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ERCC2 1 indel c.1703_1704delTT p.F568Yfs*2 chr19:45856555 TGCCCCACTTATCCAGCAAT AGAGAGCTCTGGGAAGACACC

ERCC6 1 nonsense c.3693C>G p.Y1231X chr10:50678313 CAAGGCTGAAAGTTTGGGGGA TCCCTGTGGCAAACGTATCA

ESR2 2 nonsense c.76G>T p.E26X chr14:64749628 AGCCATTATACTTGCCCACGA CAGGGCATCCTGTGTTTTGG

EXO1 1 indel c.1522dupT p.C508Lfs*7 chr1:242042058 ATGTGTGAATGTTGGCATAATCA CCAGTCTCTTGCCTTCTTGGT

EXO1 1 indel c.2358delG p.L787Yfs*37 chr1:242048762 ACCATTGCTCATGGGTTATTTTGTTGGAAGAGTTGGGAGAAAGGGA

EXO1 1 splicing c.2212-1G>C p.V738_K743del r.2212_2229del chr1:242048615 ACCATTGCTCATGGGTTATTTTGTTGGAAGAGTTGGGAGAAAGGGA

r.2212_2229del GACCAGACCTCCAAGCTACG GAACACGGCCACATTCAGGT

FAM175B 1 indel c.1084delC p.Q362Kfs*19 chr10:126523376 ACTTCAGAAATTTGTCATGGCCT AACAGTGCTAGGTGGAGAGT

FANCE 1 indel c.929dupC p.V311Sfs*2 chr6:35425721 GGGAGGGGGACTGGAGTAAA GGTGACCCCTATCGCTGAGA

FANCL 1 indel c.1096_1099dupATTA p.T367Nfs*13 chr2:58386933 TGTGCCTAGCTTTCAGTAATATGTACACTTCCACAGTCAGCACG

FANCM 1 indel c.3979_3980delCA p.Q1327Vfs*16 chr14:45645936 TGTTTCGAATCAAGCACTAATACCATGCTTCTTTGAATCTTTGTAGGTT

FANCM 1 nonsense c.1972C>T p.R658X chr14:45636336 AGTATTTAAGTGGATCGGGGTTT CCAGTGTCTCTCCATTTGCCA

FANCM 1 nonsense c.5101C>T p.Q1701X chr14:45658326 AATTGCCATGTTCAGCTTGGT CTAAGCACCCTGTGAATTGCC

FANCM 1 nonsense c.5791C>T p.R1931X chr14:45667921 TGGCACCAGTTTGCTCAATG AAACTTCTATGGAATGCTTTTACGA

FBXW7 7 indel c.310delC p.H104Mfs*389 chr4:153332646 CCCCTGCAGAATGTGAAAACC ACTTTCCATTACCTTCTGTAAGACA

GLG1 10 nonsense c.3520C>T p.R1174X chr16:74487085 TTTTCTTATCTCCTGCCCTCCC TGCTAATGCTCTAACACGGGG

GRB7 4 nonsense c.862C>T p.Q288X chr17:37900866 CCTGTACCAAGTCCTGCTCA TGTCTGAATTGGGGCTCAGA

GRB7 4 splicing c.801+1G>C p.(?) r.(spl?) chr17:37900461 CATCCTGGTGGTAGAGGGGAA ATGGTAAACTGGAGGTGGCTG

HELQ 1 splicing c.2677-1G>A p.Q348Pfs*17  r.2677_2681del chr4:84347246 TCCCCTCAGCCATCTGGTAT TTGGGTGCTCAGGTATGTTT

 r.2677_2681del AGGACTTGTGCTTGAAAGCCT AGCCTGTTGACAACGTTCTTG

HTR3B 10 nonsense c.871C>T p.Q291X chr11:113813878 AAAAACGTTGGGTCTTCGGG AGATGAGTGTCCAGTGACCCC

CHEK2 1 indel c.277delT p.W93Gfs*17 chr22:29130433 ATATCCAGCTCCTCTACCAGC CAGAACCTTCCACCTGGTAATAC

CHEK2 1 splicing c.444+1G>A p.R148Vfs*6
r.[444+1_444+4ins; 
444+1g>a] chr22:29121230 TCAACAGCCCTCTGATGCATG GCCGCTTCCAGTAACCATAAGATAATA

IL13 3 splicing c.174+2delT p.(?) r.(spl?) chr5:131994054 CATCCGCTCCTCAATCCTCTC CATCTTAGGACCAGGCCCAG

IL1A 3 splicing c.319+2T>C p.(?) r.(spl?) chr2:113539179 TACCTGCCTAGTGAGTGTGGA CTAGGCACGCCTCTGGAATC

IL8 3 nonsense c.91G>T p.E31X chr4:74607285 TGATGCCTTCCATAGTCTCCA CCACCTTCCTTAATTTTAAGTTTGC

ITGB4 10 indel c.665delG p.G222Efs*60 chr17:73725444 CCCACTCCTCTTTCACCCAC CCTTGCCCAGAAGTGCTCA

LRIG1 4 indel c.3149_3150delCG p.A1050Gfs*17 chr3:66430824 GGGAGCTGCTTAAACGGTCA TGAGTGACGCTTGAACCCAA

MAP3K1 4 indel c.4151dupT p.L1384Lfs*36 chr5:56183241 AGAGCTGTGTGCCTTTAGCA GCCACGGACTTCTAGTTGGT

MGMT 1 indel c.207_210dupACGT p.S70Yfs*5 chr10:131334631 CTTCGGTGTTGCGTTGGTTA ATGCGTTACCCTGCCATCAA

MMP1 8 splicing c.105+2T>C pQ35Vfs*11
r.105_106ins105+1
_106-1 chr11:102668717 GCTTCCTAGCTGGGATATTGGAGGAGAGCGTATGCATGGCTAGA



r.105_106ins105+1
_106-1 CTGTTCTGGGGTGTGGTGTC GCTCTTGGCAAATCTGGCGT

MMP12 8 nonsense c.327C>T p.W109X chr11:102743618 CCTGGTCCAAAAGCATCAGTGT GGGCTGTCTAACTGGTTCAGG

MPL 3 splicing c.79+2T>A p.(?) r.(spl?) chr1:43803600 CTGAAGGGAGGATGGGCTAAG AGCAGGAGAGCCTCTTACTC

MPO 3 splicing c.2031-2A>C p.R677Wfs*73
r.[2029-109_2029-
1ins;2029-2a>c] chr17:56348226 GCATCACTTGTGTGAAAGCCC CTCATTTTCTCAGCTGCACCC

r.[2029-109_2029-
1ins;2029-2a>c] AGTATGGCACGCCCAACAAC AGACACGGTGGTGATGCCT

MSH5 1 nonsense c.541C>T p.R181X chr6:31711970 GCACAAGTGCTAGGGCTGAA ACCCCACCCCCACTTTACTT

MSH5 1 nonsense c.1900C>T p.R634X chr6:31728554 GGGCTATGGTCAGGATTCGG TAAAGGGCATGCAGCAGAGG

MSR1 10 indel c.569delT p.L190Cfs*5 chr8:16026030 AGCGTAGTTCACACGTTGTAG ACTGCCTAAGGAGACGAGACT

NAT1 5 nonsense c.559C>T p.R187X chr8:18080115 AGCCTACTCAAATCCAAGTGT CCACAGGCCATCTTTAAAATAC

NBN 1 indel c.657_661delACAAA p.K219Nfs*16 chr8:90983445 CAGATAGTCACTCCGTTTACAA CCCAAAATGAAATACGTTAACAAC

NF1 4 indel c.5690delG p.G1897Vfs*28 chr17:29657394 TGGTTATATCAAGTGTGTCCCTT GTTCCTTCAGAGTTCCTTCAGT

NQO2 2 nonsense c.628C>T p.Q210X chr6:3019821 TGTTTCACACCATTTCCCCC GCCTCCTAGTGTGCTGCTTA

PIK3CG 4 indel c.41_42delAG p.E14Gfs*147 chr7:106508047 ACATGTACGCCGCCTATACC CTGCACCACCTGGTACTTGT

PPP2R1B 4 indel c.342_343delTG p.V115Cfs*3 chr11:111631739 GGGAATTGCCATCTGGGACA GTCAGCTACAAGTCCCCAGT

PREX2 4 indel c.3210_3213delAACA p.D1072Vfs*17 chr8:69028051 ACAAGAGAACTTTGAATGACATGCTTCTTTGTGGAAAATCCAGCATCA

PTPRJ 10 nonsense c.1191T>A p.Y397X chr11:48149429 ACCGTCATGCTTTCCTAGCC TGTGGTCAGCCAACAGTCAC

RAD18 1 indel c.1430_1431insGCGG p.T478Rfs*6 chr3:8923099 AAGGGGTTCAGAGCTCATTTACTTAGAGGCAGGAGGCAACTGA

RAD50 1 nonsense c.1093C>T p.R365X chr5:131924420 ATCATTGGGAGAAACTGGGCA TGCCAAAATGGAGTCCAACCA

RAD51C 1 nonsense c.502A>T p.R168X chr17:56774151 CCTTAGATCATCATCATGATTTGGGGTCTCAGATGGGCACAAATGC

RAD51C 1 splicing c.905-2_1delAG p.L301Gfs*42 r.905_965del chr17:56801399 ACCAAGTCAGTAAGGCCATATACCACAGGACTAGCTCTAAGAAACC

r.905_965del CGTCATGACCTAGATGACCTG GGTAACAAGTCCACTTGTACAC

RAD51D 1 indel c.355_358deldelTGTA p.C119Wfs*16 chr17:33434129 GACTCAGCCCATTTGTGTTG AGCAAGTTTGAAGGCAAGGA

RASSF1 7 splicing c.888+1G>A p.V258Gfs*7 r. 758_888del chr3:50368764 GTGGGCGCAAGCAGTAATTT TGGAACTGTTTTGCAGGGCT

r. 758_888del CGCCGCACTTCCTTTTACCT CTCTTGGATCTTCTGGCGGC

RFC1 1 indel c.2191delA p.R731Gfs*7 chr4:39304694 GGAAGGGAATTGGGGTCTGC CAGCAACATGCCTTAACTGCC

RNASEL 3 nonsense c.793G>T p.E265X chr1:182555149 CTCCTTGATGAGATGGGGGC GCAGTGCTGTTTTGCCATCA

ROPN1L 10 nonsense c.135T>A p.Y45X chr5:10448375 CATAAGCCCGGGATGTTGGT TCTGTTTTCTGGGTTGCCGT

S100A3 10 indel c.208delG p.V70Wfs*83 chr1:153520257 GTTGAAGTCGGCCCTCAGAA AGGAAGGAGCCCTCACATCT

STXBP4 10 splicing c.181-1G>A p.K60Vfs*28 r. 181_287del chr17:53076705 TGAAGGCATTCTTCACGAAAAC ACTGCTTTCAAGGAGACATTCTA

r. 181_287del GGCCTTGGCCTGAAGGTACTA GGGAGTGGATGAGGTCTTTGG



TCL1A 10 nonsense c.253C>T p.R85X chr14:96178601 TGCATGGCCTAAGGAAGTGA GCAAACCCAAGATCACCCGA

VEGFA 4 splicing c.1085+2T>C p.(?) r.(spl?) chr6:43748593 GCTTTGCTTTGGTCGTTCCC CAAATCTACCCGTTGGTGCC

WRN 1 nonsense c.604A>T p.K202X chr8:30924648 TGTGGACTGCATATGAGGCTT TGGTAGAGTTTCTGCCACTACT

WRN 1 nonsense c.4216C>T p.R1406X chr8:31030535 ACTACATGATGAGATGGCAAGT ACATGAATTGCGGAAGGCTG

XRCC4 1 indel c.25delC p.H9Tfs*8 chr5:82400763 TTTGTGTAGCTGAGAGGCCAG TCCCTGAGGACTGAAGAATAGCA

ZNF365 7 nonsense c.1065G>A p.W355X chr10:64382946 GCTATGTGCTATAGGTTCAAATGGTTGTGGAACCTCTGCCTGGAA













RAD18 1 NM_020165.3 indel c.1430_1431insGCGG p.T478Rfs*6

RAD50 1 NM_005732.3 nonsense c.1093C>T p.R365X

RAD50 1 rs28903088 missense c.671G>A p.R224H DM? 0.0006 0.0008 0.000615

RAD50 1 rs61749630 missense c.2397G>C p.Q799H 0.0003 0.0005 0.000384

RAD50 1 missense c.3487A>T p.I1163L

RAD51C 1 NM_058216.1 nonsense c.502A>T p.R168X

RAD51C 1 splicing c.905-2_1delAG p.L301Gfs*42 r.905_965del DM

RAD51C 1 missense c.335G>C p.G112A 0.000077

RAD51D 1 NM_002878.3 indel c.355_358deldelTGTA p.C119Wfs*16

RASSF1 7 NM_170714.1 splicing c.888+1G>A p.V258Gfs*7 r. 758_888del 0.000009005 0

RFC1 1 NM_002913.4 indel c.2191delA p.R731Gfs*7

RNASEL 3 NM_021133.3 rs74315364 nonsense c.793G>T p.E265X DM pathogenic 0.004 0.0058 0.0023 0.003229

RNASEL 3 rs114166108 missense c.184C>T p.P62S 0.00005812 0.0001 0.0005 0.000231

RNASEL 3 missense c.875T>C p.L292P 0.00001655 0.00003011

ROPN1L 10 NM_031916.4 rs41280363 nonsense c.135T>A p.Y45X 0.0012 0.0019 0.0009 0.001384

S100A3 10 NM_002960.1 indel c.208delG p.V70Wfs*83 0.00271 0.004362

STXBP4 10 NM_178509.5 splicing c.181-1G>A p.K60Vfs*28 r. 181_287del 0.00002489 0.00004519 0.000077

TCL1A 10 NM_021966.2 nonsense c.253C>T p.R85X

VEGFA 4 NM_001025366.2rs149528656 splicing c.1085+2T>C p.(?) r.(spl?) 0.0001 0.0002 0.000308

WRN 1 NM_000553.4 nonsense c.604A>T p.K202X

WRN 1 NM_000553.4 rs11574410 nonsense c.4216C>T p.R1406X 0.0035 0.0013 0.0018 0.000769

WRN 1 rs150148567 missense c.1717A>G p.T573A 0.001 0.0016 0.0014 0.00208

XRCC4 1 NM_022406.2 indel c.25delC p.H9Tfs*8 0.0004377 0.0006303

ZNF365 7 NM_199451.2 rs142406094 nonsense c.1065G>A p.W355X 0.00003295 0.00005993 0.000231
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Hereditary breast cancer comprises a minor but clinically meaningful breast
cancer (BC) subgroup. Mutations in the major BC-susceptibility genes are
important prognostic and predictive markers; however, their carriers
represent only 25% of high-risk BC patients. To further characterize variants
in�uencing BC risk, we performed SOLiD sequencing of 581 genes in 325
BC patients (negatively tested in previous BRCA1/BRCA2/PALB2 analyses).
In 105 (32%) patients, we identi�ed and con�rmed 127 truncating variants
(89 unique; nonsense, frameshift indels, and splice site), 19 patients
harbored more than one truncation. Forty-six (36 unique) truncating variants
in 25 DNA repair genes were found in 41 (12%) patients, including 16
variants in the Fanconi anemia (FA) genes. The most frequent variant in FA
genes was c.1096_1099dupATTA in FANCL that also show a borderline
association with increased BC risk in subsequent analysis of enlarged groups
of BC patients and controls. Another 81 (53 unique) truncating variants were
identi�ed in 48 non-DNA repair genes in 74 patients (23%) including 16
patients carrying variants in genes coding proteins of estrogen
metabolism/signaling. Our results highlight the importance of mutations in
the FA genes� family, and indicate that estrogen metabolism genes may
reveal a novel candidate genetic component for BC susceptibility.
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Breast cancer (BC; OMIM#114480) emerges as a
leading cause of cancer death in female population
worldwide. Hereditary breast cancer (HBC) accounts
approximately for 5�10% of cases. Clinical impor-
tance of HBC results from the high lifetime risk of
BC development, increased risk of other associated
cancers, early disease onset, and 50% probability of
the mutant allele�s transmission to the offspring (1).
Hence, the identi�cation of germline mutations that
confer BC susceptibility is an important task of clinical
oncogenetics with considerable clinical utility, including
tailored healthcare focused on early cancer identi�ca-
tion, preventive surgical strategies decreasing cancer
risk, and speci�c therapeutic strategies (2). The most
frequently mutated genes in HBC patients are BRCA1
and BRCA2; however, mutations in these genes account
for less than 25% of cases in HBC patients. Since the
identi�cation of major BC-susceptibility genes, numer-
ous other predisposition genes have been identi�ed.
Their characterization has been strongly accelerated
with the availability of next-generation sequencing
(NGS) technologies (3). Mutational analyses of recently
identi�ed BC-susceptibility genes indicate that frequen-
cies of their mutations are substantially lower than that
in BRCA1 and BRCA2, besides being highly variable
among populations worldwide (4). However, mutations
in these newly established BC-susceptibility genes
could collectively epitomize another 25% of ascertained
genetic risk in HBC patients and thus their analyses are
gradually introduced into the clinical analyses (5).
A striking characteristic of the majority of known

BC-susceptibility genes is the contribution of their pro-
tein products in DNA damage repair (6). On the other
hand, the existence of known BC-susceptibility genes
that code for proteins not directly involved in these
processes (e.g. PTEN, CDH1, or NF1) indicates that
non-DNA repair genes could also contribute to BC
susceptibility (7).
Our previous gene-by-gene mutational analyses

revealed that the most frequent mutations in Czech HBC
patients are found in the BRCA1 gene (8�10). Less
frequently, we identi�ed pathogenic variants in BRCA2
or PALB2 (11). In this study, we aimed to describe the
presence of potentially pathogenic hereditary variants in
other known BC-susceptibility genes using the targeted
NGS and to identify further variants that may contribute
to BC susceptibility in high-risk Czech BC patients.

Materials and methods

Detailed methods are available in Supporting informa-
tion methods.

Patients and samples

The 325 successfully sequenced patients� samples were
selected from a sample collection of high-risk Czech
BC patients that ful�lled testing criteria described previ-
ously (8, 9, 11), were negatively tested for the presence
of mutations in BRCA1/BRCA2/PALB2, and gave their

informed consent approved by local ethical committee.
As controls, we analyzed 105 samples obtained from
Czech non-cancer elder females selected according
to their age (>50 years; median age 71 years; ranged
54�95 years) from non-cancer controls described previ-
ously (12). The genotyping of the c.1096_1099dupATTA
variant in FANCL was performed on additional sample
sets of 337 high-risk BC patients, 673 sporadic BC
patients and 686 non-cancer controls (13, 14) using
high-resolution melting analysis and con�rmed by
Sanger sequencing (Fig. S1, Supporting information).
Clinical and histopathological characteristics of ana-
lyzed high-risk BC patients are available in Tables S1
and S2.

Sequencing gene panel

The targeted genes comprised two groups consisting of
141 DNA repair genes and 449 genes retrieved from
Phenopedia database (15) using the disease term �breast
neoplasms� with at least two entries (assessed February
2012). Finally, 581 targeted genes (listed in Table S3)
were sequenced successfully.

Library construction, sequence capture and sequencing

Fragmented DNA was subjected to ligation of SOLiD
sequencing adaptors and polymerase chain reaction
(PCR)-based incorporation of bar codes, as described
previously (16). The target DNA enrichment was per-
formed by a custom SeqCap EZ Choice Library (Roche),
and SOLiD sequencing primers were introduced by PCR.
The �nal libraries were ampli�ed by an emulsion PCR
and sequenced on a SOLiD 4 System (Thermo Fisher,
Waltham, MA, USA).

Bioinformatics pipeline, variant �ltration, and prioritization
of missense variants

Sequencing reads were aligned to the human genome
reference (GRCh37/hg19) using Novoalign (CS1.01.08).
Picard was used for duplicate removal and SAMtools
(0.1.8) for SAM-to-BAM conversion and calling of
single nucleotide variants (SNVs) and small insertions
and deletions (indels). Variant annotation was performed
with ������� (17).
Variant �ltration excluded off-target sequences and low

con�dence variants (sequence quality <150; sequencing
coverage <10). We also excluded common variants
with allelic frequencies in ESP6500 and 1000 Genomes
databases >0.01. To re�ect the population-speci�c vari-
ants and variants in�uencing cancer susceptibility, we
excluded variants presented in no patient or in more than
two controls.
To identify missense variants with a putative contri-

bution to BC susceptibility, we performed a prioritiza-
tion that considered �ve prediction algorithms (SIFT,
PolyPhen-2, LRT, MutationTaster, and PhyloP) and two
databases (ClinVar and HGMD) aggregating data about
genotypes and corresponding clinical characteristics.
Prioritized variants were considered those that were
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called by each prediction software as deleterious (or
unknown) or considered as disease-associated in ClinVar
and HGMD databases.

Con�rmation of truncating variants

All truncating variants were con�rmed by conventional
Sanger sequencing. The variants affecting a conserva-
tive splice site were analyzed from the blood-isolated
patient�s RNA, when available, using RT-PCR and
sequencing as described previously (18). All primers are
listed in Table S4.

Statistical analysis

The differences among analyzed groups and subgroups
were calculated by the chi-square test or Fischer exact
test if the expected number of events was lower than six.

Results

In the set of 325 patients� samples and 105 controls, we
obtained 491,385 variants in exome and adjacent intronic
sequences of 581 targeted genes. The mean sequencing
coverage was 56.5 and 93% of the captured sequence
was covered by >10 reads. Using the variant �ltration,
we identi�ed 4540 rare variants in the �nal dataset
representing 2647 unique variants of 496/581 targeted
genes (85.4%). We found 144 truncating variants (either
nonsense, frameshift indels, or splice site alterations),
representing 89 unique variants, in 73/581 targeted genes
(12.6%).
The set of 325 BC patients harbored 4053 rare vari-

ants (2647 unique) including 127 truncating variants (89
unique), 34 in-frame indels (22 unique), 2347 missense
SNVs (1599 unique), and 1545 synonymous SNVs (937
unique). We primarily focused on the truncating vari-
ants that were identi�ed in 105/325 (32.3%) BC patients
(Fig. 1) and were all con�rmed by Sanger sequencing.
Nineteen patients carried more than one truncating vari-
ant (1 patient carried four, 1 patient carried three, and
17 patients carried two truncations), 86 patients carried
one truncating variant. The group of truncating variants
included 20 splicing variants (14 unique, each affect-
ing one particular gene) �anking to intronic (–2 bp)
sequences. Their impact on splicing was studied at the
mRNA level (available from eight patients). Seven out
of eight analyzed splicing variants showed frameshift
(Figs S2 and S3). The prioritization analysis revealed 356
potentially pathogenic variants out of 1599 rare unique
missense variants (22%).

Hereditary variants in DNA repair genes

In 25 DNA repair genes, we identi�ed 46/127 trunca-
tions (36/89 unique) in 41 (12.6%) BC patients (Table 1).
Themost frequent alterations affected genes that code for
DNA double-strand break (DDSB)/interstrand crosslink
(ICL) repair proteins. These included 16 patients carry-
ing nine unique truncating variants in �ve Fanconi ane-
mia (FA) genes (Fig. 1).

Another 19 patients harbored 19 unique variants
affecting other genes coding for proteins involved in the
DDSB repair pathways, including homologous recom-
bination (HR; ATM, EXO1, WRN, BLM, DCLRE1C,
FAM175B/ABRO1, HELQ, NBN, RAD18, RAD50,
RAD51D, CHEK2, and RFC1) but also non-homologous
end joining (NHEJ; XRCC4) repair. Finally, eight trun-
cating variants, each in one patient, were identi�ed
in the genes that code for proteins involved in other
DNA repair processes including single-strand DNA
repair (ATR, ATRIP), nucleotide excision repair (NER;
ERCC2, ERCC6), mismatch repair (MMR; MSH5),
and direct removal of alkylated guanine (MGMT). Two
patients carried truncating variants in more than one
gene involved in different DNA repair pathways.
Altogether, 106 unique prioritized missense variants

in 59 DNA repair genes were identi�ed in 133 patients
(34 of these variants, in 56 patients, were found in
15 genes in which at least 1 truncating variant was
also detected; Table S5). The most frequent potentially
pathogenic missense variants were found in ATM (12
variants in 17 patients) and CHEK2 (4 variants in 13
patients). Among prioritized variants, we also identi�ed
pathogenic missense variants in BRCA1 (c.115T>C;
p.C39R), TP53 (c.733G>A; p.G245S), and CDH1
(c.1018A>G; p.T340A) in three young BC patients.

Extended analysis of FANCL c.1096_1099dupATTA

The most frequent frameshift variant found in
six BC patients and none NGS control was
c.1096_1099dupATTA (p.T367Nfs*13) in FANCL (pre-
viously described in an FA patient belonging to the FA-L
complementation group; OMIM#614083) (19). Because
of the insuf�cient number of NGS controls, we �rst
compared the frequency of this FANCL variant among
our patients with data from the Exome Aggregation Con-
sortium (ExAC) database (http://exac.broadinstitute.org;
accessed May 2015) indicating an overrepresenta-
tion of this variant among our high-risk BC patients
(Table 1). Therefore, we further analyzed another 337
high-risk BC Czech patients (329 females, 8 males;
all BRCA1/BRCA2/PALB2-negative). Among these, we
identi�ed another three c.1096_1099dupATTA carriers
with BC (all diagnosed before age of 38 years). Over-
all, the c.1096_1099dupATTA was identi�ed in 9/662
high-risk BC individuals (1.3%).
To identify the carriers of c.1096_1099dupATTA

in sporadic BC patients and other controls, we geno-
typed 673 unselected BC cases and 686 non-cancer
controls (313 females and 373 males). This analysis
revealed three carriers in each analyzed group, showing
its frequency as 0.4% in both BC cases (3/693) and
controls (3/791; including 105 NGS controls and 686
genotyped controls), respectively. Thus, the frequency
of c.1096_1099dupATTA was signi�cantly (Fisher exact
test) overrepresented only among high-risk individuals
(p= 0.04) but not in sporadic BC patients (p= 0.9). All
14 carriers among patients were females, while all three
carriers in controls were males.
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Fig. 1. Overview of variants in 73 genes (rows) affected by at least one truncating (nonsense, frameshift, or splicing) variant, that were identi�ed in
105 BC patients (columns). Pathological characteristics of BC tumors (histology and subtypes) and selected clinical characteristics (BC in females
at the age of <35 years or male BC, and the presence of familial cancer) are shown in �ve upper lines (color markings are displayed in Fig. 2; X
denotes a missing information). The patients and genes are ordered according to the overall number of found variants, genes (with the Fanconia anemia
gene members highlighted in red letters) are grouped by functional relationship of coded proteins (see note). Note: Genes in gene groups (1�10;
number (N) patients with at least one truncating variant) were ascertained as follows: the genes coding proteins involved in DNA repair (1; N = 41);
steroid hormones synthesis, turnover or signaling (2; N = 16); immune response (3; N = 11); membrane receptor signaling (4; N = 11); metabolism of
xenobiotics (5; N = 6); membrane transport of molecules (6; N = 6); cell cycle/apoptosis regulation (7; N = 6); cell-to-cell communication (8; N = 4);
nucleotide metabolism (9; N = 3); or other (unsorted) processes (10; N = 16). Color markings used for pathological and clinical characteristics (shown
in legend) are identical to that presented in Fig. 2. Clinical and histopathological characteristics of truncating mutation carriers are shown in Table S6.
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Table 1. List of 36 unique truncating variants (nonsense, frameshift indels, or splicing) that were found in 25 genes coding for proteins
involved in DNA repair and DNA damage response identi�ed in 41/325 BC patients (Pts) and 7/105 non-cancer controls (Ctrls)a

Gene HGVS coding HGVS proteinb Classi�cation Rs number
HGMD/
ClinVar Pts (N) Ctrls (N) ExAC (mut/all)b, c

FANCL c.1096_1099dupATTA p.T367Nfs*13 Indel 6 0 232/65648*
FANCM c.1972C>T p.R658* Nonsense DM 1 1 7/66502*

c.3979_3980delCA p.Q1327Vfs*16 Indel 1 0 0/66498*
c.5101C>T p.Q1701* Nonsense rs147021911 DM? 2 0 95/66562
c.5791C>T p.R1931* Nonsense rs144567652 DM 1 0 63/66622

ATM c.3850delA p.T1284Qfs*9 Indel DM 1 0 n.r.
c.7327C>T p.R2443* Nonsense rs121434220 DM/P 2 0 n.r.

EXO1 c.1522dupT p.C508Lfs*7 Indel 1 0 n.r.
c.2358delG p.L787Yfs*37 Indel 1 0 n.r.
c.2212-1G>C p.V738_K743del Splicing rs4150000 DM 1 1 172/63478

CHEK2 c.277delT p.W93Gfs*17 Indel 1 0 n.r.
c.444+1G>A p.R148Vfs*6 Splicing DM 2 0 11/66720*

RAD51C c.502A>T p.R168* Nonsense 2 0 n.r.
c.905-2_1delAG p.L301Gfs*42 Splicing DM 1 0 n.r.

BLM c.1642C>T p.Q548* Nonsense rs200389141 DM 2 0 21/66322*
ERCC2 c.230_231delTG p.V77Afs*4 Indel 1 0 n.r.

c.1703_1704delTT p.F568Yfs*2 Indel DM 1 2 11/65444*
MSH5 c.541C>T p.R181* Nonsense rs147515280 1 0 13/65882*

c.1900C>T p.R634* Nonsense 1 0 n.r.
WRN c.604A>T p.K202* Nonsense 1 0 n.r.

c.4216C>T p.R1406* Nonsense rs11574410 1 0 87/65788
ATR c.5342T>A p.L1781* Nonsense 1 0 n.r.
ATRIP c.827_828delAG p.E276Gfs*2 Indel 1 0 n.r.
BRIP1 c.2392C>T p.R798* Nonsense rs137852986 DM/P 1 0 16/65688*
DCLRE1C c.1903dupA p.S635Kfs*6 Indel 1 0 27/66734*
ERCC6 c.3693C>G p.Y1231* Nonsense 1 0 n.r.
FAM175B c.1084delC p.Q362Kfs*19 Indel 1 0 n.r.
FANCE c.929dupC p.V311Sfs*2 Indel DM 1 1 n.r.
HELQ c.2677-1G>A p.Q348Pfs*17 Splicing rs200992133 1 1 27/66528
MGMT c.207_210dupACGT p.S70Yfs*5 Indel 1 0 n.r.
NBN c.657_661delACAAA p.K219Nfs*16 Indel 1 1 21/65324
RAD18 c.1430_1431insGCGG p.T478Rfs*6 Indel 1 0 n.r.
RAD50 c.1093C>T p.R365* Nonsense 1 0 n.r.
RAD51D c.355_358deldelTGTA p.C119Wfs*16 Indel 1 0 n.r.
RFC1 c.2191delA p.R731Gfs*7 Indel 1 0 n.r.
XRCC4 c.25delC p.H9Tfs*8 Indel 1 0 42/66632
Total variants 46 7

Variants listed in HGMD or ClinVar databases: DM, disease-causing (pathological) mutations; DM?, likely disease-causing (likely
pathological) mutation; P, pathogenic. ExAC, Exome Aggregation Consortium; n.r., variant not reported in ExAC.
aThe enhanced version of the table (including missense variant predicted as pathogenic, numbers of reference transcripts, and
frequencies in ExAC, ESP6500, and 1000 genomes databases) is available as Table S5.
bExAC allelic frequency in European non-Finnish population (mutated alleles/wt alleles).
cAsterisk (*) indicates signi�cant differences (p < 0.05) between allelic frequencies in European non-Finnish population (ExAC) and in
analyzed population of patients (Fisher exact test).

Hereditary variants in non-DNA repair genes

The remaining 81/127 truncations (53/89 unique) in 48
non-DNA repair genes were identi�ed in 74 (22.8%) BC
patients (Table 2). We found variants in only non-DNA
repair genes in 64 of them, while in 10 patients we
also detected some truncating variants in DNA repair
genes. To identify possible defects in pathways that may
contribute to BC susceptibility, we sorted the affected
genes into nine groups (Group 2�9 in Table 2 and
Fig. 1) clustering functionally related proteins. Twelve
genes (Group 10) comprised proteins with unrelated or
unclear function. Sixteen carriers (5% of all patients) of
eight different truncating variants have been identi�ed in

the �Group 2� associating genes that code for proteins
involved in steroid hormones metabolism or signaling.
Further, we detected 250 unique, prioritized, poten-

tially pathogenic missense variants in 150 genes in
213 patients. The most frequent prioritized SNVs in
non-DNA repair genes affected the APC gene (in eight
patients).

Individual and disease characteristics in carriers
of truncating variants

We found no signi�cant differences in the characteristics
of patients and tumors between the carriers of truncating
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Table 2. List of 53 unique truncating variants (nonsense, frameshift indels, or splicing) in 48 non-DNA repair genes identi�ed in 74/325
BC patients and 10/105 non-cancer controlsa

Gene Gr HGVS coding HGVS proteinb Classi�cation Rs number HGMD/ClinVar Pts (N) Ctrs (N) ExAC (mut/all)b, c

CYP3A5 2 c.92dupG p.L32Tfs*3 Indel 7 1 732/66688
2 c.246dupG p.A83Gfs*40 Indel 1 0 21/66728

CYP1A2 2 c.816T>A p.Y272* Nonsense rs140421378 FTV 3 0 16/65958*
CYP11A1 2 c.835delA p.I279Yfs*10 Indel DM 1 0 2/66694*
CYP17A1 2 c.1072C>T p.R358* Nonsense DM 1 0 n.r.
CYP19A1 2 c.1058dupT p.L353Ffs*10 Indel 1 0 1/60606*
ESR2 2 c.76G>T p.E26* Nonsense 1 0 1/66734*
NQO2 2 c.628C>T p.Q210* Nonsense 1 0 1/66386*
IL8 3 c.91G>T p.E31* Nonsense rs188378669 3 2 104/66426
DMBT1 3 c.2227delC p.Q743Rfs*4 Indel 1 0 n.r.
IL13 3 c.174+2delT p.(?) Splicing 1 0 n.r.
IL1A 3 c.319+2T>C p.(?) Splicing 1 0 n.r.
MPL 3 c.79+2T>A p.(?) Splicing rs146249964 DM 1 0 114/66230
MPO 3 c.2031-2A>C p.R677Wfs*73 Splicing rs35897051 DM 3 1 470/66434
RNASEL 3 c.793G>T p.E265* Nonsense rs74315364 DM/P 1 1 381/66212
LRIG1 4 c.3149_3150delCG p.A1050Gfs*17 Indel 3 0 102/66704*
GRB7 4 c.862C>T p.Q288* Nonsense 1 0 2/48666*

4 c.801+1G>C p.(?) Splicing 1 0 n.r.
MAP3K1 4 c.4151dupT p.L1384Lfs*36 Indel 1 0 n.r.
NF1 4 c.5690delG p.G1897Vfs*28 Indel 1 0 n.r.
PIK3CG 4 c.41_42delAG p.E14Gfs*147 Indel 1 0 5/62474*
PPP2R1B 4 c.342_343delTG p.V115Cfs*3 Indel 1 0 81/66082
PREX2 4 c.3210_3213delAACA p.D1072Vfs*17 Indel 1 0 n.r.
VEGFA 4 c.1085+2T>C p.(?) Splicing rs149528656 1 0 15/66648*
NAT1 5 c.559C>T p.R187* Nonsense rs5030839 FP 5 1 252/66632
CBR3 5 c.533delA p.D178Afs*46 Indel 1 0 102/66716
ABCC2 6 c.3196C>T p.R1066* Nonsense rs72558199 DM/P 2 0 35/66738*
ABCC4 6 c.2468dupA p.N823Kfs*12 Indel 1 1 26/66634

6 c.1150C>T p.R384* Nonsense 1 0 n.r.
ABCG2 6 c.706C>T p.R236* Nonsense rs140207606 FP 1 0 24/66634

6 c.736C>T p.R246* Nonsense rs200190472 FP/P 1 0 5/66692*
ZNF365 7 c.1065G>A p.W355* Nonsense rs142406094 2 0 4/66740*
CASP8 7 c.106delG p.E36Nfs*7 Indel 1 0 n.r.
CWF19L2 7 c.1605delA p.K535Nfs*4 Indel 1 0 n.r.
FBXW7 7 c.310delC p.H104Mfs*389 Indel 1 0 n.r.
RASSF1 7 c.888+1G>A p.V258Gfs*7 Splicing 1 0 1/64856*
MMP1 8 c.105+2T>C pQ35Vfs*11 Splicing rs139018071 FTV 3 0 114/66230
MMP12 8 c.327C>T p.W109* Nonsense 1 0 0/65722*
DPYD 9 c.1905+1G>A p.D581_N635del Splicing rs3918290 DM 2 1 389/66688
DHFR 9 c.95delT p.F32Sfs*7 Indel 1 0 n.r.
DNAJC21 10 c.1503delA p.K501Nfs*10 Indel 3 0 33/66560*

10 c.1629delT p.F543Lfs*4 Indel 2 0 5/11578*
S100A3 10 c.208delG p.V70Wfs*83 Indel 3 1 291/66718
CNTNAP4 10 c.3913G>T p.E1305* Nonsense 1 0 3/56224*
DNMT1 10 c.1035dupC p.K346Qfs*35 Indel 1 0 n.r.
GLG1 10 c.3520C>T p.R1174* Nonsense 1 0 n.r.
HTR3B 10 c.871C>T p.Q291* Nonsense 1 0 n.r.
ITGB4 10 c.665delG p.G222Efs*60 Indel 1 0 n.r.
MSR1 10 c.569delT p.L190Cfs*5 Indel 1 0 n.r.
PTPRJ 10 c.1191T>A p.Y397* Nonsense 1 0 n.r.
ROPN1L 10 c.135T>A p.Y45* Nonsense rs41280363 1 1 126/66680
STXBP4 10 c.181-1G>A p.K60Vfs*28 Splicing 1 0 3/66388*
TCL1A 10 c.253C>T p.R85* Nonsense 1 0 n.r.
Total variants 81 10

Variants listed in HGMD or ClinVar databases: DM, disease-causing (pathological) mutations; DM?, likely disease-causing (likely pathological) mutation;
P, pathogenic. ExAC, Exome Aggregation Consortium; n.r., variant not reported in ExAC.
aGenes are grouped (Gr 2�10) according to the functional relationship of coded proteins, as described in the legend of Fig. 1. The enhanced version
of the table (including missense variant predicted as pathogenic, numbers of reference transcripts, and frequencies in ExAC, ESP6500, and 1000
genomes databases) is available as Table S5.
bExAC allelic frequency in European non-Finnish population (mutated alleles/wt alleles).
cAsterisk (*) indicates Signi�cant differences (p < 0.05) between allelic frequencies in European non-Finnish population (ExAC) and in analyzed population
of patients (Fisher exact test).
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Fig. 2. Pathological characteristics of tumors and clinical characteristics of 325 analyzed BC patients grouped according to the presence of truncating
variant in any DNA repair gene (DNA repair; 41 patients), variant in only other genes (other; 64 patients), and no truncating variant (none; 220 patients).
The p-values (chi-square test) indicate insigni�cant differences in displayed characteristics among the analyzed subgroups.

variants in the DNA repair genes, carriers of truncating
variants in other genes, and patients not carrying truncat-
ing variants (Fig. 2).

Discussion

Panel NGS represents a reliable approach for the anal-
ysis of cancer susceptibility in clinical settings but also
in identi�cation of candidate genes in high-risk individu-
als. In contrast to exome or even genome NGS, it allows
the identi�cation of the carriers of pathogenic variants in
a cost-effective manner, with �exibility in the selection
of gene targets, sensitivity, and manageable bioinformat-
ics load for routine practice (20). Our analysis revealed
the presence of truncating variants in nearly one third of
analyzed patients and 30 patients (9%) carried truncating
variants in some of 15 genes (ATM, ATR, BLM, BRIP1,
ERCC2, FANCE, FANCL, FANCM, CHEK2, NBN, NF1,
RAD50, RAD51C, RAD51D, WRN) analyzed by cur-
rently clinically used NGS panels (5). Out of 73 genes
with truncating variants, in 51 genes we found only a sin-
gle truncation. This indicates that rare variants could be
identi�ed in a substantial proportion of high-risk individ-
uals; however, their clinical interpretation and differenti-
ation from incidental �ndings not associating with BC
susceptibility would be dif�cult.

Characterization of variants in DNA repair genes

The interesting result of our study is the high frequency
of potentially pathogenic variants in �ve FA genes in

4.9% high-risk patients. FA genes code for DNA repair
proteins contributing to genome stability maintenance
by the ICL repair [reviewed in (21, 22)]. FA proteins
form several protein�protein complexes (22). Hered-
itary bi-allelic mutations of FA genes are responsible
for the development of FA characterized by congenital
abnormalities, bone marrow failure, cellular hyper-
sensitivity to DNA crosslinking agents and cancer
susceptibility. The most frequent truncating variant
was c.1096_1099dupATTA in FANCL that codes an
ubiquitin ligase catalyzing the monoubiquitination of
FANCI/FANCD2 (ID2) complex � the key step in FA
pathway activation (23, 24). The c.1096_1099dupATTA
variant was described by Ali et al. (19) in a patient
that belonged to the FA-L complementation group. The
mutated FANCL protein (p.T367Nfs*13) contains an
aberrant chain of 12 amino acid residues that �anks to
the PHD/RING �nger domain catalyzing ubiquitin ligase
activity. Ali et al. (19) performed its functional charac-
terization revealing that the c.1096_1099dupATTA is
a hypomorphic mutation resulting in the formation of
altered protein with reduced binding to FA core complex
and reduced FANCD2 monoubiquitination. Same vari-
ant was also identi�ed by Akbari et al. (25) in a patient
with familial esophageal squamous cell carcinoma.
The results of our study, showing the overrepresen-
tation of c.1096_1099dupATTA among high-risk BC
patients, indicate that this variant may represent a
novel BC-susceptibility allele. However, further studies,
including segregation analyses providing information
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about the association of c.1096_1099dupATTA with
cancer phenotype in affected families and analyses
of the variant in other populations, will be necessary
to evaluate its potential clinical utility. As four out
of six c.1096_1099dupATTA carriers identi�ed by
our panel NGS carried also other truncating variants
(Fig. 1), we could not rule out the possibility that
c.1096_1099dupATTA could act as a rather modifying
variant. The recurrent mutations affecting FANCL and
FANCM at their C-termini indicate that truncating vari-
ants of FA genes located in far C-terminal regions may
impair the FA pathway under speci�c and so far uncom-
prehended circumstances. Such phenomenon has been
proposed also for the nonsense c.9976A>T (p.K3326*)
variant in BRCA2/FANCD1 truncating the last 93 amino
acids. In contrast to the majority of BRCA2 pathogenic
variants, the p.K3326* has been recognized as only a
modest BC-susceptibility allele (OR= 1.26) increasing
a risk of other cancers (26).
In FANCM, coding a helicase contributing to the

formation of the FA anchor complex, we identi�ed
four truncating variants in �ve patients. Truncations in
FANCM were recently associated with susceptibility for
triple-negative BC (27). In three patients (none of them
triple-negative), we identi�ed previously characterized
nonsense or exon skipping mutations that were shown
to increase BC risk (27, 28). The remaining two FANCM
variants included the rare nonsense mutation c.1972C>T
(p.R658*; in a luminal BC patient whose mother and
her sister suffered from bilateral BC) and the novel
mutation c.3979_3980delCA (p.Q1327Vfs*16; in a BC
patient with multiple breast and colorectal cancer (CRC)
cases in the family). The association between CRC and
germinal FANCM mutation has recently been identi�ed
in CRC tumor samples obtained from two c.5791C>T
(p.R1931*) carriers (29).
We have also identi�ed three RAD51C/FANCO muta-

tion carriers (0.9% of patients). The RAD51C was origi-
nally identi�ed as OC-susceptibility gene (30); however,
later data conferred also increased BC susceptibility (31).
Recently, we described two other pathogenic RAD51C
variants in two OC patients (13). These data indicate
that mutations in RAD51C may affect �1% of Czech
high-risk BC or OC patients.
Finally, the carriers of variants in FA genes comprised

also two basal-like BC patients carrying pathogenic vari-
ants in FANCE and BRIP1/FANCJ, respectively. Both
variants were reported in association with esophageal
cancer (25) and triple-negative BC (31), respectively.
We found rare truncating variants in several other genes

associated with hereditary BC that code for DDSB repair
proteins; however, we also identi�ed several truncat-
ing variants in the genes coding proteins engaged in
other DNA repair pathways. Among others, an inter-
esting candidate is EXO1, which codes for exonuclease
involved in numerousDNA repair pathways. Besides two
indels, we identi�ed and characterized the c.2212-1G>C
splicing mutation resulting in six amino acids in-frame
deletion (p.V738_K743del), involving the interaction
of EXO1 with MSH2 during MMR (32). Contrary to
our analysis, Wu et al. (33) characterized the identical

variant as a frameshift in a patient with hereditary
non-polyposis CRC.Moreover, we further identi�ed also
two rare EXO1 prioritized missense variants [c.325G>A
(p.E109K) and c.1105A>C (p.S369R)] in �ve patients.
Clustering of mutations in EXO1 and presence of muta-
tions in other genes involved for example in NER
(ERCC2, ERCC6) suggest that an impairment of these
repair processes by hereditary alterations could increase
BC susceptibility. The degree to which these variants
may in�uence BC susceptibility remains to be investi-
gated by further studies.

Variants in non-DNA repair genes

The potentially deleterious hereditary variants were iden-
ti�ed in 48/448 non-DNA repair genes, most frequently
(in 16 BC patients) in the genes that code for the enzymes
of steroid hormone metabolism and signaling. The
group primarily included members of the cytochrome
p450 superfamily contributing to the estrogen biosyn-
thesis (CYP11A1, CYP17A1, CYP19A1) or catabolism
(CYP3A5, CYP1A2) [reviewed in (34)]. Given that
estrogens may affect BC etiology, variants in CYP genes
may in�uence BC risk.
Variants in CYP11A1 and CYP17A1 identi�ed in

basal-like patients were previously described in patients
suffering from severe congenital adrenal insuf�ciency
(35) (OMIM#613743) and congenital adrenal hyper-
plasia (36) (OMIM#202110), respectively. Interestingly,
Hopper et al. (37) reported p.R239* (c.775C>T) vari-
ant inCYP17A1 in three BRCA1/2-negative young sisters
with BC and hypothesized that this variant is responsi-
ble for dominantly inherited and possibly high-risk BC.
Recently, Yang et al. (38) identi�ed c.987delC (p.Y329*)
variant in CYP17A1 in a patient from an HBOC family.
We found a novel variant, c.1058dupT (p.L353Ffs*10)
in CYP19A1, in a patient with a BC and non-Hodgkin
lymphoma duplicity whose mother developed bilateral
BC. Mutations in similar positions cause aromatase
de�ciency (OMIM#613546).
Defects in estrogen-catabolizing enzymes suggest a

mechanistically more obvious pathophysiological link to
BC promotion. As estrogens are known substrates of
CYP3A5 and CYP1A2 (34), 11 identi�ed carriers of
truncating variants in these genes could potentially have
reduced estrogen clearance. We also found a nonsense
variant in NQO2 coding a quinone reductase eliminating
estrogen quinones responsible for estrogen-initiated car-
cinogenesis (39) and one truncating variant in ESR2 that
codes for ER� with anti-proliferative signaling (40). The
high proportion of patients carrying constitutive truncat-
ing variants in steroid hormone metabolism genes sup-
ports the hypothesis of Hopper et al. (37) suggesting that
cancer-causing mutations in these genes may represent a
new pathophysiological mechanism linking genetic and
environmental interactions in BC susceptibility.
The other functional groups associating the patients

with truncating variants in functionally relevant genes
were smaller. It is obvious that at least some variants in
non-DNA repair genes have very limited (if any) impact
on BC susceptibility and they rather represent incidental
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�ndings [e.g. mutations in ABCC2 was identi�ed in
a patient with the Dubin�Johnson syndrome (41) or
known DPYD mutation related to the �uoropyrimidines
toxicity (42)]. Reporting of incidental �ndings is highly
questionable and a matter of debate (43, 44).

Disease and individual characteristics in carriers
of truncating variants

Considering the patients and disease characteristics in
the carriers of mutations in the major BC predisposing
genes, the earlier age at BC diagnosis or more aggres-
sive form of BC subtypes would be expected also in the
carriers of mutations in other BC-susceptibility genes. In
fact, we did not identify signi�cant differences in clinical
and histopathological characteristics between the carriers
and non-carriers of truncating variants. This result did
not change even when prioritized variants were added
into the comparison (data not shown). Similar behav-
ior was also documented recently in a large study of
1824 triple-negative BC patients analyzed by Couch
et al. (31) for hereditary mutations in 17 genes, where
signi�cant differences in enrichment for family BC/OC
history and tumor characteristics were identi�ed only in
the carriers of BRCA1/2 mutations but not in carriers of
non-BRCA1/2 mutations. We suggest that some principal
changes in the evaluation of clinical and histopathologi-
cal characteristics will be required to assess the clinical
importance of non-BRCA1/2 BC-susceptibility genes.
Since the frequencies of mutations in these genes are
lower by order than that inBRCA1/2, an international and
consortia effort will be required for such analyses.

Conclusions

Our study identi�ed truncating variants in 32% of
patients, and 9% of patients were carriers of a trun-
cating variant in the genes currently analyzed in clin-
ical NGS panels for the cancer risk prediction. The
most frequent truncating variants affected FA genes that,
together with BRCA1, BRCA2, and PALB2, make this
group the most important for cancer susceptibility in BC
patients. Our results also show an overrepresentation of
the FANCL variant c.1096_1099dupATTA in high-risk
patients, indicating that this variantmay represent a novel
BC-susceptibility allele. Moreover, we identi�ed poten-
tially pathogenic variants in several rarely mutated DNA
repair genes indicating that despite its low frequency,
variants in these genes may in�uence the development
of HBC in Czech patients. We believe that it is important
to analyze such genes and in international co-operation
to evaluate their contribution to the BC development
because they may represent clinically valuable predic-
tors of cancer risk in families of mutation carriers. Inter-
estingly, in other analyzed genes, we found truncating
variants in the genes coding the P450 enzymes of steroid
hormones metabolism in 5% of BC patients. Therefore,
this functional group may contribute to the explana-
tion of so far undisclosed missing heritability in some
high-risk BC patients. We are aware that exact role of

both c.1096_1099dupATTA and CYP genes in BC sus-
ceptibility needs to be further clari�ed by independent
and larger studies.
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RE: frameshift variant
FANCL*c.1096_1099dupATTA is not
associated with high breast cancer risk

To the Editor,
In our recent publication, we noted a borderline asso-

ciation of the truncating variant c.1096_1099dupATTA
in the FANCL gene with increased breast cancer (BC)
risk in high-risk BRCA1/BRCA2/PALB2-negative BC
patients (1). However, the subsequent analysis by Pfeifer
et al. (2) genotyping the c.1096_1099dupATTA variant
in 2370 samples from German and Macedonian BC
patients and controls failed to con�rm association of this
variant with BC risk.

We agree with Pfeifer et al. thatFANCL*c.1096_
1099dupATTA is unlikely a high-risk BC susceptibil-
ity allele with an immediate clinical utility. There are
several lines of evidence that do not support strong
involvement of this variant in BC susceptibility includ-
ing: (i) the relative high frequency of this variant
especially in European populations, (ii) functional char-
acteristics demonstrating that cells expressing FANCL
isoform coded by c.1096_1099dupATTA variant retain
the residual FANCL functional capacityin vitro (3),
and (iii) phenotypic characteristics that show only a
mild Fanconi anemia (FA) complementation group
L phenotype in the compound heterozygote carrying
FANCL*c.1096_1099dupATTA (alongside an another
truncatingFANCLvariant) (3). Moreover, we identi�ed
a male c.1096_1099dupATTA homozygote (in con-
trols) who had no signs of FA at his age of 57 years
(Table 1).

We also agree thatFANCL*c.1096_1099dupATTA
may confer a low (or lower) risk variant. We hypoth-
esized that this variant may represent a modifying
factor because its carriers were overrepresented only

in a subgroup of high-risk BC patients in our study
and also four out of six c.1096_1099dupATTA carriers
analyzed by a panel next-gene sequencing (NGS) car-
ried truncating variant(s) in other known or candidate
cancer-susceptibility gene(s). After publication of our
study reporting 15 carriers of c.1096_1099dupATTA
in 2126 analyzed samples of Czech BC patients and
controls, we identi�ed another eight carriers using the
CZECANCA multicancer panel NGS (4). The individ-
ual characteristics of c.1096_1099dupATTA carriers
(Table 1) indicate a relatively low mean age at diagnose
[47.2 years (range 28…76 years)] in 14 carriers with BC.
We also recently identi�ed three c.1096_1099dupATTA
carries with ovarian cancer diagnosed at early age.
Contrary to Pfeifer et al. who reported that only one out
of 10 identi�ed c.1096_1099dupATTA carriers had a
family BC history, we have noticed a known familial
history of BC (in a �rst or second degree relative) in nine
out of 23 carriers (39%) and a familial history of some
cancer in 15 carriers (65%). The c.1096_1099dupATTA
variant was accompanied by another truncating vari-
ant(s) in nine out of 14 cancer patients analyzed by a
panel NGS (Table 1). We suppose that these character-
istics indicate that c.1096_1099dupATTA may (perhaps
mildly) modify the breast (or other) cancer risk or cancer
onset. However, further studies are required to estimate
the risk of cancer development in c.1096_1099dupATTA
carriers precisely. The segregation analyses and NGS
analyses in families of carriers would be also required to
evaluate the involvement of this hypomorphic variant in
the risk of other cancer development or in modi�cation
of cancer onset.
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Table 1. The clinical and genetic characteristics of c.1096_1099dupATTA carriers identi“ed in the Czech populationa

Proband
no.

Cancer
diagnosis

Age at dg
(*at analysis)

Family cancer
history (date
at diagnosis,
or + death) NGS panel

Truncating variant
in cancer

susceptibility or
candidate genes

The carriers of c.1096_1099dupATTA in FANCL referred in Lhota et al. (1)
1249b BC 36 FM-BC (+40); FF-Brain

tumor(+73);
MM-BC (+70).

SP None.

1252b BC 41 F-RC(62); FM-RC(75);
FB-PrC(65);MM-BC.

SP CHEK2: c.444+1G>A
(p.R148Vfs*6), c.277delT
(p.W93Gfs*17);XRCC4:
c.25delC (p.H9Tfs*8).

748b BC 44 MS1-BC (52);MS2-BC (58);
MS3-BC (60).

SP ABCC2:
c.C3196T (p.R1066*).

C0211b BC&BC 42&43 Unknown. SP DCLRE1C:
c.1903dupA (p.S635Kfs*6).

1316b BC 67 M-BC (+50); MS-BC (80). SP CYP3A5:
c.92dupG (p.L32Tfs*3);

IL8: c.91G > T (p.E31*).
1331b BC 76 M-BC (75);S-BC(63). SP None.
960c BC 33 None. CZ None.
1908c BC 38 S-melanoma(48); FM-RC. CZ MSR1:

c.877C>T (p.R293*).
1782c BC 28 None. CZ None.
A546d BC 47 None. n.d. …
A626d BC 73 Unknown. n.d. …
A032d BC 54 None. n.d. …
K101e None *80 B-myeloma(+65). n.d. …
C015 e,f None *57 F-PrC. n.d. …
C308e None *50 None. n.d. …
The carriers of c.1096_1099dupATTA in FANCL identi“ed after publication of Lhota et al. (1) study
3100 BC 29 None. CZ None.
2946a16 BC 57 M-BC (51); D-Hodgkin (24);

F-LC(69);FM-BC (50).
CZ None.

2885a16 None. *44 M-BC (69). CZ None.
1846a15 None *37 MM-BC (40)&BC(70);

FB-CRC.
CZ DNAJC21:

c.1503delA (p.K501Nfs*10).
3524a15 None *31 M-CRC(48); MM-UBC;

two cousins-BC.
CZ None.

868 OC 26 None. CZ BRCA2:
c.A9976T (p.K3326*).

120 OC 39 F-UBC(58). CZ TSHR:
c.2102dupG
(p.Q702Pfs*17).

2864 OC 48 F-LC(+74); FS2-GBC;
FS3-BC(+ 82);
FB-LC(+74).

CZ RAD51C:
c.502A>T (p.R168*).

B, brother; CZ, CZECANCA (CZEch CAncer paNel for Clinical Application) cancer panel (219 genes), described in (4); CRC, colorectal
cancer; D, daughter; GBC, gallbladder cancer; FB, father•s brother; FM, father•s mother; LC, lung cancer; MM, mother•s mother; MS,
mother•s sister; n.d., not done; PrC, prostate cancer; RC, renal cancer; S, sister; SP, SOLiD gene panel (581 genes) used in Lhota
et al. (1); UBC, urinary bladder cancer.
a20/23 carriers (except K101, C015, and C308) were females. All BC histologies were ductal BCs (except the second medullary BC
in patient C0211).
bSix carriers identi“ed by NGS analysis in 325 high-risk BC patients.
cThree carriers identi“ed in additional sample set of 337 high-risk BC patients by genotyping (analyzed further by CZECANCA panel
NGS).
dThree carriers identi“ed in 673 sporadic BC patients.
eThree carriers (males) identi“ed in 686 controls.
fHomozygote for the c.1096_1099dupATTA variant in theFANCLgene.
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Abstract
The increasing application of gene panels for familial cancer susceptibility disorders will

probably lead to an increased proposal of susceptibility gene candidates. UsingERCC2

DNA repair gene as an example, we show that proof of a possible role in cancer susceptibil-

ity requires a detailed dissection and characterization of the underlying mutations for genes

with diverse cellular functions (in this case mainly DNA repair and basic cellular transcrip-

tion). In case of ERCC2, panel sequencing of 1345 index cases from 587 German, 405 Lith-

uanian and 353 Czech families with breast and ovarian cancer (BC/OC) predisposition

revealed 25 mutations (3 frameshift, 2 splice-affecting, 20 missense), all absent or very rare

in the ExAC database. While 16 mutations were unique, 9 mutations showed up repeatedly

with population-specific appearance. Ten out of eleven mutations that were tested exem-

plarily in cell-based functional assays exert diminished excision repair efficiency and/or

decreased transcriptional activation capability. In order to provide evidence for BC/OC pre-

disposition, we performed familial segregation analyses and screened ethnically matching

controls. However, unlike the recently publishedRECQLexample, none of our recurrent

ERCC2mutations showed convincing co-segregation with BC/OC or significant
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overrepresentation in the BC/OC cohort. Interestingly, we detected that some deleterious

founder mutations had an unexpectedly high frequency of> 1% in the corresponding popu-

lations, suggesting that either homozygous carriers are not clinically recognized or homozy-

gosity for these mutations is embryonically lethal. In conclusion, we provide a useful

resource on the mutational landscape of ERCC2 mutations in hereditary BC/OC patients

and, as our key finding, we demonstrate the complexity of correct interpretation for the dis-

covery of “bonafide” breast cancer susceptibility genes.

Author Summary

Approximately 5–10% of breast/ovarian cancer (BC/OC) cases have inherited an increased
risk of developing this malignancy. However, mutations in the two major breast cancer
susceptibility genes BRCA1 and BRCA2 explain only 15–20% of all familial BC/OC cases.
With the emergence of the high throughput NGS-technology, the number of proposed
novel candidate genes for breast cancer predisposition continuously increases. However, a
“bonafide” proof of cancer susceptibility requires a detailed characterization of candidate
mutations, which we addressed in the current study. Using the DNA repair geneERCC2as
an example, we performed a comprehensive multi-center approach, analyzingERCC2
mutations in 1000+ patients with hereditary BC/OC. We identified 25 potential candidate
mutations for cancer breast cancer susceptibility, some of them affectingERCC2func-
tional activity in appropriate cell-culture based assays. However, a more dissected analysis
showed no convincing co-segregation with BC/OC and there was no longer a significant
overrepresentation in BC/OC when compared to regionally matched controls instead of
the global ExAc variant data base, pointing to the relevance of founder-mutations. In con-
clusion, we provide a useful resource on the mutational landscape ofERCC2mutations in
hereditary BC/OC patients and, as our key finding, we highlight the complexity of correct
interpretation for the discovery of“bonafide” breast cancer susceptibility genes.

Introduction
Since it became evident that only 15%-20% of the familial risk for BC/OC can be explained by
mutations in the major breast cancer-susceptibility genesBRCA1andBRCA2[1], the search
for additional BC/OC susceptibility loci has been pursued. In times of limited sequencing
power this pursuit was based on carefully selected candidate genes which typically came from
(i) cancer-associated syndromes (ii) linkage screens in largeBRCA1/2-negative families and
(iii) case–control association studies using single-nucleotide polymorphisms [2,3]. Since
sequencing power is no longer an issue, the candidate approach is on its decline and about to
be replaced by next generation sequencing (NGS) of large gene panels which, taken together,
cover a total of more than 100 genes, only 21 of which have been associated with breast cancer
so far [4]. This offers amazing opportunities for detection of novel susceptibility loci but also
bears the danger of substantial misuse [4], because variants picked up by these panels are not
clinically validated. Therefore, post-marketing data validation is absolutely essential [5]. Rare
variants, however, need huge case-control datasets in order to reach the requested statistical
significance of P< 0.0001 [4]. Until such large datasets become available, variant validation
needs to focus on mutations that are clearly deleterious on functional level but still frequent
enough to be validated by a few thousand controls. Such recurrent yet harmful variants are best
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identified by screening various populations for founder mutations. InNBN, for example, a pro-
tein-truncating variant (c.657del5) has been identified in Eastern Europe, which is sufficiently
common to allow its evaluation in a BC/OC case–control study [6]. Also the successful valida-
tion of deleterious Polish and Canadian founder mutations inRECQL[7] underlines the huge
potential of multi-national BC/OC cohorts.

In this study we sequenced 1345 BC/OC cases from 3 different Central- and East European
countries with multi-gene panels and identified recurrent founder mutations inERCC2, which
were functionally validated in cell-culture based assays. As essential component of transcription
factor IIH, the ERCC2 protein is involved in basal cellular transcription [8] and nucleotide exci-
sion repair (NER) of DNA lesions [9]. The most known inherited disease associated with bi-alle-
lic mutations inERCC2is Xeroderma pigmentosum type D (XPD, OMIM 278730), a hereditary
cancer-prone syndrome characterized by extreme skin photosensitivity and early development
of multiple skin tumors [10]. Therefore,ERCC2is a plausible candidate gene for cancer suscep-
tibility. On the other hand, bi-allelic mutations inERCC2can also lead to syndromes without
increased propensity to tumor development, namely Trichothiodystrophy 1 (TTD; OMIM
601675) and cerebrooculofacioskeletal syndrome (COFS2; OMIM 610756). This indicates that
not all functionally relevantERCC2mutations increase cancer susceptibility in their carriers.

Results and Discussion

Panel sequencing identifies a broad spectrum of rare variants as well as
recurrent founder mutations inERCC2
Within the entire set of 1345 BC/OC index cases, we have detected three different frame-shift
(fs) mutations [p.(Val77fs), p.(Phe568fs) and p.(Ser746fs)], one splice-acceptor site mutation
(c.1903-2A> G), one nucleotide exchange that activates a cryptic splice site (c.2150C> G) and 20
rare missense mutations (Table 1, Fig 1). Whereas 14 mutations were unique (2 fs, 1 splice-site,
11 missense), 11 mutations (1 fs, 1 splice-affecting, 9 missense) have been found in 43 indepen-
dent families. The most frequent mutation was p.(Asp423Asn) identified in 8 carriers from Lith-
uania and one from the Czech Republic. The common polymorphisms p.(Lys751Gln) and p.
(Asp312Asn) have each been encountered in approximately 64% of our cases; since these vari-
ants have been considered to be functionally irrelevant [11], we did not include them in our
functional study. Among the 20 rare missense variants reported inTable 1, thirteen are predicted
by various computer algorithms to be pathogenic (Table 1andS4 Table). Further computational
analysis of the conservation (PhyloP) and depletion (CADD) scores [12] for the mutated nucleo-
tides strongly supported pathogenicity for these variants (S2 Fig). Mapping the mutated AA
positions onto the ERCC2 protein structure revealed a widespread distribution pattern (Fig 1).
Residues 13, 450, 461, 513, 536, 576, 592, 601, 611, 631, 678 cluster at the helicase motifs of the
HD1 and HD2 catalytic domains and residues 166, 167, 188, 215, 280, 316, 423, 487, 722 locate
at the TFIIH transcription factor complex binding domains (Arch, FES, and C-terminal). XPD-
causing mutations located at the HD2 domain have been shown to inactivate helicase repair
capability without disrupting protein structure. Mutations causing trichothiodystrophy (TTD,
OMIM 601675), on the other hand, are located well away from the catalytic site of the enzyme
and destabilize ERCC2 structure and TFIIH protein interactions [13–15]. We suggest that BC/
OC relevant mutations might affect both—catalytic activity as well as protein stability.

Functional testing identifiesERCC2mutations with deleterious effects on
protein level
So far, 11 variants (9 recurrent founder mutations and 2 unique variants;Fig 2C) were tested in
functional assays for nucleotide excision repair (NER) capability (Fig 2A) as well as
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Fig 1. Domain structure and modeling of the ERCC2 mutations. (A) Mutations in the XPD/ERCC2 protein
domains. The diagram shows the ERCC2 protein with the four XPD domains shown as HD1 (blue), HD2 (green),
FeS (Orange) and Arch (purple). The human enzyme has a C-terminal (grey) extension (CTE) that probably
forms an interaction surface with the p44 protein. Disease-relevantERCC2mutation sites are indicated in boxes
(blue or red frame: missense or truncating mutation, respectively; fillings: light-gray, cases with breast cancer

ERCC2Mutations in Familial Breast- and Ovarian Cancer

PLOS Genetics | DOI:10.1371/journal.pgen.1006248 August 9, 2016 5 / 18



transcription (Fig 2B). Whereas six out of the 11 BC/OC-associatedERCC2variants tested in
this study, have not yet been linked to any disease [AA positions 423, 450, 513, 536, 631, 746],
five AA positions have already been found to be mutated in either TTD [AA 461 [16], 487 [17],
568 [18,19], 592 [20]] or XPD [AA 601 [21]] (Figs1Band2C). According to our functional
assays, four ERCC2 protein variants [p.(Asp423Asn), p.(Arg487Trp), p.(Phe568Tyrfs) and p.
(Arg631Cys)] failed to enhance functional NER of an UV-treated reporter gene plasmid indi-
cating the impairment of ERCC2 repair capacity. The remaining seven tested variants retained
some NER capability (Fig 2A). Concerning transcription, we detected a dominant negative
influence of seven ERCC2 protein variants [p.(Asp423Asn), p.(Leu461Val), p.(Arg487Trp), p.
(Asp513Tyr), p.(Val536Met), p.(Arg601Gln), p.(Ser746fs)] on reporter gene expression (Fig
2B) indicating transcription blocking. In summary, 10 of 11 mutations display diminished
excision repair efficiency and/or decreased transcriptional activation capability, with p.
(Asp423Asn) and p.(Arg487Trp) being the variants with the highest impact on protein
function.

The majority of theERCC2mutations are founder mutations
The hallmarks of a founder mutation are recurrent appearance, population specificity and hap-
lotype sharing. As to recurrent appearance, 11 out of 25ERCC2mutations were seen at least
twice in our BC/OC cohort (last column inTable 1). Among the 11 recurrent variants, 5 were
identified exclusively in one of the three populations tested in this study (e.g. p.(Arg487Trp): 4x
LT only) and another 5 were significantly overrepresented in one of the 3 populations (e.g. p.
(Asp423Asn): 8x LT, 1x CZ, 0x GE). For two of the population-enriched recurrent founder
mutations, we could also demonstrate haplotype sharing: (i) the mutation c.1381C> G
(rs121913016) always co-occurred and co-segregated with mutation c.2150C> G (rs144564120),
a haplotype which has been observed repeatedly in TTD/XPD patients [9,16,22]. (ii) In almost
all cases (10/11) the frame-shift mutation c.1703_1704delTT co-occurred with the c.1758
+32C> G polymorphism (rs238417). Furthermore, these two variants are only 84 nt apart from
each other and all NGS-reads covering both variants showed these variants simultaneously, i.e.
these variants are definitely localized incison the same DNA molecule.

Even small region-specific control cohorts outnumber huge public
variant databases
In the variant discovery phase of this project, the frequencies ofERCC2mutations found in the
BC/OC cohort were compared to the corresponding frequencies in public databases provided
by the NHLBI Exome Sequencing Project (ESP) and the Exome Aggregation Consortium
(ExAC). As shown inTable 2, some intriguing mutations, like p.(Phe568fs) and p.
(Asp423Asn), have very low frequencies according to ExAC, suggesting significant odds ratios
(OR). As a first proof of principle measure, we performed segregation analysis. However, none
of our recurrentERCC2mutations showed convincing co-segregation with BC/OC (Fig 3).
Moreover, as soon as a small number of population-specific control probands has been
sequenced, it became clear that almost all founder mutations in the BC/OC cohort showed

(BC); pink, case with ovarian cancer only (OC); dark-gray: cases with either breast- or ovarian cancer (BC or
OC); dark-green, patients with both breast- and ovarian cancer (BC + OC)). Numbers in brackets indicate
recurrent mutations. (B) Structural placement of mutations on a C-alpha trace model of human ERCC2. The
residues targeted by HBOC-causing mutations are represented as space-filled red spheres. Xeroderma
pigmentosum (XP) and trichothiodystrophy (TTD) disease causing mutations sites as reported in ClinVar are
shown in yellow and black spheres. Missense variants at residue position 423, 461, 487, 568, 461 and 722 have
been found in both BC/OC as well as XP (red-yellow spheres) and TTD (red-black spheres) patients.

doi:10.1371/journal.pgen.1006248.g001
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Fig 2. Nucleotide excision repair (NER) capacity and Transcriptional activity of breast cancer associated XPD/ERCC2 variants. (A) Several
XPD/ERCC2 variants cloned into an expression vector were analyzed regarding to complementation ofERCC2-defective XP6BE cells
overexpressing the NER-deficient R601W XPD mutant [15] (normalization for overexpression artifacts). Black bars indicate the mean relative repair
capacity (in %, WT-XPD was set to 100%) of an UV irradiated firefly luciferase reporter gene plasmid (UVC 1000 J/m2) obtained by host cell
reactivation (n>6 in triplicates). Red lines mark the range between DNA-repair levels of empty vector, i.e. residual repair activity of the cells, and
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similar frequencies in the ethnically matching control cohorts. The only exception so far is the
Lithuanian mutation p.(Arg487Trp), which was found 4 times in the Lithuanian BC/OC cohort
and not (yet) in the corresponding control cohort (Table 2). With just above 100 individuals
this cohort is way too small to be of any statistical relevance. Therefore, the acquisition of addi-
tional samples is mandatory. But even in this very early phase of variant (de-)validation it
becomes evident that regionally matching control cohorts–as small as they may be–are supe-
rior to any huge global cohort. Since genotypic data allow to locate the geographic origin of a
given individual within a few hundred kilometers [23], the term“regionally matching” should
be defined as“less than ca. 300 km distance from the recruitment center”. As a consequence,
regionally matching controls are even superior to population-specific controls, because popula-
tions do mix, especially in regions close to national borders. The p.Phe568fs mutation, for
example, has been seen only once in a German BC/OC index case and never in the 1844 Ger-
man controls. Based on population-specific data we would have been very excited about this
finding. But the German case was recruited in Dresden, close to the Czech border, and in
Prague, 118 km away, the same mutation has been found twice in a small control cohort of
only 105 non-cancer females. This underlines the importance of regional controls and multi-
national studies for reliable variant validation.

ERCC2mutations with tumorigenic relevance are probably located in
very small and scattered areas of the protein
Due to its involvement in DNA repair and due to encoding a helicase likeRECQL[7], ERCC2is
a plausible gene candidate for familial cancer susceptibility. Bi-allelic mutations inERCC2, how-
ever, can cause the cancer-prone disease XPD as well as the“non-cancer”-disease TTD [27] and
there is no evident genotype-phenotype correlation [19]. The pathogenic p.(Arg112His) muta-
tion, for example, has been identified in TTD patients as well as in a patient with major features
of XPD [19]. Furthermore, impairment of DNA repair capacity is not correlated with tumor
burden: the mutation p.(Phe568Tyrfs), for example, has been identified in non-cancer TTD
patients twice, but not once in cancer-prone XPD patients, although this study (Fig 2) as well as
a previous study [19] clearly show diminished repair capability of this frameshift variant. From
these observations we have to conclude that a limited subset of mutations inERCC2might pre-
dispose to cancer but these mutations are not likely to cluster in a defined area of the gene nor
do they necessarily affect a specific sub-function of the ERCC2 protein. Therefore, cancer pre-
disposingERCC2mutations are very likely to be discovered only on the basis of familial co-seg-
regation with cancer and overrepresentation in cancer cohorts vs. region-specific controls.

The incidence of ERCC2-related diseases is not in line with the
frequency of deleterious founder mutations in the corresponding
populations
Although the founder mutations tested in this study may not predispose to BC/OC they still
confer carrier status for the recessive disorders XPD (OMIM 278730), TTD (OMIM 601675)

WT-XPD, i.e. 100% repair capacity. (B) Dominant modulation of firefly luciferase reporter gene expression (without irradiation) via overexpression of
XPD/ERCC2 BC/OC-associated variants was estimated in the transcriptionally-proficient but repair-deficient XPD/ERCC2-defective XP6BE cells.
Black bars indicate the mean relative reporter gene expression (in %, empty vector control was set to 100%), obtained by CMV-promotor driven
basal transcription (n>6 in triplicates). Error bars indicate the standard error of the mean. Significance levels were calculated, after pairwise testing
for normal distribution of the values, using appropriate statistical tests for comparison of two groups (T-Test or U-Test, # = reference group,*** =
p<0.001, ** = p<0.01, * = p<0.05, n.s. = not significant). (C) Additional characteristics of the mutations tested for repair efficiency and transcriptional
activity.

doi:10.1371/journal.pgen.1006248.g002
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and COFS2 (OMIM 610756). Even the TTD-causing mutation p.(Phe568fs) alone has been
detected in 7 of 806 samples from the Czech Republic (CZ), i.e. the frequency of heterozygous
carriers of this mutation is approx. 0.86%. According to Hardy-Weinberg equilibrium model,
this would result in a TTD incidence of 1/30.000. Based on combined data from the DNA
repair diagnostic centers in France, West-Germany, Italy, the Netherlands and the United
Kingdom the actual incidence for TTD is 1.2 per million [28]. Since it is reasonable to assume

Table 2. ERCC2 allele frequencies (%) in BC/OC patients and corresponding control cohorts. The allele frequency is counted on the basis of sample
size (in brackets) and number of observed cases (seeTable 1) with hetero- and homozygosity.

AA / nt change CZ CZ LT LT GE GE ExAc

(N = 25) BC/OC Ctrl BC/OC Ctrl BC/OC Ctrl vers. 0.2

[353]a [453]b [405] [103] [587] c [1844]d [variable] e

Pro13Ser 0 0 0 0 0.0851 0 0

Val77Alafs 0.1416 0 0 0 0 0 0

Arg166Cys 0 0 0.2469 0 0 0 0

Glu167Gln 0 0 0 0 0.0851 0 0.0033

Gly188Ala 0 0 0 0 0.0851 0 0

Pro215Leu 0 0 0.1234 0 0 0 0

Arg280His 0 0 0.1234 0 0 0 0.0072

Gln316Glu 0 0 0 0 0.0851 0 0.0152

Asp423Asn 0.1416 0.1104 0.9876 1.456 0 0.0542 0.0248

Arg450His 0 0 0 0 0.1704 0.0813 0.0214

Leu461Val 0 0 0 0 0.2553 0.1356 0.1345

Arg487Trp 0 0 0.4938 0 0 0 0.0034

Asp513Tyr 0 0 0 0 0.0851 0 0

Val536Met 0 0 0 0 0.1704 0 0.0231

p.Phe568fs 0.4249 0.4415 0.1234 0 0.0851 0 0.0093

Glu576Lys 0 0 0 0 0.0851 0.0542 0.0008

Arg592His 0 0 0.8642 0 0.0851 0 0.0332

Arg601Gln 0 0.1104 0 0 0.1704 0.0542 0.0175

Val611Ala 0.1416 0 0 0 0 0 0.0042

Arg631Cys 0 0 0.1234 0 0.0851 0 0.0025

c.1903-2A>G 0 0 0 0 0.0851 0 0

Val678Leu 0 0 0.1234 0 0 0 0

c.2150C>G 0 0 0 0 0.2553 0.0813 0.0349

Arg722Gln 0.1416 0 0 0 0 0 0.0067

p.Ser746fs 0 0 0 0 0.0851 0 0

BC/OC = index cases with breast- and/or Ovarian cancer; Crtl = healthy or non-cancer related individuals; CZ = Czech Republic, GE = Germany,

LT = Lithuania; AA = Amino acid; nt = nucleotide; ExAC = Exome Aggregation Consortium, Cambridge, MA (URL:http://exac.broadinstitute.org) [accessed

May 2015];
a 28 samples from Brno (TruSight-Cancer) + 325 samples from Prague [24,25] (custom panel with 581 genes);
b 105 female non-cancer samples from Prague [25,26] (custom panel with 581 genes) + 108 female non-cancer samples from Brno, sequenced in pools with

the TruSight-Cancer panel + 240 non-cancer samples from Prague, sequenced in pools with the TruSight-Cancer panel;
c 271 samples from Dresden + 316 samples from Munich (MGZ), all sequenced with the TruSight-Cancer panel;
d 1629 individual exome samples from the Cologne Center for Genomics (CCG) + 79 individual non-BC/OC TruSight-One samples from Dresden + 136

individual non-BC/OC TruSight-Cancer samples from Dresden and Munich (MGZ);
e Since the exome data have been collected from various sources with various enrichment strategies, the sample size varies for each variant. Each allele

frequency has been calculated with the corresponding sample size for that allele.

doi:10.1371/journal.pgen.1006248.t002
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Fig 3. ERCC2 frameshift mutation c.1703_1704delTT (p.Phe568fs) in familial breast and ovarian cancer pedigrees.
Individuals with breast cancer (BC), ovarian cancer (OC) or both (BC, OC) are shown as circles filled in black. Individuals tested
positive for the familial mutation are indicated in detail; those with WT (wild-type) have been tested negative. All affected
individuals with BC or OC not tested for germline mutations in ERCC2 were either deceased or refused testing. (A) German, (B)
Lithuanian and (C-E) Czech pedigrees.

doi:10.1371/journal.pgen.1006248.g003
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that (i) a TTD incidence of 1/30.000 would not be missed by the clinical geneticists in CZ and
(ii) the publications reporting p.(Phe568fs) as TTD-causing [9,19] are not wrong, there is one
logical explanation for the discrepancy between allele frequency and disease incidence: homo-
zygosity for p.Phe568fs is embryonic lethal. This is in-line with the observation that complete
loss of ERCC2 activity is not compatible with life in homozygous knock-out mice [29] and it is
also consistent with the observation that all XPD and TTD patients tested so far have residual
ERCC2 activity [30]. Since an elevated TTD/XPD incidence has not been reported in Lithuania
either, we can assume that homozygosity of the frequent Lithuanian founder mutation p.
(Asp423Asn) (Table 2), which clearly displayed functional deficiency in our experiments (Fig
2), is embryonic lethal as well.

In conclusion, this multi-national study ofERCC2mutations in patients with familial BC/
OC and regionally matching controls identified and functionally verified a broad spectrum of
unique and recurrentERCC2mutations. Although the frequent founder mutations are not
very likely to predispose to BC/OC, some mutations, like p.(Val77Alafs), that are unique to the
BC/OC cohort are worth to be considered in future large-scale association studies.

Materials and Methods

Ethics statement
Informed written consent was obtained from all patients and the study was approved by the
Local Research Ethics Committee (EK 162072007).

Subjects, families and pedigrees
We enrolled affected individuals from 587 German BC and BC/OC pedigrees with hereditary
gynecological malignancies through a genetic counseling program at two centers (Dresden,
Munich) from the“German Consortium for hereditary breast- and ovarian cancer”
(GC-HBOC) and at the Medical Genetics Center (MGZ) in Munich. Additional 131 BC- and
136 BC/OC families were collected at the Vilnius University Hospital Santariskiu Klinikos in
Vilnius, Lithuania and 28 BC/OC families were gathered in the Czech Republic at Brno. The
Czech Prague subgroup involved 325 BC patients negatively tested for presence of pathogenic
BRCA1andBRCA2variants [24] and 105 non-cancer controls analyzed as described recently
[25,26], and additional 240 controls [26] sequenced in pools. The BC pedigrees fulfilled the cri-
terion that at least three affected females with breast cancer but no ovarian cancers were pres-
ent (breast cancer pedigrees). In the BC/OC pedigrees, at least one case of breast and one
ovarian cancer had occurred. All individuals with variantERCC2alleles were checked for
mutations in 10 BC/OC core genes defined by GC-HBOC (ATM, BRCA1, BRCA2, CDH1,
CHEK2, NBN, PALB2, RAD51C, RAD51DandTP53). Informed consent was obtained from all
people participating in the study, and the experiments were approved by the ethics committees
of the institutions contributing to this project.

TruSight-Cancer panel sequencing
DNA was obtained from peripheral blood of all patients. For panel enrichment approximately
85 ng genomic DNA was required. We used the TruSight Cancer Illumina kit (Illumina),
which targets the coding sequences of 94 genes associated with a predisposition towards cancer
(S1 Table), following the manufacturer's instructions. Sequencing was carried out on an Illu-
mina MiSeq instrument as 150 bp paired-end runs with V2 chemistry. Reads were aligned to
the human reference genome (GRCh37/hg19) using BWA (v 0.7.8-r455) with standard param-
eters. Duplicate reads and reads that did not map unambiguously were removed. The
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percentage of reads overlapping targeted regions and coverage statistics of targeted regions
were calculated using Shell scripts. Single-nucleotide variants and small insertions and dele-
tions (INDELs) were called using SAMtools (v1.1). We used the following parameters: a maxi-
mum read depth of 10000 (parameter -d), a maximum per sample depth of 10000 for INDEL
calling (parameter -L), adjustment of mapping quality (parameter -C) and recalculation of per-
Base Alignment Quality (parameter -E). Additionally, we required putative SNVs to fulfill the
following criteria: a minimum of 20% of reads showing the variant base and the variant base is
indicated by reads coming from different strands. For INDELs we required that at least 15% of
reads covering this position indicate the INDEL. Variant annotation was performed with
snpEff (v 4.0e) and Alamut-Batch (v 1.3.1) based on the RefSeq database. Only variants (SNVs/
small INDELs) in the coding region and the flanking intronic regions (±15 bp) were evaluated.

Custom breast cancer panel sequencing
The data related to the ERCC2 gene in this study were retrieved from the custom-made gene
panel sequencing analysis described recently [25]. Briefly, genomic DNA was obtained from a
peripheral blood of 325 BC Czech patients from the Prague area that were negatively tested
for a presence of pathogenic variants in theBRCA1or BRCA2gene previously [24]. The fre-
quency of population-specific variants was assessed by a concurrent analysis of 105 control
DNAs obtained from non-cancer individuals [26]. One� g of genomic DNA was used for
library construction. The DNA was fragmented by ultrasonication and edited for SOLiD
sequencing. Target DNA enrichment was performed by a custom solution-based sequence
capture (SeqCap EZ Choice Library, Roche) according to the NimbleGenSeqCap EZ Library
SR User's Guide (Version 4.2, Roche). Five hundred and ninety targeted genes include 141
genes that code for known proteins involved in DNA repair and DNA damage response path-
ways, and an additional set of genes retrieved from Phenopedia at HuGE Navigator16 web
site associated with“breast neoplasms” (assessed February 2012). Captured libraries were
sequenced on SOLiD4 system. Finally, exonic regions of 581 genes were captured successfully
with sufficient coverage. Reads were aligned to the human reference genome (GRCh37/hg19)
using Novoalign (CS 1.01.08) with standard parameters. Conversion of SAM to BAM format
was performed with SAMtools (0.1.8). Single-nucleotide variants and small insertions and
deletions (INDELs) were called using SAMtools (0.1.8). Variant annotation was performed
with ANNOVAR [31]. For final evaluations, small INDELs, intronic variants flanking ± 2 bp
to exon borders, and rare SNPs (presented in 1000 genome or exome sequencing (ESP) proj-
ects with frequency< 1%) were considered.

Sanger sequencing
Validation ofERCC2variants in probands and family members was performed by classical
Sanger sequencing. Additional DNAs from 8 HBOC patients affected by malignant melanoma
(5 cases) or presence of melanoma in other family members (3 cases) were analyzed for the
completeERCC2coding region.ERCC2exons were amplified with intronic primers (S2 Table)
and sequenced using the ABI Prism Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems). Genomic DNA (50 ng) containing 1x PCR Master Mix (Qiagen) and 0.25� M of
each forward and reverse primers in 15� l reaction volume was subjected to PCR amplification
for 25 cycles (30 sec at 95°C, 30 sec at 64°C and 30 sec at 72°C).

Functional validation ofERCC2variants
Variant cloning. Wild typeERCC2cDNA was amplified from reverse transcribed mRNA

isolated from fibroblasts derived from healthy donors (RevertAid H Minus First strand cDNA
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synthesis kit; Thermo scientific, Waltham, MA, USA) using forward (5’TTAGGTACCATGA
AGCTCAACGTGGACG) and reverse (5‘ TTATCTAGATCAGAGCTGCTGAGCAATCT)
primers and cloned into the pJET1.2/blunt vector (CloneJET PCR Cloning Kit; Life technolo-
gies, Waltham, MA, USA). These primers carryKpnI andXbaI restriction sites to release
ERCC2cDNA by double restriction enzyme digestion (Life technologies). TheERCC2cDNA
was purified from agarose gels using the Wizard SV Gel and PCR Clean-Up System (Promega,
Klaus, Austria) and cloned into the pcDNA3.1(+) mammalian expression vector (Life technol-
ogies) and subsequently transformed into DH5� E.colicells. Colony PCR (using T7 and M13
primers) and Sanger sequencing of the entire gene was performed using the BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Life technologies, for primers seeS3 Table).

For generation of theERCC2variants, site directed mutagenesis was applied using Phusion
High-Fidelity DNA Polymerase (Life technologies) and specific primer pairs in either the clas-
sical protocol (for variants Ser746FS and D513Y, Stratagene) or an optimized site-directed
method (all other variants, for primers seeS3 Table). For the latter, template (100 ngERCC2in
pcDNA3.1(+)) was first subjected to dam methylation using dam methyl transferase (NEB,
Frankfurt a. M., Germany). Afterwards, a first PCR was conducted with the forward-primer
using Phusion polymerase (Life technologies) in a 2-Step PCR protocol with 5 minutes of
annealing and elongation at 72°C for 18 cycles. Then over-night enzyme digestion withDpnI
(Life technologies) was followed by ethanol precipitation. A second PCR using reverse primers
(same conditions) was performed with this template and ethanol precipitated. The final reac-
tion product was subject to transformation of DH5� E.colicells. Positive clones were verified
by Sanger sequencing as described above.

Assay set-up. The host cell reactivation (HCR) assay measures the amount of nucleotide
excision repair (NER) in actively transcribed genes. This dual reporter gene assay deploys the
turnover rate of firefly luciferase substrate as readout for the NER capacity of host cells trans-
fected with the (UV-) damaged reporter gene plasmid encoding for firefly luciferase [32]. HCR
can be used for DNA repair capacity assessment of NER deficient host cells transfected with
DNA repair gene variants as well as for measuring in situ transcription using non-irradiated
firefly luciferase reporter gene plasmids [33,34].

ERCC2-deficient XP6BE-SV-immortalized fibroblasts were a generous gift of K.H. Kraemer
(NIH, Bethesda, MD, USA) and harbor two differently mutatedERCC2alleles [p.Arg683Trp
and an in-frame deletion of amino acids (AA) 36–61] [9]. XP6BE cells were transfected using
Attractene Transfection Reagent (Qiagen, Hilden, Germany) according to the manufacture’s
advice, with plasmids coding for firefly luciferase (100 ng), renilla-luciferase (50 ng) and an
empty pcDNA3.1(+) vector or XPD-variants cloned into the pcDNA3.1(+) expression vector
(100 ng) (for cloning see above). The plasmid coding for firefly luciferase was divided into two
fractions prior to transfection. One fraction was irradiated with 1000 J/m2 of UVC light, a sec-
ond fraction stayed untreated. The non-irradiated renilla-luciferase plasmid serves as an inter-
nal control for normalization of transfection efficacy.

After incubation of transfected XP6BE cells for one day (37°C, 5% CO2), which allows suffi-
cient repair of the UV-photoproducts and protein expression of the luciferases, cells were lysed
and analyzed using Dual-Luciferase Reporter Assay System (Promega, Klaus, Austria). The
luminescence measurements were performed in a white Glomax 96 microplate using the Glo-
max luminometer (Promega, Klaus, Austria).

The relative repair capacity is estimated using this formula:

repairð%Þ ¼
meanðirradiated firefly=renilla per wellÞ

meanðunirradiated firefly=renilla per wellÞ
x 100
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The repair capacity of XP6BE cells transfected with the wild typeERCC2cDNA containing
expression vector was set to 100%.

Transcriptional activity was calculated as the amount of firefly luciferase expression from
non-irradiated plasmids in XP6BE cells transfected either with wild typeERCC2or breast can-
cer associatedERCC2variants containing expression vectors relative to the amount of firefly
luciferase expression in XP6BE cells transfected with the empty expression vector. The latter
was set to 100%. Every experiment (NER capacity as well as transcription) was conducted at
least six times in triplicates.

Modeling of ERCC2 protein structure
Structural modeling of the ERCC2 variants.Homology modeling of the human ERCC2

protein was performed with SWISS-MODEL (ExPASy). The crystal structure of the ATP-
dependent DNA helicase Ta0057 fromThermoplasma acidophilum(RCSB:4A15, UniProt:
Q9HM14) was used as template structure for modeling. Predicted models for the residue
changes of the detected missense mutations inERCC2were displayed and analyzed using
Visual Molecular Dynamics (VMD) (S1 Fig). The predicted models were superimposed onto
the Ta0057 structure with the MulitSeq tool integrated in VMD.

In-silico interpretation of missense variants.The probability of effect of non-synony-
mous mutations inERCC2was calculated by the amino acid (AA) substitution prediction
methods SIFT, PolyPhen2, Provean, Mutation Taster, MAPP, and AGVD (S4 Table). Based on
these data, a summarizing rating was assessed (last column inS4 TableandTable 1). Distribu-
tion of PhyloP and Grantham scores [35] for dbSNP, ClinVar and all variants identified in
ERCC2were analyzed. Statistical probability scores of PhyloP and Grantham scores and analy-
sis of distribution plots are provided (S4 TableandS2 Fig).

AA conservation alignment
A multiple alignment of ERCC2 AA sequences was done according to HomoloGene (NCBI) in
order to assess the AA conservation of the detected variants in 20 species with homologous
proteins (S3 Fig).

Supporting Information
S1 Fig. ERCC2 domain structure and overlay of ERCC2 missense mutations Arg478Trp
and Asp423Asn.A) Schematic showing the domain structure and canonical motifs of human
ERCC2. Helicase motor domains HD1 (blue) and HD2 (green) form the DNA ATP-binding
interface. The FeS (orange) and the Arch (purple) domains are inserted into HD1. The bound-
aries of the FeS cluster binding domain are indicated by red spheres. The human enzyme C-ter-
minal (grey) extension (CTE) is indicated in grey. Domain boundaries are indicated by residue
numbers. B,C) 3D representation of the native (cyan) and mutant (pink) overlayed ERCC2
protein structures show a detailed structural environment of the wild-type (green), Arg487 and
Asp423 residues in comparison to the Arg487Trp and Asp423Asn mutants (red). Surrounding
amino acids (AAs) are indicated as licorice. (B) Note the significant changes in the AA constel-
lations Arg424, Thr425 induced by the by the Asp423Asn replacement. (C) The Arg487Trp
AA replacement introduces a tryptophan residue which protrudes beyond the protein surface
and might destabilize the interactions with the surrounding AAs His700, Glu690 and Leu701
within the protein loop.
(TIF)
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S2 Fig. Distribution of PhyloP and CADD scores for 1000G, ClinVar and the mutations
identified in this study in the ERCC2 gene.A) Evolutionary conservations (PhyloP) and
Combined Annotation Dependent Depletion (CADD) scores are represented for all non-syn-
onymous ERCC2 variants found in BC/OC patients. Blue: Variants with no significant func-
tional effect; Red: variants which showed a deleterious functional effect by no
complementation of NER-deficient cells and/or negative modulation of transcription; Green:
variants not tested. B) This analysis was further extended to analyze these combined scores for
all non-synonymous variants reported in 1000G and ClinVar with no reported clinical signifi-
cance (Class 1–3), or ClinVar reported pathogenic variants (Class 4–5) to visualize the proba-
bility for the ERCC2 variants which have not been functionally tested to be pathogenic or
benign. Heat maps show the distribution and frequency for the combined PhyloP and CADD
scores in 1000G and ClinVar. Red colors indicate a low frequency and green colors a high fre-
quency. ERCC2 variants showing no functional pathogenic effect (circle), pathogenic variants
with NER complementation failure and/or negative modulation of transcription (triangles),
and variants not tested in our functional studies (black square) are represented. ERCC2 vari-
ants with deleterious functional effects show a better overlap with ClinVar pathogenic variants
(Class 4–5) by their location mostly restricted to dark green and yellow as indicated. In con-
trast, location of variants shows within the dark red plot region when compared to 1000G and
ClinVar (Class 1–3).Variants not included in our functional studies show a similar distribution
pattern as functional deleterious variants which overlaps with ClinVar pathogenic variants
(Class 4–5). In total, most of the ERCC2 variants are located in areas of high conservation and
high deleteriousness. Statistical probability scores for these analyses are provided inS4 Table.
PhyloP and CADD scores for 1000G and ClinVar variants were obtained from the annotation
browser SNiPA [36].
(TIF)

S3 Fig. ERCC2 amino acid (AA) sequence alignment.Multiple sequence alignment of protein
regions from various species surrounding the identified human ERCC2 missense variants (S4
Table). Affected residues are indicated in red letters. The dotted lines correspond to sequence
gaps or sequence regions not yet available. Except Glu167, all affected residues showed strong
conservation across vertebrates (Arg166, Gly188, Arg280, Gln316, Asp423, Leu461, Arg487,
Val611, Val678, Ala717, Arg722) or even across all species (Pro13, Pro215, Arg450, D513,
Val536, Glu576, Arg592, Arg601, Arg631). The AA variability at codon 167 is in line with the
results of the effect prediction algorithms which predict the Glu167Gln replacement as benign
(S4 Table). Accession number of the ERCC2protein sequences used for AA sequence compari-
son are as follows: Homo sapiens (NP_000391.1); Pan troglodytes (NP_001233519.1); Macaca
mulatta (XP_002808245.1); Canis lupus (XP_541562.3); Bos taurus (NP_001096787.1); Mus
musculus (NP_031975.2); Rattus norvegicus (NP_001166280.1); Xenopus tropicalis
(NP_001008131.1); Danio rerio (NP_957220.1); Drosophila melanogaster (NP_726036.2);
Anopheles gambiae (XP_311900.4); Caenorhabditis elegans (NP_497182.2); Saccharomyces
cerevisiae (NP_011098.3); Kluyveromyces lactis (XP_452994.1); Eremothecium gossypii
(NP_986780.1); Schizosaccharomyces pombe (NP_593025.1); Magnaporthe oryzae
(XP_003716866.1); Neurospora crassa (XP_956536.2); Arabidopsis thaliana (NP_171818.1);
and Oryza sativa (NP_001054627.1).
(TIF)

S1 Table. Genes covered by the TruSight-Cancer gene panel.
(DOCX)
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S2 Table. ERCC2/XPD primers for Sanger-validation of NGS derived mutations and analy-
sis of familial segregation.All sequences shown in 5’ ! 3’ direction. XPD = alternate name of
ERCC2.
(DOCX)

S3 Table. Primer pairs used for PCR amplification, Sanger sequencing, and site directed
mutagenesis of ERCC2 variants.All primers (de-salted and deprotected) were synthesized by
Sigma-Aldrich (Taufkirchen, Germany).
(DOCX)

S4 Table. Effect prediction of ERCC2 missense variants.The probability of effect of non-syn-
onymous mutations in ERCC2 was predicted by the computer programs: SIFT, Sorting Invari-
ant from Tolerated (Score under 0,05: not tolerated; Range 0–1); PolyPhen-2, Classification
following PSIC scores (HumVar, "benign"- "possibly damaging“—"probably damaging ",
Range: 0–1); Provean, Protein Variation Effect Analyze; MAPP, Multivariate Analysis of Pro-
tein Polymorphism; Align-GVGD, Scores (C0, C15, C25, C35, C45, C55, C65) from C0 (likely
benign) to C65 (likely pathogenic); CADD, Combined Annotation Dependent Depletion [12].
Dlt = deleterious, PrD= probably damaging, PsD= possibly damaging, Bgn= benign, Ntr=
neutral. Conservation was calculated with PhyloP (Score range from -14.1 to 6.4). Grantham
[35] distance scores (Range 0–215). AA exchanges in gray background are located in cis and
form a haplotype.
(DOCX)
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Pancreatic ductal adenocarcinoma (PDAC) is the sixth most frequent cancer type in the Czech Republic with a
poor prognosis that could be improved by an early detection and subsequent surgical treatment combined
with chemotherapy. Genetic factors play an important role in PDAC risk. We previously identi � ed one PDAC
patient harboring the Slavic founder deleterious mutation c.657del5 in the NBN gene, using a panel next-
generation sequencing (NGS). A subsequent analysis of 241 unselected PDAC patients revealed other mutation
carriers. The overall frequency of c.657del5 in unselected PDAC patients (5/241; 2.07%) signi � cantly differed
from that in non-cancer controls (2/915; 0.2%; P = 0.006). The result indicates that the NBNc.657del5 variant
represents a novel PDAC-susceptibility allele increasing PDAC risk (OR = 9.7; 95% CI: 1.9 to 50.2). The increased
risk of PDAC in follow-up recommendations for NBNmutation carriers should be considered if other studies also
con� rm an increased frequency of c.657del5 carriers in PDAC patients from other populations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the sixth most frequent
cancer type (with an incidence of 19.6/100,000 persons in 2013) and
the � fth most frequent cause of cancer death in the Czech Republic
(www.svod.cz ). The prognosis of PDAC is poor with a 5-year survival
of 7% and a median survival of 6 months ( Siegel et al., 2015). Early
detection and subsequent surgical treatment combined with chemo-
therapy can improve the 5-year survival up to 40% ( Nakao et al.,
2006). While population screening is not rational due to the low PDAC
incidence, the identi � cation of high-risk individuals, who may bene � t
from the available screening methods, is desirable.

A genetic predisposition is the major endogenous risk factor of PDAC
development, together with chronic pancreatitis and diabetes mellitus

(Becker et al., 2014). It has been estimated that 5 …10% of PDAC patients
have a positive family PDAC history. The genetic basis of most familial
PDAC cases has not been explained yet; however, several PDAC-
susceptibility genes have been identi � ed, including genes ( BRCA1,
BRCA2, PALB2, MLH1, MSH2, MSH6, PMS2, STK11, APC, CDKN2A) associat-
ed with hereditary cancer syndromes (reviewed in ( Becker et al.,
2014)). The protein products of numerous PDAC-susceptibility genes
are directly involved in DNA repair and the DNA damage response.
The most prevalent mutations have been identi � ed in BRCA2(up to 6%
of patients and increasing PDAC risk 3.5-fold ( Couch et al., 2007)) and
PALB2(3% of patients ( Jones et al., 2009)). Their protein products
share a common functional role in the DNA double-strand break
(DDSB) repair. The NBNgene encodes nibrin, a protein participating in
the formation of the multiprotein MRN ( MRE11-RAD50-NBN) complex,
an inevitable sensor of DNA damage in the DDSB repair ( Carney et al.,
1998). Biallelic NBNmutations predispose to the autosomal recessive
Nijmegen-breakage syndrome (NBS) characterized by chromosomal
instability and an increased risk of lymphoid malignancies and other
cancers (Varon et al., 1998). Heterozygous NBNmutations predispose
to breast cancer (BC) ( Gorski et al., 2003), non-Hodgkin lymphoma
(Steffen et al., 2006), and prostate cancer ( Cybulski et al., 2013 );
however, their role in PDAC predisposition has not been studied yet.
The most frequent pathogenic mutation in NBS patients and NBN-
associated cancers is the recurrent Slavic founder mutation c.657del5
(c.657_661delACAAA) ( Varon et al., 2000).

The next-generation sequencing (NGS) technology introduced
analyses of large gene collections into genetic analyses in patients

Gene 587 (2016) 169 …172
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with cancer susceptibility. Among others, NBN is routinely analyzed
in many cancer gene sequencing panels. Recently, we have performed
a study of germline variants in � uencing the breast cancer susceptibility
in high-risk breast cancer patients using the custom panel NGS ( Lhota
et al., 2016). We subsequently used the identical approach for the
analysis of pancreatic cancer predisposition in a PDAC patient from
multiple cancer family. We identi � ed the c.657del5 germline mutation
in the NBNgene in this patient. Therefore, we aimed to determine the
frequency of c.657del5 in unselected Czech PDAC patients.

2. Materials and methods

2.1. Panel NGS analysis in a patient with pancreatic ductal adenocarcinoma

In order to identify possible germline pathogenic variant in PDAC-
susceptibility genes, we performed custom panel NGS targeting 581
genes in a PDAC patient from multiple cancer family ( Fig. 1). The NGS
and bioinformatics analysis was performed as described previously
(Lhota et al., 2016) and revealed germline c.657del5 NBNvariant. The
mutation was con � rmed by Sanger sequencing from independent PCR
ampli � ed blood DNA sample. The presence of the c.657del5 NBNvariant
in deceased proband's sister with gastric cancer ( Fig. 1) was analyzed in
DNA isolated from FFPE tumor tissue using the Cobas DNA Sample
Preparation Kit (Roche).

2.2. Patients with pancreatic ductal adenocarcinoma

We genotyped c.657del5 NBN variant in blood-isolated DNA
samples from 241 unselected, histopathologically-veri � ed PDAC
patients, which included 152 samples from the National Institute of
Public Health [median age at diagnosis: 63 years (ranged 40 …82); 59
females] and 89 samples from the Department of Oncology, General
University Hospital in Prague [median age at diagnosis: 64 years
(ranged 38 …84); 49 females]. Information about family history of
cancer in c.657del5 carriers was gathered from medical records when
available.

The control group included 915 non-cancer individuals and it had
been described and genotyped previously. All patients and controls

were of Slavic descent and of Czech origin. The study was approved by
the local Ethical Committees and a written informed consent was
obtained from all participants.

2.3. The NBN c.657del5 genotyping

The exon 6 of the NBN gene was analyzed by a high resolution
melting (HRM; LightCycler 480; Roche) using HOT FirePol EvaGreen
HRM Mix (Solis BioDyne). The primer sequences had been described
previously ( Mateju et al., 2012 ). The presence of c.657del5 was
con� rmed by sequencing.

2.4. Statistical analysis

The difference between groups was calculated using the Fisher exact
test (FET).

3. Results

We analyzed a PDAC patient (diagnosed at 64 years) from
multiple-cancer family and identi � ed the c.657del5 NBN mutation
using the panel NGS ( Fig. 1). Except to this germline mutation,
we found no other truncating variants in other known PDAC-
susceptibility genes ( BRCA1, BRCA2, PALB2, MLH1, MSH2, MSH6,
PMS2, STK11, APC, CDKN2A). The presence of c.657del5 mutation
was con� rmed also in the proband's sister deceased from gastric
cancer (Fig. 1).

In the subsequent analysis, we genotyped c.657del5 in other 241
unselected PDAC patients and found � ve mutation carriers among
them (2.07%). Thus, the frequency of c.657del5 among PDAC patients
was signi � cantly higher than that in previously analyzed controls (2/
915), suggesting that the carriers of c.657del5 have an increased risk
of PDAC development (OR = 9.7; 95%CI: 1.9 …50.2; PFET= 0.006). A
PDAC family history was documented in none of the � ve c.657del5
carriers from 241 unselected PDAC patients; however, one patient
had family cancer history (a sister with gastric cancer), and another
female patient suffered from a duplicity of BC (at 46 years) and PDAC

Fig. 1. Pedigree (A) of the multiple cancer family showing the proband with PDAC (indicated by an arrow) and her sister, both carrying c.657del5. DNA samples f rom other relatives were
not available for genotyping. The ages of cancer diagnoses (dg.) or cessation ( •) are indicated in the pedigree. The deletion of � ve nucleotides (TTTGT from reverse strand) is highlighted
by a red frame in NGS analysis (B), con � rmed by Sanger sequencing (C).
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(at 64 years). The mean age at diagnosis for the c.657del5 carriers was
65.8 years (range 59…73).

4. Discussion

The highest frequency of NBN mutation carriers (up to 3.7% of
patients) was found in BC patients from Central and Eastern Europe
(Gorski et al., 2003). Recent meta-analysis indicated that c.657del5 is a
moderate BC (OR = 2.51; 95%CI: 1.68…3.73) and lymphoma (OR =
2.93; 95%CI: 1.62…5.29) susceptibility allele, and that it also strongly in-
creases the risk of prostate cancer (OR = 5.87; 95%CI: 2.51 …13.75) ( Gao
et al., 2013). The association of the hereditary NBNmutations with BC
susceptibility led to the inclusion of NBNinto multigene cancer panel
NGS analyses in high-risk individuals ( Couch et al., 2015). Two studies
have reported the results of hereditary mutation analysis performed
by multi-gene panel testing in PDAC patients. While no truncating
NBN mutation was identi � ed in two previous studies of 290 and 638
patients, respectively ( Grant et al., 2015; Roberts et al., 2016 ), Hu et al.
found one c.657del5 carrier in 96 patients (also carrying the CHEK2
mutation) ( Hu et al., 2016). Recently, Lener et al. performed analysis
of 10 prevalent founder mutations in BRCA1, CHEK2, PALB2and NBN
(incl. c.657del5) in 383 pancreatic cancer patients and detected eight
carriers of c.657del5 (2.09%), indicating the increased risk of pancreatic
cancer in c.657del5 carriers (OR = 3.8; 95%CI: 1.68 …8.60) in Poland
(Lener et al., 2016).

The high frequencies of c.657del5 identi � ed in PDAC patients in our
and Lener et al. studies indicate that NBN is another DNA repair gene
involved in PDAC-susceptibility. In comparison with our current study
identifying 2.07% of c.657del5 carriers in unselected PDAC patients,
earlier analyses found considerably lower frequencies of the mutation
in Czech unselected BC (0.3%), colorectal cancer (0.3%), and lymphoma
patients (0.8%) ( Lhota et al., 2016; Pardini et al., 2009; Soucek et al.,
2003). Our results and Lener et al. study ( Lener et al., 2016) suggest
that c.657del5 may be a novel PDAC-susceptibility allele signi � cantly
increasing the risk of PDAC development [combined OR calculated
from this and Lener et al. studies comprising 624 pancreatic cancer
patients (13 carriers of c.657del5) and 4915 controls (24 carriers) is
4.33; 95%CI 2.2…8.56; p b 0.001]. However, further studies in larger
populations together with segregation analyses will be necessary to
con� rm our observation. They also may help specify the PDAC-
associated risk more precisely, which is required for clinical manage-
ment of the carriers and evaluation of c.657del5 as a putative predictive
biomarker for therapy using DNA cross-linking agents or PARP inhibi-
tors in carriers with PDAC ( Schroder-Heurich et al., 2014 ).

Only the � rst patient identi � ed in our preliminary NGS analysis had
an indicative family cancer history ( Fig. 1) and c.657del5 co-segregated
with cancer diagnoses in the family. Its presence in the proband's sister
with gastric cancer indicates that the carriers of c.657del5 may develop
a broader spectrum of cancers. One in � ve carriers from the unselected
PDAC group had a sister with gastric cancer (unfortunately, no DNA
from this patient was available). The other mutation carriers displayed
no family cancer history, just like the c.657del5 mutation carrier in the
aforementioned report by Hu et al. ( Hu et al., 2016). The similar mean
age at PDAC diagnosis in carriers and non-carriers in our analysis
(65.8 and 63.5 years, respectively) suggests that the c.657del5 mutation
is not associated with an earlier disease onset.

In conclusion, our study suggests a novel role of the c.657del5
mutation in PDAC susceptibility. Future analyses of NBNin multi-gene
cancer panels will help identify the hereditary pathogenic NBNmuta-
tions throughout the entire gene and enable a more accurate estimation
of NBN-associated cancer risks.
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A B S T R A C T

Alternative pre-mRNA splicing increases transcriptome plasticity by forming naturally-occurring alternative
splicing variants (ASVs). Alterations of splicing processes, caused by DNA mutations, result in aberrant splicing
and the formation of aberrant mRNA isoforms. Analyses of hereditary cancer predisposition genes reveal many
DNA variants with unknown clinical signi � cance (VUS) that potentially a� ect pre-mRNA splicing. Therefore, a
comprehensive description of ASVs is an essential prerequisite for the interpretation of germline VUS in high-risk
individuals.

To identify ASVs in a gene of interest, we have proposed an approach based on multiplex PCR (mPCR)
ampli � cation of all theoretically possible exon-exon junctions and subsequent characterization of size-selected
and pooled mPCR products by next-generation sequencing (NGS). The e�ciency of this method is illustrated by a
comprehensive analysis ofBRCA1ASVs in human leukocytes, normal mammary, and adipose tissues and stable
cell lines.

We revealed 94 BRCA1 ASVs, including 29 variants present in all tested samples. While di� erences in the
qualitative expression of BRCA1 ASVs among the analyzed human tissues were minor, larger di� erences were
detected between tissue and cell line samples.

Compared with other ASV analysis methods, this approach represents a highly sensitive and rapid alternative
for the identi � cation of ASVs in any gene of interest.

1. Introduction

Hereditary mutations in cancer-susceptibility genes are responsible
for tumor development in about 5% of all cancer patients. The carriers
of hereditary mutations face a high life-time risk of cancer, which often
develops at an early age (Rahman, 2014). Tailored care improving life
expectancy in these high-risk individuals requires an unequivocal
identi � cation of causative mutations in hundreds of known cancer-
susceptibility genes. The recent introduction of next-generation se-
quencing (NGS) into clinical diagnostics enables a simultaneous ana-
lysis of multiple genes; however, its clinical utility is hampered by the

presence of many variants with unknown signi � cance (VUS) (Cheon
et al., 2014). These genetic changes emerge as rare germline missense,
silent or intronic variants with an uncertain biological and functional
impact on the resulting protein isoform. The number of identi � ed VUS
rises proportionally to the length of the analyzed genomic sequence,
and many of them may alter mRNA splicing processes
(Tavtigian & Chenevix-Trench, 2014).

Pre-mRNA splicing controls the composition of matured mRNA by
regulated intron exclusion and exon linking. A primary wild-type (wt)
transcript (pre-mRNA) can be variably processed by alternative splicing
into alternative mRNA variants translated into protein isoforms with
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di� erent biological activities ( Bentley, 2014). Alternative splicing must
be distinguished from aberrant splicing resulting from a dysregulation
of natural splice site recognition caused by DNA mutations. The DNA
sequence variants a� ecting pre-mRNA splicing are more prevalent than
estimated up to now, and they account for at least 15% of disease-
causing mutations, and for up to 50% of all mutations described in
some genes (Caminsky et al., 2015; Soukarieh et al., 2016). Various
splicing assays help to disclose the impact of VUS on splicing processes
(Whiley et al., 2014 ), and variants that cause aberrant splicing are
considered pathogenic. The evaluation of aberrant splicing requires a
precise knowledge of alternative splicing variants (ASVs) for the ana-
lyzed primary transcript ( Colombo et al., 2014). Despite large-scale
RNA sequencing projects (e.g. ENCODE, GTEx), there is no precise
catalogue of ASVs or validated RNAseq data for most clinically-relevant
genes (Sloan et al., 2016; Baralle & Buratti, 2017 ).

Recently, two articles have described a comprehensive analysis of
naturally occurring splicing variants in BRCA1(Colombo et al., 2014;
Romero et al., 2015), one of the most studied cancer-susceptibility
genes responsible for hereditary breast and ovarian cancer
(Kleibl & Kristensen, 2016). In both studies, the RNA-based analysis
involved a combination of various techniques including RT-PCR, exon
scanning, cloning, sequencing, and relative (semi)quanti� cation. This
experimental variability negatively a � ects the reproducibility of spli-
cing variant analyses from various mRNA sources and makes the
methods di� cult to use in the analyses of other gene products. The
large number of these analytic techniques makes the analysis laborious,
may negatively a� ects its reproducibility, and adaptation to char-
acterize another gene transcripts. Therefore, we aimed to develop a
versatile approach suitable for the characterization of ASVs in any gene
of interest based on NGS of multiplex PCR-generated amplicons cov-
ering all theoretically possible exon-exon junctions.

2. Materials and methods

2.1. An overview of experimental design

We aim to characterize the ASVs of any gene from an RNA sample,
dominantly on the qualitative level. The analysis comprises four steps:
i) multiplex PCR (mPCR) ampli � cation of all theoretically possible
mRNA splicing variants from a cDNA template, ii) pooling of mPCRs,
puri � cation and size selection of pooled mPCR products targeting short
amplicons, iii) standard NGS library preparation from size-selected
mPCR fragments followed by routine Illumina sequencing, and iv) a
bioinformatics analysis. We have demonstrated the e� ciency of the
mPCR/NGS approach by the characterization of BRCA1 ASVs because i)
the BRCA1 gene is the most frequently altered breast cancer suscept-
ibility gene in many countries including the Czech Republic and many
BRCA1 VUS contribute to aberrant splicing, ii) 63 BRCA1 mRNA var-
iants were recently described using conventional RT-PCR and capillary-
electrophoresis by Colombo et al. (2014) and Romero et al. (2015),
indicating that iii) the BRCA1 mRNA splicing isoform pattern is highly
variable.

2.2. Alternative BRCA1 splice site nomenclature

All alternative splicing events were classi � ed into biotypes based on
previously published nomenclature ( Colombo et al., 2014; Romero
et al., 2015). The insertions (�) and deletions ( � ) denote splicing
events a� ecting a single exon (cassette) or > 1 consecutive exons
(multicassette). The deletions a� ecting the 5� and 3� ends of an exon
were described as an exon number with an added•pŽ or •qŽ, respec-
tively. The extension of an exon sequence into an adjacent intronic
region is described as an exon number with an •aŽ. The splice donor/
acceptor shift (SDS/SAS) variants were identi� ed and counted as NGS
reads with deletions of nucleotides at the exon-exon junctions or in-
sertions of intronic parts � anking to the 5� or 3� ends of an exon. The

mixed biotypes denoted combinations of the above-mentioned events.
The BRCA1 exons were numbered according to the Breast Cancer In-
formation Core Database (https://research.nhgri.nih.gov/bic/ ) no-
menclature.

2.3. Patients and samples

The characterization of BRCA1 ASVs was performed in 96 RNA
samples obtained from 32 individuals (Supplementary Table S1), in-
cluding 16 non-cancer controls, eight breast-cancer (BC) patients
without BRCA1 mutation, and eight BRCA1-mutation carriers.
Simultaneously-obtained tissue samples were collected during BC sur-
gery or preventive mastectomy (in BC patients and BRCA1 mutation
carriers) or during cosmetic breast surgery (in controls). All enrolled
individuals were Caucasians of a Czech origin who gave a written in-
formed consent approved by ethical committees to participate in the
study. RNA samples were isolated from the leukocytes and macro-
scopically dissected fresh mammary and adipose perimammary tissues
of each individual. We further analyzed RNA samples from stable
human cell lines (from MCF7 cells, and from pooled EM-G3, HeLa, and
MDA-MB-231 cells). The cell lines were maintained as described pre-
viously ( Brozova et al., 2007; Sevcik et al., 2012; Sevcik et al., 2013;
Vondruskova et al., 2008).

2.3.1. Total RNA isolation, quality control and cDNA synthesis
All RNA samples were processed according to MIQE guidelines

(Bustin et al., 2009). Peripheral blood samples (2.5 ml) were collected
into PAXgene Blood RNA tubes, incubated overnight at room tem-
perature, and stored at � 20 °C. All stored samples were thawed and
stored for 2 h at room temperature before RNA isolation performed
with PAXgene Blood RNA Kit (PreAnalytiX). Solid tissue samples
(~100 mg/sample) were submerged into 1 ml of RNAlater (Qiagen)
immediately after surgical excision, processed according to the manu-
facturer, and after overnight incubation (2 …8 °C) stored at� 80 °C until
RNA isolation. Forty micrograms of thawed, RNAlater-preserved sam-
ples were homogenized using MagNA Lyser Green Beads tubes on
MagNA Lyser Instrument (Roche) in the presence of 1 ml Qiazol
(Qiagen). Total RNAs from the homogenated tissues and cultured cells
were isolated with RNeasy Tissue Mini Kit (Qiagen).

All RNA samples were treated by DNase I, quanti� ed on NanoDrop
1000 (Thermo Fisher Scienti� c) and characterized by the RNA integrity
number (RIN) using Bioanalyzer 2100 with RNA 6000 Nano Kit
(Agilent Technologies; tissue samples RINmean = 7.4; range 6.3 …8.9).

Overall, 1.5 � g of RNA was used for cDNA synthesis (in a reaction
volume of 20 � l). The cDNA synthesis was performed using SuperScript
III Reverse Transcriptase (Thermo Fisher Scienti� c) and random hex-
amers (Roche) as described previously (Kleiblova et al., 2010). A rou-
tine PCR control of cDNA quality/integrity was performed prior to
further analyses (not shown).

2.4. Multiplex PCR (mPCR) ampli� cation and size selection

2.4.1. Primer designing
The primers were designed to speci� cally cover all possible exon-

exon junctions. The resulting PCR amplicons thus enable the identi� -
cation of all canonical as well as alternative splicing mRNA isoforms.
Forward primers targeted the 3� region while reverse primers aimed at
the 5� region of an exon (Supplementary Fig. S1). For the analysis of a
single gene transcript consisting of N exons, the number of N-2 forward
and N-2 reverse primers is required for the ampli � cation of all theo-
retically possible exon-exon junctions in at least N-2 mPCR reactions
that are � nally pooled into one mPCR pool.

For the analysis of BRCA1 ASVs, we designed 45 primers targeting
22 coding exons of the canonical BRCA1 transcript (NM_007294), and
alternative exons 11q and 13A (Fig. 1A, Supplementary Table S2). All
individual PCRs were optimized separately (Supplementary Fig. S2)
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and subsequently in mPCR (Supplementary Fig. S3).

2.4.2. mPCR ampli� cation and preparation of mPCR pools
All theoretically possible splicing events of a gene of interest can be

ampli � ed in a few mPCRs. The number of mPCRs depends primarily on

the number of exons of the analyzed gene. Every individual mPCR
contains a single forward primer and a set of reverse primers targeting
all consecutive exons except the exon directly � anking to the exon
targeted by the forward primer (Supplementary Fig. S1). The undesired
synthesis of the amplicons of several consecutive exons was reduced by

Fig. 1. Method overview. The chart (A) shows primer pairs (forward …red; reverse…blue) used for mPCR ampli� cations of all theoretically possible BRCA1 ASVs. Due to the presence of
the large exon 11, 31 mPCR reactions (violet letters; B) were performed in three •blocks•. All 31 mPCR reactions were performed with each of 14 cDNA pools (C). Twelve cDNA pools of
human cDNA samples and two cDNA pools from cell line samples served as templates for 31 mPCR reactions. Agarose gel electrophoresis of 31 mPCRs (ranging in size between ~50 and
~700 bp; purple dashed line) from a single cDNA pool is shown in (D). All 31 mPCRs from each cDNA pool sample were further pooled together (to create an mPCR pool) and analyzed on
Agilent Bioanalyzer (E; the overlaying electrophoretograms of 12 mPCR pools show good reproducibility). The double-sided size selection was used to enrich the short mPCR amplicons
that were subsequently used for NGS library preparation. The agarose gel electrophoresis (F) displays the enrichment of size-selected fragments (SS; red dashed line boxes) while size-
excluded fragments (SE; blue dashed line boxes) were discarded. The size-selected (SS) samples (ranging at 50…150 bp in length; red dashed line box in G) were veri � ed by Agilent
Bioanalyzer. The MiSeq reads were mapped to the bam� les (Supplementary Table S3) containing all theoretically possible BRCA1 splicing cassette and multicassete events. Visual
inspection of reads in IGV viewer enabled direct assessment and quanti� cation of SDS/SAS as shown (H) for the� CAG at the 5� end of exon 8 (erroneously mapped as� GCA; coverage
depth is shown as grey vertical bars; forward (pink) and reverse (blue) reads are shown as vertical bars). In normal mammary tissue of BC patients (shown in H); � CAG accounted for 742
reads (20.1%), while 2945 sequencing reads were recorded for wt sequence (Supplementary Table S6). (For interpretation of the references to colour in this � gure legend, the reader is
referred to the web version of this article.)
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a short elongation time (Supplementary Fig. S3B).
The analysis of BRCA1 ASVs in each cDNA template required 31

mPCRs (Fig. 1B). To overcome the usually limited amount of RNA (and
resulting cDNA) available from human tissue samples, the cDNA tem-
plate for mPCRs was prepared by the pooling of individual cDNAs (from
the same tissue and sample subgroup;Fig. 1C). This may be necessary
especially with multiexonic and low-expressed genes (including BRC-
A1) which require a larger number of mPCRs consuming an increased
amount of cDNA. Although the cDNA pooling resulted in a loss of in-
formation about the expression of ASVs in the individual cDNA sam-
ples, it increased the chances of detecting low-expressed ASVs.

For the BRCA1 analysis, eight individual cDNA samples (16� l each)
from the same tissue type and patient group were pooled together to
obtain 12 patient cDNA pools (each 128 � l; Fig. 1C). We also analyzed
cDNAs from stable human cell lines (cDNA from MCF7 cells and a pool
of cDNAs from EM-G3, HeLa and MD-MB-231). Each of the 12 patient
cDNA pools, MCF7 cDNA, and cDNA cell line pools served as a template
for 31 mPCRs. Each 40� l mPCR contained 4� l of pooled cDNA tem-
plate (equivalent to 300 ng of RNA), a single forward primer ( � nal
concentration 225 nM), a variable set of reverse primers (� nal con-
centration 75 nM of each), and FastStart Taq DNA Polymerase (Roche)
according to the manufacturer's instructions. The mPCR ampli� cations
involved 4-minute incubation at 95 °C followed by 35 cycles (95 °C for
10 s, 62 °C for 20 s, and 72 °C for 15 s) and� nal extension at 72 °C for
7 min. The individual mPCR products were analyzed electro-
phoretically ( Fig. 1D). After that, 35 � l of each of the 31 mPCRs from a
single cDNA pool were mixed together to provide an mPCR pool. The
resulting mPCR pools were characterized by capillary electrophoresis
using 2100 Bioanalyzer and DNA 1000 Kit (Agilent Technologies;
Fig. 1E).

2.4.3. Size selection and puri� cation of mPCR pools
To reduce the presence of longer mPCR-ampli� ed fragments con-

taining short consecutive exons, the mPCRs pools were subjected to size
selection using double-sided solid phase reversible immobilization with
magnetic beads. The size-selected and puri� ed amplicons served as
templates to prepare a standard NGS library.

As the length of the targeted mPCR amplicons of BRCA1 ASVs was
expected to range mostly at 80…90 bp, we performed size selection
using magnetic beads to remove undesired amplicons (< 50 bp
and > 150 bp; Fig. 1F). First, we used 1.8× concentration of Agen-
court AMPure XP reagent (Beckman Coulter) to bind and remove am-
plicons > 150 bp (dominantly containing PCR products ampli � ed from
the canonical BRCA1 mRNA). Subsequently, we mixed the supernatant
from the � rst reaction with a reagent to the � nal 2.5× concentration to
withdraw DNA fragments > 50 bp in length. The size-selected and
puri � ed samples were characterized on Agilent Bioanalyzer with DNA
1000 Kit ( Fig. 1G).

2.4.4. NGS library preparation, MiSeq sequencing
First, Dynazyme II DNA Polymerase (Thermo Fisher Scienti� c) was

used to create 3�-dA overhangs in DNA fragments in size-selected and
puri � ed mPCR pools. Subsequently, Illumina sequencing adaptors were
ligated using Rapid DNA Ligation Kit (Thermo Fisher Scienti � c).
Finally, the seven-cycle PCR reaction (NEBNext High Fidelity PCR
Master Mix, NEB) with a universal primer introduced a 6-bp index se-
quence unique for each mPCR pool. The processed samples were pur-
i � ed using Agencourt AMPure XP Reagent after each step of sequencing
library preparation. The quality of the prepared libraries was char-
acterized on 2100 Bioanalyzer and quanti� ed � uorimetrically (Qubit;
Thermo Fisher Scienti� c). To achieve su� cient sequencing coverage
and sample diversity, we admixed our mPCR-prepared libraries with
panel sequencing libraries of high complexity to standard MiSeq runs
(one mPCR pool library represented 1/30 of sequencing capacity). Runs
were sequenced with MiSeq Reagent Kit v3 (150 cycle).

2.4.5. Bioinformatics
Bioinformatics requires double-step mapping. First, sequencing data

are mapped to a user-designed fasta� le containing the exon-exon
junctions of all theoretically possible splicing variants of the gene of
interest. Thus we can identify all cassette and multicassette splicing
deletions and variants resulting from short SDS/SAS. Second, sequen-
cing data are mapped to the genomic sequence of the analyzed gene in
order to identify the exonized intronic sequences.

In our BRCA1 analysis, the primary raw data sets (in the fastq.gz
format) were processed by a routine bioinformatics pipeline using
software tools speci� ed below using the default settings (if not other-
wise speci� ed in the list of commands listed in Supplementary Table
S7). The remaining sequences were trimmed (to remove adapters and
low-quality bases) before mapping by Trimmomatic (ver. 0.32; http://
www.usadellab.org). First, we mapped raw data sets to the prepared
fasta � le using Novoalign (ver. 2.08.03; Novocraft). Reads with in-
su� cient sequencing quality were removed. This •BRCA1 splicingŽ
fasta � le contained 311 sequences (•exon-exon_computedŽ in
Supplementary Table S3) which considered all possible combinations of
known BRCA1 exons (NM_007294), including alternative exon 13A,
and known SDS/SAS combinations > 10 bp (11q, and 5q). Output in
the SAM format was transformed to BAM by Picard tools (ver. 1.129;
https://broadinstitute.github.io/picard/ ) and displayed in IGV
(Integrative Genomics Viewer, Broad Institute; Fig. 1H). Coverage sta-
tistics were created by SAMtools (ver. 0.1.19; http://samtools.
sourceforge.net/). Since this approach ignored the presence of exo-
nized intron sequences, we further mapped all raw data to the BRCA1
gene sequence (81,189 bp from NG_005905 spanning sequence
92,500…173,688). The mapping results were analyzed in IGV manually
to remove reads with soft-clipped bases. Mapped reads that exceeded
from exons into � anking introns or reads mapped to deep intronic se-
quences, respectively, were recorded including sequences of unmapped
nucleotides. The unmapped parts of reads were BLASTed with the
BRCA1 gene sequence (https://blast.ncbi.nlm.nih.gov /). If the un-
mapped sequence contained the 5�or 3� parts of a BRCA1exon, we were
able to identify the entire intronic insertion. Sequences comprising the
identi � ed intronic insertions with � anking exonic sequences were
added to a fasta � le (• from_IGV_BLASTedŽ in Supplementary Table S3)
and used for new mapping from the original dataset. Mapped reads
were manually inspected in IGV in order to eliminate incorrectly
mapped reads with soft-clipped bases.

To compare the numbers of ASV reads among the examined mPCR
pools, we expressed the number of sequencing reads of an ASV as value
normalized to 10 6 reads in the given mPCR pool (Supplementary Tables
S4 and S5).

3. Results

In order to prepare a versatile method for a direct assessment of
splice junction events, we designed the mPCR/NGS-based approach
enabling the identi � cation of ASVs in a gene of interest. Using the de-
scribed method, we identi � ed 94 BRCA1 ASVs (Table 1) comprising all
previously described biotypes (Colombo et al., 2014). Our analysis of
simultaneously-obtained tissue RNA samples revealed that the highest
number of ASVs were expressed in mammary tissue (72 variants), fol-
lowed by leukocytes and perimammary adipose tissues (67 and 54
variants, respectively).

Forty-eight ASVs were identi� ed in all examined human tissue
types, with 29 of them expressed in each cDNA tissue sample (referred
here as •ubiquitousŽ; Fig. 2; Table 1).

Only slight qualitative di � erences were identi� ed among tissue
samples from non-cancer controls, BC patients andBRCA1-mutation
carriers. In contrast, the spectrum of ASVs di� ered between tissue and
cell-line samples (Fig. 2). Altogether, 76 ASVs (11 of them exclusively)
were expressed in cell lines.

The detected variants included 25 in-frame ASVs that may
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Table 1
Description of all BRCA1 ASVs identi� ed in this study, including variant name, systematic description of the variant at the cDNA level, functional annotation, and biotype class. The
values for the expression of particular variants in analyzed cell lines and human tissue samples show normalized sequencing reads (reads per 106 reads), the colours indicate
normalized sequencing coverage: 0 reads = white; 1 …9 reads = green; 10 …99 reads = yellow; 100 …999 reads = light red; 1000 …9999 reads = red; > 9999 reads = dark red. The
•ubiquitous Žvariants (expressed in all analyzed human tissue samples) are highlighted by bold letters and blue lines. The presence of variants in the analyzed human tissue samples
and cell lines was compared to that reported as predominant (P), present (1), or absent (0) in studies by Colombo et al. (2014), Romero et al. (2015) and Orban and Olah (2003). The
extended version of this table is shown in Supplementary Table S5.

Variant 

description
HGVS description

F
un

ct
io

na
l a

nn
ot

at
io

n

Biot ype

Analyzed 

cell lines

Analyzed human tissues References

Leukocytes Mammary Adipose Leuko. Mam. Tu

O
rb

an
 O

la
h 

(2
00

3)

M
C

F
7

m
ix

N
on

-c
an

ce
r

co
nt

ro
ls

 

B
C

 p
at

ie
nt

s

B
R

C
A

1 
m

ut
.

ca
rr

ie
rs

N
on

-c
an

ce
r

co
nt

ro
ls

 

B
C

 p
at

ie
nt

s

B
R

C
A

1 
m

ut
.

ca
rr

ie
rs

N
on

-c
an

ce
r

co
nt

ro
ls

 

B
C

 p
at

ie
nt

s

B
R

C
A

1 
m

ut
.

ca
rr

ie
rs

C
ol

om
bo

 (
20

14
)

R
om

er
o 

(2
01

5)

C
ol

om
bo

 (
20

14
)

R
om

er
o 

(2
01

5)

R
om

er
o 

(2
01

5)

1Aq c.-25_-20del6 UTR SDS� 1185 7854 3632 5045 4210 2981 11439 4010 2508 6035 4955 P P P P P 1

1Aq, 2a
c.-25_-20del6, c.-19-59_-19-1
ins59 UTR

SDS� +
0 0 0 0 0 30 0 0 0 0 0 0 0 0 0 0 0

1Aq, �2 c.-25_80del105 n.c. SDS� + C� 176 5032 40 101 150 46 191 28 59 82 205 1 1 1 0 0 0

1Aq, �2_3 c.-25_134del159 n.c. SDS� + mC� 0 1575 0 202 13 14 46 0 0 0 0 1 1 1 0 0 0

1Aq, �2_5 c.-25_212del237 n.c. SDS� + mC� 0 438 0 0 0 2 0 83 0 0 0 1 1 1 0 0 0

1Aq, �2_5, 6p c.-25_282del307 n.c.
SDS� + mC�

+ SAS�
0 350 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1Aq, �2_7 c.-25_441del466 n.c. SDS� + mC� 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0

1Aq, �2_7, 8p c.-25_444del469 n.c.
SDS� + mC�

+ SAS�
0 0 0 34 0 0 0 0 0 0 0 0 0 0 0 0 0

1Aq, �2_10 c.-25_670del695 n.c. SDS� + mC� 0 438 0 0 7 0 0 0 0 0 0 1 1 1 0 0 0

1Aq, � 2_17 c.-25_5074del5099 n.c. SDS� + mC� 88 1225 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1Aq, �2_19 c.-25_5193del5218 n.c. SDS� + mC� 0 0 0 0 0 0 289 0 0 0 0 0 0 0 0 0 0

1aA c.-20+1_-20+89ins89 UTR SDS 6824 12098 321 219 1211 1501 6557 5429 940 427 349 1 1 1 0 P 0

2p c.-19_-7del13 UTR SAS� 88 963 140 118 232 77 214 28 76 238 164 1 P 1 0 P 0

�2 c.-19_80del99 n.c. C� 176 3982 482 1063 1987 323 3305 1337 481 1308 462 1 P 1 P P 0

�2_3 c.-19_134del153 n.c. mC� 0 1575 0 0 0 36 364 0 5 0 82 1 P 1 0 P 0

�2_3, 4
c.-19_134del153 + c.135-
4047_135-3932ins116 n.c. mC� + Cq 110 0 0 0 0 0 0 0 5 0 51 1 1 0 0 0 0

�2_5 c.-19_212del231 n.c. mC� 88 1203 20 0 0 73 35 0 0 0 0 1 1 1 0 0 0

�2_7, 8p c.-19_444del463 n.c. mC� + SAS � 0 2253 10 169 0 0 0 0 0 0 0 0 0 0 0 0 0

�2_10 c.-19_670del689 n.c. mC� 0 88 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1

�2_17 c.-19_5074del5093 n.c. mC� 0 2625 0 0 0 0 0 0 11 0 0 0 0 0 0 0 0

� 2_19 c.-19_5193del5212 n.c. mC� 0 0 0 101 0 0 976 0 0 22 0 0 0 0 0 0 0

145 bp int 2 c.81-3486_81-3342ins145 FS C 636 459 40 34 72 24 87 276 86 100 82 0 0 0 0 0 0

�3 c.81_134del54 FS C� 987 21089 3120 10293 8436 4141 9336 9438 2135 5217 6750 1 P 1 0 P 1

�3, 4
c.81_134del54 + c.135-
4047_135-3932ins116 FS 22 44 0 0 0 44 0 0 0 0 0 0 0 0 0 0 0

�3_5 c.81_212del132 IF mC� 0 875 60 405 215 109 474 165 108 0 0 0 0 0 0 0 0

116bp int 3 c.134+3124_134+3239ins116 FS C 461 1663 20 0 26 61 23 83 38 212 62 0 0 0 0 0 0

4 c.135-4047_135-3932ins116 FS C 7460 2188 281 489 238 367 306 276 470 279 574 1 1 1 0 P 0

�5 c.135_212del78 IF C 395 7351 8016 13043 8569 5524 7476 10169 4778 4013 8823 P 1 P P P 1

�5_6 c.135_301del167 FS mC� 0 0 0 0 0 0 0 634 0 0 0 0 0 0 0 0 0

�5_6, 7p c.135_307del173 FS mC� + SAS � 0 0 0 0 333 0 127 0 0 0 0 0 0 0 0 0 0

�5_7 c.135_441del307 FS mC� 0 481 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

�5_7, 8p c.135_444del310 FS mC� + SAS � 0 0 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0

�5_9 c.135_593del459 IF mC� 0 44 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5q c.191_212del22 FS SDS� 549 1269 3602 2818 2137 8023 4501 3624 5886 9339 4268 P P P P P 1

5q, �6 c.191_301del111 IF SDS� + C� 0 0 0 0 0 0 0 0 22 0 0 0 0 0 0 0 1

�6 c.213_301del89 FS C� 44 0 40 0 0 65 35 0 0 19 0 0 0 0 0 0 0

6q c.293_301del9 IF SDS� 0 44 431 371 695 202 116 28 124 7 62 0 0 0 0 0 0

8p c.442_444del3 IF SAS� 197 7022 15079 10883 8566 7283 4287 4657 6356 5024 4011 P P P P P 1

�8 c.442_547del106 FS C� 0 0 10 0 0 0 0 55 92 0 0 0 0 0 0 0 0

�8_9 c.442_593del152 FS mC� 0 0 0 0 20 141 0 0 0 0 0 1 1 0 0 P 0

�8_10 c.442_670del229 FS mC� 0 88 0 0 0 2 0 0 0 0 0 1 1 1 0 P 0

�8_16 c.442_4986del4545 IF mC� 88 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

94 bp int 8 c.548-297_548-204ins94 FS C 110 481 251 202 457 71 17 69 238 0 154 0 0 0 0 0 0

97 bp int 8 c.548-300_548-204ins97 FS C 461 438 371 456 757 244 312 248 286 204 92 0 0 0 0 0 0

�9 c.548_593del46 FS C� 1295 9888 3642 12334 17110 2295 7303 9301 2092 7042 8689 P 1 P 0 P 1

�9_10* c.548_670del123 IF mC� 4542 19558 562 1063 2261 998 2155 3362 940 1561 5109 P P P P P 1

�9_11 c.548_4096del3549 IF mC� 1009 16079 100 270 454 2 0 413 22 0 923 P 1 P 0 0 1

�9_12 c.548_4185del3638 FS mC� 0 0 10 0 0 0 0 165 16 0 0 1 1 1 0 0 0

SAS

C� + C
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potentially result in a translation of BRCA1 protein isoforms altering its
biological functions, as demonstrated for � 14_15 and� 17_19 previously
(Sevcik et al., 2012; Sevcik et al., 2013). Nine out of 11 •ubiquitousŽin-
frame variants (� 5; 8p; � 9_10;� 11; 11q; 13p; �13A; �13A, 14p; 14p)
represented known ASVs while 6q and the highly expressed 10a variant
were surprisingly not scored previously. The remaining four of the 25
in-frame variants ( � 3_5; � 9_11; � 14_15; 23a) were detected in most of
the analyzed samples. Interestingly, � 17_19 was detected in the cell
lines and mammary tissue samples ofBRCA1-mutation carriers and BC
patients, but in no control sample.

Our approach enabled a direct quanti� cation of 29 SDS/SAS

variants (including 17 mixed biotypes). Twelve SDS/SAS-only biotype
variants were identi � ed. Most of them (10 out of 12) were identi � ed as
•ubiquitousŽ, and only the 16a and 23a splicing variants were not
present in some analyzed samples. Out of 17 more complex splicing
mRNA BRCA1 isoforms (mixed biotypes), only 1Aq, � 2 and �13A, 14p
were •ubiquitous Ž, while the other variants occurred rather rarely
(Supplementary Table S6). Besides the 11q splicing variant, which lacks
3,309 bp from exon 11 and its identi � cation was done with a speci� c
forward primer, the other 28 relatively short indels were co-ampli � ed
stoichiometrically alongside the corresponding canonical splicing var-
iant ( Fig. 1H) and therefore we were able to quantify their relative

10a c.594-21_594-1ins21 IF SAS 4827 2056 1575 5113 594 430 4957 1157 665 465 1036 0 0 0 0 0 0

�10 c.594_670del77 FS C� 154 1684 30 34 0 12 0 0 27 7 0 1 1 1 0 P 0

�10_11 c.594_4096del3503 FS mC� 0 4922 70 101 131 22 0 0 0 0 513 1 1 1 0 0 0

�10_12 c.594_4185del3592 FS mC� 0 416 0 0 0 0 0 0 0 89 0 1 1 1 0 0 0

�11 c.671_4096del3426 IF C� 439 5163 60 337 104 69 185 303 265 71 246 1 1 1 0 0 1

�11_12 c.671_4185del3515 FS mC� 0 0 0 0 0 10 23 0 0 0 0 1 0 1 0 0 0

�11_12, 13p c.671_4188del3518 FS mC� + SAS � 0 175 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0

11q c.788_4096del3309 IF SDS� 6012 16451 823 928 1965 2971 1491 5883 1048 2557 7879 P 1 P 0 0 1

11 �3094 c.788_3881del3094 FS Intronization 241 219 0 0 39 6 0 0 0 0 0 0 0 0 0 0 0

11 �3110 c.788_3897del3110 FS Intronization 2041 700 40 67 7 32 0 220 32 223 41 1 1 0 0 0 0

11 �3240 c.788_4027del3240 IF Intronization 614 0 80 34 0 0 0 0 0 0 0 1 1 0 0 0 0

13p c.4186_4188del3 IF SAS� 263 1378 3652 3881 9294 2684 560 3114 3297 847 6217 P 1 P 0 P 0

�13 c.4186_4357del172 FS C� 44 1006 70 405 111 36 69 138 86 141 482 1 1 0 0 P 0

�13, 14p c.4186_4360del175 FS C� + SAS� 44 219 20 0 0 6 12 0 0 0 0 1 1 0 0 0 0

�13_14 c.4186_4484del299 FS mC� 0 2231 0 675 333 0 0 0 76 0 0 0 0 0 0 0 0

�13_15 c.4186_4675del490 FS mC� 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0

13A c.4358-2785_4358-2720ins66 IF C 6495 24721 3963 1974 7267 873 1196 703 1254 5953 4309 1 1 1 0 P 0

13A, 14p
c.4358-2785_4358-2720ins66
+ c.4358_4360del3 IF C + SAS� 6604 40494 130 169 166 75 12 14 49 123 21 1 1 1 0 0 0

13A, �14
c.4358-2785_4358-2720ins66
+ c.4358_4484del127 FS C + C� 0 0 0 0 819 115 0 0 0 0 0 0 0 0 0 0 0

14p c.4358_4360del3 IF SAS� 4125 3238 542 1282 917 333 335 358 303 892 533 P P P P P 0

�14 c.4358_4484del127 FS C� 417 1488 1304 877 1429 607 1231 1529 773 1442 882 1 0 0 0 0 0

�14_15 c.4358_4675del318 IF mC� 241 1663 10 67 52 44 0 55 38 0 144 1 1 0 0 0 0

�14_17 c.4358_5074del717 IF mC� 132 919 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1

�15 c.4485_4675del191 FS C� 285 766 642 911 1723 220 254 468 168 286 1231 1 1 0 0 P 0

�15_16 c.4485_4986del502 FS mC� 0 1619 30 0 274 0 0 0 0 0 0 0 0 0 0 0 0

�15_17 c.4485_5074del590 FS mC� 176 372 130 945 1214 8 162 55 103 0 718 1 1 1 0 P 1

�15_19 c.4485_5193del709 FS mC� 88 744 0 0 228 4 0 0 0 0 0 1 1 1 0 0 0

�15_23 c.4485_5467del983 FS mC� 0 175 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

16a c.4986+1_4986+65ins65 FS SDS 570 44 5568 0 6687 944 2461 3541 740 4292 0 0 0 0 0 0 0

�17 c.4987_5074del88 FS C� 88 1466 2358 337 1951 1265 503 7854 1762 1988 6217 1 1 0 0 P 0

�17_18 c.4987_5152del166 FS mC� 0 613 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

�17_19 c.4987_5193del207 IF mC� 88 1006 0 0 75 0 532 262 0 0 0 0 0 0 0 0 0

�17_20 c.4987_5277del291 IF mC� 0 0 0 0 0 107 0 0 0 0 0 0 0 0 0 0 0

�18 c.5075_5152del78 IF C� 0 219 60 0 0 44 0 0 0 0 0 1 1 0 0 0 0

�18_19 c.5075_5193del119 FS mC� 0 0 10 67 0 4 81 28 11 7 0 0 0 0 0 0 0

�18_20 c.5075_5277del203 FS mC� 0 0 30 0 0 4 0 0 0 0 0 0 0 0 0 0 0

143 bp int 19
c.5194-1231_5194-
1089ins143 FS C 132 0 20 0 0 381 324 138 573 0 431 0 0 0 0 0 0

146 bp int 19
c.5194-1234_5194-
1089ins146 FS C 373 197 80 101 653 40 0 289 32 19 421 0 0 0 0 0 0

�20 c.5194_5277del84 IF C� 0 481 191 607 0 60 0 2618 0 0 0 1 1 1 0 0 0

�21 c.5278_5332del55 FS C� 1711 8226 492 776 1765 389 376 1226 195 22 1057 1 1 1 0 P 0

�21_22 c.5278_5406del129 IF mC� 88 438 0 0 0 0 549 0 0 0 0 1 1 1 0 P 0

129 bp int 21 c.5332+873_5332+1001ins129 FS C 1711 263 592 641 1250 230 618 400 432 342 657 0 0 0 0 0 0

119 bp int 21 c.5333-706_5333-588ins119 FS C 66 328 90 0 65 28 52 179 11 45 318 0 0 0 0 0 0

�22 c.5333_5406del74 FS C� 4739 16451 1585 4590 3064 4405 11919 7372 3464 3872 5160 1 P 1 0 P 0

23a c.5407-9_5407-1ins9 IF SAS 44 66 10 0 39 35 168 55 68 74 0 0 0 0 0 0 0

�23 c.5407_5467del61 FS C� 263 613 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0

Sum of identified variants in each sample (mPCR pool) 54 71 56 46 51 64 49 48 50 40 41

Number of identified variants in analyzed cell lines / tissue type 76 67 72 54
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expression (compared with other existing variants in the particular
exon-exon junction including wt transcript) directly from sequencing
reads.

To test biological reproducibility, we compared the presence of
BRCA1 ASVs in two independently analyzed sets of control samples,
each consisting of leukocytes, mammary tissue and adipose tissue cDNA
sample pools from eight individuals ( Fig. 3A). Altogether, 74/94 BRC-
A1 ASVs were identi� ed in at least one tissue control sample, while 20/
94 were not present in any of them. Thirty- � ve variants (Fig. 3B) were
consistently present (or absent …� 17_20 in leukocytes and adipose
tissue, 11� 3240 in mammary and adipose tissue, and � 20 in adipose
tissue) in the analyzed tissue type biological replicate. These 35 var-
iants included the majority of •ubiquitousŽASVs as they were detected
with high mean coverage per variant and sample (371 and 1496 in
absolute and normalized sequencing reads, respectively). The re-
maining 39 variants (shown in Fig. 3C), discordantly expressed in
paired biological replicates, represented low expressed events with low
mean coverage per variant and sample (11 and 41 in absolute and
normalized sequencing reads, respectively). The di� erences in se-
quencing coverage between 35 consistently present and 39 discordantly
expressed variants are shown inFig. 3D.

4. Discussion

An accurate description of •naturally occurring • ASVs is a pre-
requisite to understanding their biological signi � cance. RNA-sequen-
cing (RNA-seq) of human RNA samples revealed that 90% of multi-exon
genes undergo alternative splicing (Wang et al., 2015). While RNA-seq
represents a superior tool for qualitative and quantitative transcriptome
analyses, including ASV identi� cation (Byron et al., 2016), it is un-
suitable for small-scale projects targeting a few or a single gene.
Moreover, RNA-seq analyses of low expressed transcripts require the
sequencing of up to 100 million mapped reads and sophisticated
bioinformatics instruments ( Wang et al., 2015; Conesa et al., 2016).

A pioneering systematic description of BRCA1 ASVs was made by
Orban and Olah (2003) who reviewed 23 BRCA1 ASVs known in 2003.
Recently, Colombo et al. (2014) identi � ed 63 BRCA1 ASVs by an ana-
lysis of 38 blood-derived samples and one healthy breast tissue sample.
Subsequently, Romero et al. (2015) revealed 54 BRCA1 ASVs in an
analysis of 70 breast tumor samples, four breast samples from healthy
individuals and 72 blood-derived samples. Two later studies described
the characterization of BRCA1 ASVs by capillary electrophoresis, which

required further cloning or sequencing of fragments containing splice
junction events in order to identify the presented peaks. However, only
the in silico imputation has been used to explain the peak pattern ob-
served in capillary electrophoresis for a subset of events (Colombo
et al., 2014).

Overall, 42 out of 94 BRCA1 splicing events described by our ap-
proach had not been identi� ed in previous studies (Supplementary
Table S5) which we used to compare the obtained results (Colombo
et al., 2014; Romero et al., 2015; Orban & Olah, 2003).

The most common biotypes identi� ed in our study (59/94; 63%
variants) were cassette and multicassette ASVs (Supplementary Table
S5). We found 27 cassette ASVs that included all 17 variants described
in Colombo's study and 10 novel variants (eight intron exonizations, � 6
and � 8). Of 32 multicassette biotype ASVs ascertained in our study, 16
were described previously. We did not detect four multicassette ASVs
(� 14_18; � 14_19; � 21_23; � 22_23) reported by Colombo's study as
minor variants.

The second most frequent biotype variants were SDS/SAS (12/94;
13% variants). Besides nine described byColombo et al. (2014), we
found another four variants containing the exonizations of adjacent
intronic regions ( •ubiquitous Ž in-frame 6q and 10a, rare in-frame 23a,
and a frameshift 16a) in all analyzed patient tissue types.

We found three large intronizations a � ecting exon 11, including two
described by Colombo et al. (2014) previously, and the sparsely ex-
pressed frameshift variant 11� 3094. We did not target terminal mod-
i� cations involving the alternative exon 1B and IRIS in our analysis.

Furthermore, we recorded 20 mixed biotype variants including two
•ubiquitousŽ (1Aq, � 2 and �13A, 14p). Nine mixed biotype variants
were described previously and 11 rare were novel. We did not � nd six
variants detected in Colombo's study, including three variants with
untested alternative exon 1B, and another three (1Aq, 2p; 1Aq, � 2_3,
�4; and � 10_13p) previously described as minor.

The most complex SAS/SDS events a� ected the non-coding 5� un-
translated region (at the exon 1A-2 junction). The 1Aa variant con-
taining an insertion of 89 nucleotides prevailed in cell line samples. The
dominant variant in all analyzed tissue samples was wt exon 1A ac-
companied by the shortened variant exon 1Aq (in approximately one-
third of all mapped reads). The expression of three other SAS variants
8p; 14p; 13p (lacking the CAG nucleotides at the 5�-end of an exon) was
~10% of all sequencing reads in most of the analyzed samples. These
variants rank among the NAGNAG tandem acceptors, a common kind of
ASVs resulting in single amino acid exclusion (Sinha et al., 2009). The

Fig. 2. Qualitative description of the presence of 94 identi � ed BRCA1 ASVs (red letters indicate in-frame variants) in analyzed cDNA sample pools (colour bars). The grey-scale graph
(upper part) shows the mean expression (in normalized reads per 106 reads) in human tissues (black) and cell line samples (grey). Red asterisks indicate ubiquitous variants (Table 1);
blue asterisks indicate variants with low expression (< 10 2 normalized reads averaged in both tissue and cell samples).
*Mix of cDNAs from EM-G3, HeLa, and MDA-MB-231 cell lines. (For interpretation of the references to colour in this � gure legend, the reader is referred to the web version of this article.)
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other variants were minor or rare, with the exception of � ve ASVs (10a;
16a; 1Aq, � 2; � 13, 14p; and �13A, 14p) expressed with a higher
proportion in cell line samples.

The presented approach showed satisfactory reproducibility docu-
mented at the level of mPCR ampli� cation (Fig. 1E and G) and also in
the analysis of biological replicates from two sets of tissue samples from
control individuals ( Fig. 3). We suppose that discrepancies in the de-
tection of individual ASVs in biological replicates resulted rather from
di� erentially expressed BRCA1 ASVs in the individual RNA samples
(mixed in the mPCR pools) than from analytical variability, because
reproducibility was strongly positively correlated with the level of
variant expression (i.e. coverage; Fig. 3D). Our analysis, performed in
native tissues and cells (with unmodi� ed nonsense-mediated decay
pathway), revealed 48 frame-shift variants. However, their ratio to in-

frame variants was strongly reduced in the subset of •ubiquitous Ž
variants (48/25 in the entire set of BRCA1 ASVs and 13/11 in •ubi-
quitousŽvariants). It has to be noted that BRCA1 mRNA is expressed at
low levels, a few tenths of copies per cell in MCF7 cells (Lee et al.,
2014). Many of newly identi � ed ASVs were represented by a low
number of reads (Fig. 2), indicating that they were probably expressed
in a few copies per cell or present only in a subset of cDNA samples in
the analyzed cDNA pool. We suppose that at least some of them may
represent stochastic noise determining the number of alternative iso-
forms and their abundance (Melamud & Moult, 2009 ).

Deletions in isoform 1 (NM_007294.3) are the most frequently de-
scribed BRCA1 ASVs. The longest well described ASV intron exoniza-
tion is �4 (116 bp from intron 3). The predicted length of PCR am-
plicon covering �4 was 263 bp in our analysis, while the shortest

Fig. 3. The reproducibility test of the method in biological replicates involved an analysis of independent cDNAs from three types of tissue obtained from 16 control individuals. Panel A
(adjusted from Fig. 1C) shows the arrangement of experiments #1 and #2, each consisting of NGS analyses from leukocytes, mammary tissue, and adipose tissue proceeded and
sequenced independently by a pipeline described in the Method section. Graphs B and C compare the numbers of normalized sequencing reads (in log scale) for BRCA1 ASVs (listed in
Supplementary Table 4) expressed in leukocytes, mammary and adipose tissues in two independent sets (Experiment #1 and #2) of control samples obtained from 16 individuals. The
samples from control individuals 1 …8 were analyzed in Experiment #1 (green bars), while the samples from control individuals 9 …16 were analyzed in Experiment #2 (violet bars). Panel
B shows the expression of 35 fully reproducible ASVs that gave concordant results in all analyzed biological duplicates. Panel C shows the expression of 39 non-fully reproducible ASVs
that gave discordant results in at least one biological duplicate. The expressions of 35 fully reproducible ASVs were substantially higher than the expression of 39 non-fully reproducible
ASVs as shown in panel D. The box plot charts show the values of sequencing normalized coverage (in log10 scale) for 35 fully reproducible ASVs (shown in B) and 39 non-fully
reproducible ASVs (shown in C) in the analyzed tissues. (For interpretation of the references to colour in this � gure legend, the reader is referred to the web version of this article.)
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predicted amplicons (covering variants � 8_17; 11q, � 12_17; � 13_17;
� 17; � 19_21) were 60 bp long. Therefore, the setup of mPCR and the
size-selection protocol were targeted to enrich amplicons with mean
fragment length of 100…150 bp in order to disclose majority of putative
ASVs. We were able to identify splicing events covered by PCR frag-
ments ranging between 60 and 287 bp. One of the shortest identi� ed
amplicons was •ubiquitous Ž variant � 17, while the variant 11� 3094
was characterized from PCR product of 287 bp (the above mentioned
variant �4, identi � ed from 263 bp amplicon, occurred as •ubiqui-
tousŽ). These � ndings indicate the range of amplicon lengths
(60…263 bp) which can be analyzed under de� ned conditions.

In conclusion, the mPCR/NGS approach enables direct identi� ca-
tion of all biotype classes of splicing events, including mixed biotypes
containing exonizations of � anking intronic sequences. The analysis of
BRCA1 mRNA revealed the broadest spectrum of its splicing variants,
including their distribution in the analyzed human tissue and cell line
samples. Similar to most other methods (including recent RNA-seq
analyses), the analysis is not able to identify possible combinations of
splicing events a� ecting both 5� and 3� portions of the large BRCA1
transcripts. We are also aware that our approach could miss large deep
intronic exonizations (substantially exceeding the targeted PCR ampli-
� cation and/or range of size selection). We would like to emphasize
that the described method can be easily adopted for an analysis of any
gene of interest in order to identify its ASVs, not only in human sam-
ples. Additionally, we suppose that our approach may represent an
interesting option for the functional classi � cation of VUS introducing
aberrant splicing with modi � ed protocol using individual (instead of
pooled) cDNA template for mPCR step (limited to the region of in-
terest).
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