C 4427 $1436S rs1060915 25 - no
BRCAI 16 C>G4808  YIS3X  Mut. 2 yes  yes
BRCAI 16 A > G 4956 S1613G rs1799966 25 - no
BRCAI 16 G > A 5075 M16521 rs1799967 2 ? ?
BRCA2 1 C>T-143 5' UTR 1 - -
BRCA2 1 A>G-52 s' UTR rs206118 13 - -
BRCA2 2 G>A-26 s’ UTR rs1799943 17 - -
BRCA2 3 A >Gl25 Y42C 14987046 1 ? ?
BRCA2 10 A>C 1093 N289H rs766173 1 - no
BRCA2 10 C> A 1206 S326R rs28897706 1 yes no
BRCA2 10 C>A 1342 H372 N rs144848 14 yes no
BRCA2 10 A>G 1593 $4558 rs1801439 1 - no
BRCA2 11 T > C 2457 H743H rs1801499 1 - ?
BRCA2 1 A>G 3199 N99ID rs1799944 1 - no
BRCA2 11 A > G 3624 K1132 K rs1801406 20 - no
BRCA2 11 T > C 4035 V1269 V 1543304 16 - no
BRCA2 11 A>G 4791 LI521L 15206075 36 - no
BRCA2 11 C>T 5427 S17338 rs28897734 2 - no
BRCA2 11 T>C 5972 MI915I rs4987117 2 ? ?
BRCA2 1l A>Te625  K013X  Ma. 1 yes  yes
BRCA2 11 C>T6328 R2034C rs1799954 1 ? ?
BRCA2 1 G>C 6741 V2171 V rs206076 36 - no
BRCA2 14 G>A-26 5' UTR rs1799943 1 - -
BRCA2 14 A > G 7470 $24148 rs1799955 15 - no
BRCA2 14 T>C 7625 V2466A rs169547 36 no no
BRCA2 2 G>T 9078 K2950 N rs28897754 1 yes ?
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Table 5 continued

Gene Exon cDNA Amino Acid Accession Frequency HGMD BIC
BRCA2 27 G > A10110 R3370R rs28897762 1 - ?
BRCA2 27 A>T 10204 K3326X rs11571833 1 yes no
Known deletions are marked in gray

Mutations in BRCAI and BRCA?2 are the cause for the Acknowledgments We thank JSI medical systems and especially

hereditary breast-ovarian cancer syndrome (HBOC).
HBOC is the underlying syndrome of about one-third of all
hereditary breast cancer cases [5] and accounts for 15% of
all cases of ovarian cancer, the majority of hereditary
ovarian cancers [7]. It has been well established that
patients with a family risk of breast or ovarian cancer need
to be included in special, extended screening programs,
which are based on general screening techniques like
monthly breast self examination, clinical breast examina-
tion (every six months), and imaging (annual mammogra-
phy or magnet resonance imaging), which will help to
detect and treat breast cancer at the early stages [24].
Despite this secondary prevention, all patients with a
family risk for HBOC should undergo genetic counseling
and genetic testing [24]. For patients with known HBOC,
effective broad-spectrum prophylactic treatment can be
offered, ranging from chemopreventive medication to
prophylactic surgery (bilateral mastectomy, salpingo-
oophorectomy). Primary prevention activities should also
be carried out with a multidisciplinary team with geneti-
cists and psycho-oncologists [24]. Since an effective cancer
screening and prophylactic treatment is possible, appro-
priate risk assessment and genetic testing is essential. At
this point, the high-throughput oligonucleotide resequenc-
ing microarray presented in this study, spanning the com-
plete sequence of BRCAI and BRCA2, has proven to be
safe, fast, and affordable. Future applications of this tool
might comprise assessment of modifying sequence changes
and resequencing of other genes known to contribute to
breast cancer, e.g., TP53, PTEN, STK11, and CDH1 [25].

Conclusions

This study successfully establishes the first high-through-
put oligonucleotide resequencing microarray for the total
sequence of BRCAI and BRCA?2 to supply a safe, fast, and
affordable tool to diagnose SNVs, homozygous, and
selected heterozygous deletions in patients at high risk for
HBOC. In addition, a new software tool, SeqC, facilitated
and fastened the previous laborious analysis of chip data by
reducing the absolute number of Ns and clearly arranging
the remaining data with the help of online databases.
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