Clin Genet 2016
Printed in Singapore. All rights reserved

© 2016 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd
CLINICAL GENETICS
doi: 10.1111/cge.12748

Original Article

Hereditary truncating mutations of DNA repair
and other genes in BRCA1/BRCA2/PALB2negatively tested breast cancer patients
Lhota F., Zemankova P., Kleiblova P., Soukupova J., Vocka M., Stranecky V.,
Janatova M., Hartmannova H., Hodanova K., Kmoch S., Kleibl Z.
Hereditary truncating mutations of DNA repair and other genes in
BRCA1/BRCA2/PALB2-negatively tested breast cancer patients.
Clin Genet 2016. © John Wiley & Sons A/S. Published by John Wiley &
Sons Ltd, 2016
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
influencing 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 identified and confirmed 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
identified 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 importance 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 identification 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 identification, preventive surgical strategies decreasing cancer
risk, and specific 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
identification of major BC-susceptibility genes, numerous other predisposition genes have been identified.
Their characterization has been strongly accelerated
with the availability of next-generation sequencing
(NGS) technologies (3). Mutational analyses of recently
identified BC-susceptibility genes indicate that frequencies 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 protein 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 identified 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 information methods.
Patients and samples

The 325 successfully sequenced patients’ samples were
selected from a sample collection of high-risk Czech
BC patients that fulfilled testing criteria described previously (8, 9, 11), were negatively tested for the presence
of mutations in BRCA1/BRCA2/PALB2, and gave their
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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 previously (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 confirmed by
Sanger sequencing (Fig. S1, Supporting information).
Clinical and histopathological characteristics of analyzed 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 performed by a custom SeqCap EZ Choice Library (Roche),
and SOLiD sequencing primers were introduced by PCR.
The final libraries were amplified by an emulsion PCR
and sequenced on a SOLiD 4 System (Thermo Fisher,
Waltham, MA, USA).
Bioinformatics pipeline, variant ﬁltration, 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 annovar (17).
Variant filtration excluded off-target sequences and low
confidence variants (sequence quality <150; sequencing
coverage <10). We also excluded common variants
with allelic frequencies in ESP6500 and 1000 Genomes
databases >0.01. To reflect the population-specific variants and variants influencing cancer susceptibility, we
excluded variants presented in no patient or in more than
two controls.
To identify missense variants with a putative contribution to BC susceptibility, we performed a prioritization that considered five 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.
Conﬁrmation of truncating variants

All truncating variants were confirmed by conventional
Sanger sequencing. The variants affecting a conservative 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 filtration,
we identified 4540 rare variants in the final 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 variants (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 variants that were identified in 105/325 (32.3%) BC patients
(Fig. 1) and were all confirmed by Sanger sequencing.
Nineteen patients carried more than one truncating variant (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 affecting one particular gene) flanking 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 identified 46/127 truncations (36/89 unique) in 41 (12.6%) BC patients (Table 1).
The most frequent alterations affected genes that code for
DNA double-strand break (DDSB)/interstrand crosslink
(ICL) repair proteins. These included 16 patients carrying nine unique truncating variants in five Fanconi anemia (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 recombination (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 truncating variants, each in one patient, were identified
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 identified 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 identified
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 (previously described in an FA patient belonging to the FA-L
complementation group; OMIM#614083) (19). Because
of the insufficient number of NGS controls, we first
compared the frequency of this FANCL variant among
our patients with data from the Exome Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org;
accessed May 2015) indicating an overrepresentation 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
identified another three c.1096_1099dupATTA carriers
with BC (all diagnosed before age of 38 years). Overall, the c.1096_1099dupATTA was identified 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 genotyped 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 significantly (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 identified 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 five 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 identiﬁed in 41/325 BC patients (Pts) and 7/105 non-cancer controls (Ctrls)a
Gene

HGVS coding

HGVS proteinb

Classiﬁcation Rs number

FANCL
FANCM

c.1096_1099dupATTA
c.1972C>T
c.3979_3980delCA
c.5101C>T
c.5791C>T
c.3850delA
c.7327C>T
c.1522dupT
c.2358delG
c.2212-1G>C
c.277delT
c.444+1G>A
c.502A>T
c.905-2_1delAG
c.1642C>T
c.230_231delTG
c.1703_1704delTT
c.541C>T
c.1900C>T
c.604A>T
c.4216C>T
c.5342T>A
c.827_828delAG
c.2392C>T
c.1903dupA
c.3693C>G
c.1084delC
c.929dupC
c.2677-1G>A
c.207_210dupACGT
c.657_661delACAAA
c.1430_1431insGCGG
c.1093C>T
c.355_358deldelTGTA
c.2191delA
c.25delC

p.T367Nfs*13
p.R658*
p.Q1327Vfs*16
p.Q1701*
p.R1931*
p.T1284Qfs*9
p.R2443*
p.C508Lfs*7
p.L787Yfs*37
p.V738_K743del
p.W93Gfs*17
p.R148Vfs*6
p.R168*
p.L301Gfs*42
p.Q548*
p.V77Afs*4
p.F568Yfs*2
p.R181*
p.R634*
p.K202*
p.R1406*
p.L1781*
p.E276Gfs*2
p.R798*
p.S635Kfs*6
p.Y1231*
p.Q362Kfs*19
p.V311Sfs*2
p.Q348Pfs*17
p.S70Yfs*5
p.K219Nfs*16
p.T478Rfs*6
p.R365*
p.C119Wfs*16
p.R731Gfs*7
p.H9Tfs*8

Indel
Nonsense
Indel
Nonsense
Nonsense
Indel
Nonsense
Indel
Indel
Splicing
Indel
Splicing
Nonsense
Splicing
Nonsense
Indel
Indel
Nonsense
Nonsense
Nonsense
Nonsense
Nonsense
Indel
Nonsense
Indel
Nonsense
Indel
Indel
Splicing
Indel
Indel
Indel
Nonsense
Indel
Indel
Indel

ATM
EXO1

CHEK2
RAD51C
BLM
ERCC2
MSH5
WRN
ATR
ATRIP
BRIP1
DCLRE1C
ERCC6
FAM175B
FANCE
HELQ
MGMT
NBN
RAD18
RAD50
RAD51D
RFC1
XRCC4
Total variants

HGMD/
ClinVar Pts (N) Ctrls (N) ExAC (mut/all)b, c
DM

rs147021911 DM?
rs144567652 DM
DM
rs121434220 DM/P

rs4150000

DM
DM

DM
rs200389141 DM
DM
rs147515280

rs11574410

rs137852986 DM/P

DM
rs200992133

6
1
1
2
1
1
2
1
1
1
1
2
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
46

0
1
0
0
0
0
0
0
0
1
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
1
1
0
1
0
0
0
0
0
7

232/65648*
7/66502*
0/66498*
95/66562
63/66622
n.r.
n.r.
n.r.
n.r.
172/63478
n.r.
11/66720*
n.r.
n.r.
21/66322*
n.r.
11/65444*
13/65882*
n.r.
n.r.
87/65788
n.r.
n.r.
16/65688*
27/66734*
n.r.
n.r.
n.r.
27/66528
n.r.
21/65324
n.r.
n.r.
n.r.
n.r.
42/66632

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.
a 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.
b ExAC allelic frequency in European non-Finnish population (mutated alleles/wt alleles).
c Asterisk (*) indicates signiﬁcant 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 identified 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 identified in

the ‘Group 2’ associating genes that code for proteins
involved in steroid hormones metabolism or signaling.
Further, we detected 250 unique, prioritized, potentially 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 significant 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 identiﬁed in 74/325
BC patients and 10/105 non-cancer controlsa
Gene

Gr

HGVS coding

HGVS proteinb

Classiﬁcation

CYP3A5

2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
6
6
6
6
6
7
7
7
7
7
8
8
9
9
10
10
10
10
10
10
10
10
10
10
10
10
10

c.92dupG
c.246dupG
c.816T>A
c.835delA
c.1072C>T
c.1058dupT
c.76G>T
c.628C>T
c.91G>T
c.2227delC
c.174+2delT
c.319+2T>C
c.79+2T>A
c.2031-2A>C
c.793G>T
c.3149_3150delCG
c.862C>T
c.801+1G>C
c.4151dupT
c.5690delG
c.41_42delAG
c.342_343delTG
c.3210_3213delAACA
c.1085+2T>C
c.559C>T
c.533delA
c.3196C>T
c.2468dupA
c.1150C>T
c.706C>T
c.736C>T
c.1065G>A
c.106delG
c.1605delA
c.310delC
c.888+1G>A
c.105+2T>C
c.327C>T
c.1905+1G>A
c.95delT
c.1503delA
c.1629delT
c.208delG
c.3913G>T
c.1035dupC
c.3520C>T
c.871C>T
c.665delG
c.569delT
c.1191T>A
c.135T>A
c.181-1G>A
c.253C>T

p.L32Tfs*3
p.A83Gfs*40
p.Y272*
p.I279Yfs*10
p.R358*
p.L353Ffs*10
p.E26*
p.Q210*
p.E31*
p.Q743Rfs*4
p.(?)
p.(?)
p.(?)
p.R677Wfs*73
p.E265*
p.A1050Gfs*17
p.Q288*
p.(?)
p.L1384Lfs*36
p.G1897Vfs*28
p.E14Gfs*147
p.V115Cfs*3
p.D1072Vfs*17
p.(?)
p.R187*
p.D178Afs*46
p.R1066*
p.N823Kfs*12
p.R384*
p.R236*
p.R246*
p.W355*
p.E36Nfs*7
p.K535Nfs*4
p.H104Mfs*389
p.V258Gfs*7
pQ35Vfs*11
p.W109*
p.D581_N635del
p.F32Sfs*7
p.K501Nfs*10
p.F543Lfs*4
p.V70Wfs*83
p.E1305*
p.K346Qfs*35
p.R1174*
p.Q291*
p.G222Efs*60
p.L190Cfs*5
p.Y397*
p.Y45*
p.K60Vfs*28
p.R85*

Indel
Indel
Nonsense
Indel
Nonsense
Indel
Nonsense
Nonsense
Nonsense
Indel
Splicing
Splicing
Splicing
Splicing
Nonsense
Indel
Nonsense
Splicing
Indel
Indel
Indel
Indel
Indel
Splicing
Nonsense
Indel
Nonsense
Indel
Nonsense
Nonsense
Nonsense
Nonsense
Indel
Indel
Indel
Splicing
Splicing
Nonsense
Splicing
Indel
Indel
Indel
Indel
Nonsense
Indel
Nonsense
Nonsense
Indel
Indel
Nonsense
Nonsense
Splicing
Nonsense

CYP1A2
CYP11A1
CYP17A1
CYP19A1
ESR2
NQO2
IL8
DMBT1
IL13
IL1A
MPL
MPO
RNASEL
LRIG1
GRB7
MAP3K1
NF1
PIK3CG
PPP2R1B
PREX2
VEGFA
NAT1
CBR3
ABCC2
ABCC4
ABCG2
ZNF365
CASP8
CWF19L2
FBXW7
RASSF1
MMP1
MMP12
DPYD
DHFR
DNAJC21
S100A3
CNTNAP4
DNMT1
GLG1
HTR3B
ITGB4
MSR1
PTPRJ
ROPN1L
STXBP4
TCL1A
Total variants

Rs number

rs140421378

HGMD/ClinVar

FTV
DM
DM

rs188378669

rs146249964
rs35897051
rs74315364

DM
DM
DM/P

rs149528656
rs5030839

FP

rs72558199

DM/P

rs140207606
rs200190472
rs142406094

FP
FP/P

rs139018071

FTV

rs3918290

DM

rs41280363

Pts (N)

Ctrs (N)

7
1
3
1
1
1
1
1
3
1
1
1
1
3
1
3
1
1
1
1
1
1
1
1
5
1
2
1
1
1
1
2
1
1
1
1
3
1
2
1
3
2
3
1
1
1
1
1
1
1
1
1
1
81

1
0
0
0
0
0
0
0
2
0
0
0
0
1
1
0
0
0
0
0
0
0
0
0
1
0
0
1
0
0
0
0
0
0
0
0
0
0
1
0
0
0
1
0
0
0
0
0
0
0
1
0
0
10

ExAC (mut/all)b, c
732/66688
21/66728
16/65958*
2/66694*
n.r.
1/60606*
1/66734*
1/66386*
104/66426
n.r.
n.r.
n.r.
114/66230
470/66434
381/66212
102/66704*
2/48666*
n.r.
n.r.
n.r.
5/62474*
81/66082
n.r.
15/66648*
252/66632
102/66716
35/66738*
26/66634
n.r.
24/66634
5/66692*
4/66740*
n.r.
n.r.
n.r.
1/64856*
114/66230
0/65722*
389/66688
n.r.
33/66560*
5/11578*
291/66718
3/56224*
n.r.
n.r.
n.r.
n.r.
n.r.
n.r.
126/66680
3/66388*
n.r.

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.
a Genes 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.
b ExAC allelic frequency in European non-Finnish population (mutated alleles/wt alleles).
c
Asterisk (*) indicates Signiﬁcant differences (p < 0.05) between allelic frequencies in European non-Finnish population (ExAC) and in analyzed population
of patients (Fisher exact test).

6

Hereditary truncating mutations of DNA repair and other genes

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 insignificant 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 truncating variants (Fig. 2).
Discussion

Panel NGS represents a reliable approach for the analysis of cancer susceptibility in clinical settings but also
in identification of candidate genes in high-risk individuals. In contrast to exome or even genome NGS, it allows
the identification of the carriers of pathogenic variants in
a cost-effective manner, with flexibility in the selection
of gene targets, sensitivity, and manageable bioinformatics 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 currently clinically used NGS panels (5). Out of 73 genes
with truncating variants, in 51 genes we found only a single truncation. This indicates that rare variants could be
identified in a substantial proportion of high-risk individuals; however, their clinical interpretation and differentiation from incidental findings not associating with BC
susceptibility would be difficult.
Characterization of variants in DNA repair genes

The interesting result of our study is the high frequency
of potentially pathogenic variants in five 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). Hereditary bi-allelic mutations of FA genes are responsible
for the development of FA characterized by congenital
abnormalities, bone marrow failure, cellular hypersensitivity 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 flanks to
the PHD/RING finger domain catalyzing ubiquitin ligase
activity. Ali et al. (19) performed its functional characterization 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 variant was also identified by Akbari et al. (25) in a patient
with familial esophageal squamous cell carcinoma.
The results of our study, showing the overrepresentation 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 identified 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 variants of FA genes located in far C-terminal regions may
impair the FA pathway under specific and so far uncomprehended 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 identified
four truncating variants in five patients. Truncations in
FANCM were recently associated with susceptibility for
triple-negative BC (27). In three patients (none of them
triple-negative), we identified 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 identified
in CRC tumor samples obtained from two c.5791C>T
(p.R1931*) carriers (29).
We have also identified three RAD51C/FANCO mutation carriers (0.9% of patients). The RAD51C was originally identified 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 variants 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 identified several truncating variants in the genes coding proteins engaged in
other DNA repair pathways. Among others, an interesting candidate is EXO1, which codes for exonuclease
involved in numerous DNA repair pathways. Besides two
indels, we identified 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
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variant as a frameshift in a patient with hereditary
non-polyposis CRC. Moreover, we further identified also
two rare EXO1 prioritized missense variants [c.325G>A
(p.E109K) and c.1105A>C (p.S369R)] in five patients.
Clustering of mutations in EXO1 and presence of mutations 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 influence BC susceptibility remains to be investigated by further studies.
Variants in non-DNA repair genes

The potentially deleterious hereditary variants were identified 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 biosynthesis (CYP11A1, CYP17A1, CYP19A1) or catabolism
(CYP3A5, CYP1A2) [reviewed in (34)]. Given that
estrogens may affect BC etiology, variants in CYP genes
may influence BC risk.
Variants in CYP11A1 and CYP17A1 identified in
basal-like patients were previously described in patients
suffering from severe congenital adrenal insufficiency
(35) (OMIM#613743) and congenital adrenal hyperplasia (36) (OMIM#202110), respectively. Interestingly,
Hopper et al. (37) reported p.R239* (c.775C>T) variant in CYP17A1 in three BRCA1/2-negative young sisters
with BC and hypothesized that this variant is responsible for dominantly inherited and possibly high-risk BC.
Recently, Yang et al. (38) identified 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
deficiency (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 identified 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 carcinogenesis (39) and one truncating variant in ESR2 that
codes for ERβ with anti-proliferative signaling (40). The
high proportion of patients carrying constitutive truncating variants in steroid hormone metabolism genes supports 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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findings [e.g. mutations in ABCC2 was identified in
a patient with the Dubin–Johnson syndrome (41) or
known DPYD mutation related to the fluoropyrimidines
toxicity (42)]. Reporting of incidental findings 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 aggressive form of BC subtypes would be expected also in the
carriers of mutations in other BC-susceptibility genes. In
fact, we did not identify significant 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 behavior 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
significant differences in enrichment for family BC/OC
history and tumor characteristics were identified 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 histopathological 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 in BRCA1/2, an international and
consortia effort will be required for such analyses.
Conclusions

Our study identified truncating variants in 32% of
patients, and 9% of patients were carriers of a truncating variant in the genes currently analyzed in clinical 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 variant may represent a novel
BC-susceptibility allele. Moreover, we identified potentially pathogenic variants in several rarely mutated DNA
repair genes indicating that despite its low frequency,
variants in these genes may influence 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 predictors of cancer risk in families of mutation carriers. Interestingly, 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 explanation 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 susceptibility needs to be further clarified by independent
and larger studies.
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